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Series Foreword

Biology is a leading science in this century. As in all other sciences, progress in biology
depends on the interrelations between empirical research, theory building, modeling, and
societal context. But whereas molecular and experimental biology have evolved dramati-
cally in recent years, generating a flood of highly detailed data, the integration of these
results into useful theoretical frameworks has lagged behind. Driven largely by pragmatic
and technical considerations, research in biology continues to be less guided by theory
than seems indicated. By promoting the formulation and discussion of new theoretical
concepts in the biosciences, this series intends to help fill important gaps in our under-
standing of some of the major open questions of biology, such as the origin and organiza-
tion of organismal form, the relationship between development and evolution, and the
biological bases of cognition and mind. Theoretical biology has important roots in the
experimental tradition of early-twentieth-century Vienna. Paul Weiss and Ludwig von
Bertalanffy were among the first to use the term theoretical biology in its modern sense.
In their understanding the subject was not limited to mathematical formalization, as is often
the case today, but extended to the conceptual foundations of biology. It is this commitment
to a comprehensive and cross-disciplinary integration of theoretical concepts that the Vienna
Series intends to emphasize. Today, theoretical biology has genetic, developmental, and evo-
lutionary components, the central connective themes in modern biology, but it also includes
relevant aspects of computational or systems biology and extends to the naturalistic philoso-
phy of sciences. The Vienna Series grew out of theory-oriented workshops organized by the
KLI, an international institute for the advanced study of natural complex systems. The KLI
fosters research projects, workshops, book projects, and the journal Biological Theory, all
devoted to aspects of theoretical biology, with an emphasis on—but not restriction to—
integrating the developmental, evolutionary, and cognitive sciences. The series editors welcome
suggestions for book projects in these domains.

Gerd B. Miiller, Thomas Pradeu, and Katrin Schéfer






Introduction

Ted R. Schultz, Richard Gawne, and Peter N. Peregrine

Agriculture originated at least 14 times—and perhaps as many as 23 times—in human
history (chapter 10, this volume). Agriculture also originated a minimum of 20 times in
nonhuman animals, including at least 15 times in insects (chapters 1, 6, 7, and 8, this
volume). In humans, agriculture has dramatically increased the numbers of both farmers
and domesticates as compared to their nonfarming, undomesticated close relatives. For
example, the biomass of extant humans and their mammalian and avian livestock out-
weighs that of all wild mammals and birds by over 17 times (Bar-On, Phillips, and Milo
2018). Insect agriculturalists likewise dominate the biosphere. The colonies of fungus-
farming termites and leaf-cutting ants are highly eusocial “superorganisms” consisting of
many millions of individuals divided into physically differentiated castes, enabling highly
refined division of labor that has been called “civilization by instinct” (Holldobler and
Wilson 2010). The multiple origins of agriculture in both humans and nonhumans repre-
sent remarkable, repeated cases of convergent evolution that deserve to be carefully exam-
ined in a comparative context. Moreover, the demonstrable success of human and insect
agriculturalists raises the question of why, in the history of life on Earth, agriculture has only
arisen dozens of times instead of hundreds or thousands of times. In other words, why is
agriculture so rare in animals?

To explore such questions, two previous working groups of anthropologists, archaeolo-
gists, and entomologists were convened at the Santa Fe Institute in 2014 (August 28-29)
and 2016 (April 10-12). These working groups concluded that the convergent evolution
of agriculture may be explained, at least in part, by energetic benefits that include increased
buffering against environmental variability due to dependable food resources and reduc-
tion of time spent foraging, especially for wild sources of protein for which competition
from other species is fierce. The groups also identified a set of specific preconditions that
likely must be present for agriculture to evolve, including (1) future farmers must be
generalized foragers that create central places for food storage, distribution, and consump-
tion; (2) future farmers must interact with a plant or animal species that is genetically or
behaviorally pre-adapted for domestication; (3) future farmers must be highly social and
capable of communicating in a manner that spans generations and allows for social learn-
ing or conditioning; (4) favorable mutations or innovations must be replicated rapidly
across generations; and (5) the climate must be relatively stable. These preconditions may
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be quite rare, which thus explains the relative rarity of agriculture. Although these conclu-
sions were intriguing, they were judged to be preliminary, and so, on June 13-16, 2019,
the 38th Altenberg Workshop in Theoretical Biology was convened at the Konrad Lorenz
Institute in Klosterneuburg, Austria, in order to more thoroughly explore the topic of “The
Convergent Evolution of Agriculture in Humans and Insects.”

This volume contains the products of that workshop. In part I, two different analyses
codify and quantify the traits held in common across human and animal agriculturalists,
one more broadly, spanning the entire animal kingdom (chapter 1), and one more narrowly,
focusing on multiple human groups and a subset of insect agriculturalists (chapter 2). In
part II, various authors examine both human and insect agriculture from a group-versus-
individual-selection perspective, reasoning that it is unlikely that natural selection will
generate an evolutionarily stable agricultural mutualism when farmers and cultivars—as
well as individual cultivars—have conflicting interests. These chapters provide insights
about the limited conditions under which we might expect agriculture to evolve and, thus,
why it may be rare. The chapters in part III summarize the biology and evolution of the
major groups of insect agriculturalists, including aspects of their biologies that have never
before been reviewed. In part IV, chapters 10 and 12 explore different aspects of conver-
gent evolution globally across human agricultural systems; chapter 11 compares fungal
parasites of ant agriculture with fungal parasites of human agriculture; chapter 13 explores
a general developmental mechanism for generating morphological form that provides
insights into the rapid evolution of human and possibly nonhuman plant and animal
domesticates; and chapter 14 provides an in-depth comparison of the evolution of agricul-
ture in humans and in a single, relatively well-studied insect group, fungus-farming ants.

The evolution of agriculture is studied by scholars working in many different fields.
For the most part, research on this topic has been conducted in relative isolation, discipline
by discipline. The isolation of students of human and nonhuman agriculture, respectively,
is particularly dramatic. To date, there has been remarkably little contact between research-
ers in these fields, and as a result many opportunities for fruitful interactions have been
missed. The aim of this volume is to bring researchers working on human and insect
agriculture together for the first time, with the goal of promoting an interactive dialogue
that has the potential to bring about new empirical and theoretical advances. Ultimately,
we hope that this book will serve as a foundation for future studies of agriculture from a
comparative point of view.

Definitions

Throughout this book, the authors use the terms “cultivation,” “domestication,” and “agri-
culture.” Unless otherwise stated in a specific instance, these terms are defined as follows:

cultivation: Targeted intervention in the life cycle of a particular species in order to
promote its growth, including practices such as tillage, planting, and harvesting.

domestication: Genetic modification of one species (the domesticate) by another (the
farmer) in ways that benefit the farmer but that would reduce the fitness of the domesticate
in its original niche.
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agriculture: Cultivation on a large scale in which the farmer has become obligately depen-
dent on the cultivated species for nutrition.

Workshops

2014 Santa Fe Institute Working Group: Jennifer A. Dunne, David C. Krakauer, George
R. McGhee, Ulrich G. Mueller, Peter N. Peregrine, Ted R. Schultz, Bruce D. Smith,
Melinda A. Zeder

2016 Santa Fe Institute Working Group: Duur K. Aanen, Richard Gawne, Marcus J. Ham-
ilton, Jiri Hulcr, George R. McGhee, Ulrich G. Mueller, Peter N. Peregrine, Ted R. Schultz

Participants in the 38th Altenberg Workshop in Theoretical Biology, “The Convergent Evolution of Agriculture
in Humans and Insects,” June 13-16, 2019, Konrad Lorenz Institute, Klosterneuburg, Austria. (1) Ted R. Schultz,
(2) R. Ford Denison, (3) Judith Korb, (4) Dorian Q. Fuller, (5) Peter H.W. Biedermann, (6) Rick Gawne, (7)
Peter N. Peregrine, (8) Hanna Kokko, (9) Jacobus J. Boomsma, (10) Susan Milius, (11) Duur K. Aanen, (12)
Ana JeSovnik, (13) Nicole Gerardo, (14) George R. McGhee. Not pictured: Jiri Hulcr.
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2019 KLI Altenberg Workshop: Duur K. Aanen, Peter H.W. Biedermann, Jacobus J. (Koos)
Boomsma, R. Ford Denison, Dorian Q. Fuller, Richard Gawne, Nicole M. Gerado, Jiri
Hulcr, Ana Jesovnik, Hanna Kokko, Judith Korb, George R. McGhee, Susan Milius,
Dolores R. Piperno, Peter N. Peregrine, Ted R. Schultz
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1 Convergent Evolution of Agriculture in Bilaterian Animals:
An Adaptive Landscape Perspective

George R. McGhee

In all cases of two very distinct species furnished with apparently the same anomalous organ, it
should be observed that, although the general appearance and function of the organ may be the same,
yet some fundamental difference can generally be detected. I am inclined to believe that in nearly
the same way as two men have sometimes independently hit on the very same invention, so natural
selection, working for the good of each being and taking advantage of analogous variations, has
sometimes modified in very nearly the same manner two parts in two organic beings, which owe
but little of their structure in common to inheritance from the same ancestor.

—Charles Darwin, On the Origin of Species (1859, 193—194)

In 1859 Darwin faced the dilemma of dealing with the problem of convergence in biological
evolution—that is, of accounting for morphological traits and instinctive behaviors that were
“almost identically the same in animals so remote in the scale of nature, that we cannot
account for their similarity by inheritance from a common parent, and must therefore believe
that they have been acquired by independent acts of natural selection” (Darwin 1859, 235—
236). In an attempt to explain to his readers how natural selection might produce convergent
biological evolution, Darwin (1859, 193—194) called upon the human analogy that “two men
have sometimes independently hit on the very same invention”—a phenomenon he was very
well aware of as the theory of natural selection itself had been independently formulated by
both Darwin and Wallace, just as the logic of the calculus had been independently formulated
by both Newton and Leibniz, and so on throughout human history.

Lycett (2011, 157) has pointed out that in 1859, when Darwin used the analogy of two
men independently creating the very same invention, he was de facto giving an “example
of convergence within the realm of human technology.” The analysis of convergent evolu-
tion in a very specific form of human technology—the creation of similar stone tools in
different human cultures—was the subject of the 33rd Altenberg Workshop in Theoretical
Biology at the Konrad Lorenz Institute for Evolution and Cognition Research (O’Brien,
Buchanan, and Eren 2018).

The 38th Altenberg Workshop in Theoretical Biology at the KLI continues that research
focus by examining the convergent evolution of agriculture—except this time the focus is
not only on the convergent evolution of agricultural techniques in different human cultures,
but also on the convergent evolution of agricultural techniques in different clades of
animals that are not human. Agriculture has evolved, independently and convergently, in
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nine phylogenetic lineages of bilaterian animals: actinopterygian vertebrates, sarcopteryg-
ian vertebrates, polychaete annelids, patellogastropod molluscs, neogastropod molluscs,
littorinoid molluscs, polyneopteran insects, hymenopteran insects, and coleopteran insects
(table 1.1). The analysis of that agricultural convergence from an adaptive landscape
perspective is the subject of this chapter.

Table 1.1
Phylogeny of the convergent evolution of agriculture in bilaterian animals

Metazoa

— Ctenophora

— fArchaeocyatha

— Porifera

— Parahoxozoa

— — Placozoa

— — Eumetazoa

— — — Cnidaria

— — — BILATERIA (agriculturalist lineages 1-9)

— — — — Unnamed clade

77777 Xenoturbellida

77777 Acoelomorpha

777777 Nemertodermatida

777777 Acoela

— — — — Nephrozoa

77777 DEUTEROSTOMIA (agriculturalist lineages 1-2)
777777 Ambulacraria

7777777 Echinodermata

7777777 Hemichordata

777777 CHORDATA

7777777 Vertebrata

77777777 Gnathostomata

777777777 Osteichthyes

7777777777 ACTINOPTERYGII (agriculturalist lineage 1)
77777777777 Neopterygii
,,,,,,,,,,,, Teleostei
7777777777777 Euteleostei
77777777777777 Eurypterygii
777777777777777 Ctenosquamata
7777777777777777 Acanthomorpha
77777777777777777 Acanthopterygii
777777777777777777 Percomorpha
7777777777777777777 Ovalentaria
,,,,,,,,,,,,,,,,,,,, Pomacentridae
777777777777777777777 Pomacentrinae (Stegastes nigricans) lineage 1
7777777777 SARCOPTERYGII (agriculturalist lineage 2)
,,,,,,,,,,, Tetrapodomorpha
,,,,,,,,,,,, Tetrapoda
7777777777777 Reptiliomorpha




Convergent Evolution of Agriculture in Bilaterian Animals

Table 1.1

(continued)

______________ Amniota
_______________ Synapsida
________________ Therapsida
_________________ Cynodontia
__________________ Mammalia
___________________ Theria
____________________ Eutheria

_____________________ Boreoeutheria
______________________ Euarchontoglires
_______________________ Primates
________________________ Anthropoidea
_________________________ Catarrhini
__________________________ Hominoidea
___________________________ Hominidae
____________________________ Homininae
_____________________________ Hominini (Homo sapiens) lineage 2
————— PROTOSTOMIA (agriculturalist lineages 3-9)

—————— SPIRALIA (agriculturalist lineages 3—6)

——————— Platytrochozoa

———————— Lophotrochozoa

————————— ANNELIDA (agriculturalist lineage 3)
—————————— Polychaeta

___________ Aciculata

____________ Phyllodocida

_____________ Nereididae (Platynereis dumerilii) lineage 3
_________ MOLLUSCA (agriculturalist lineages 4—6)
—————————— Eumollusca

___________ Ganglioneura

____________ Visceroconcha

_____________ Gastropoda

______________ Patellogastropoda
_______________ Patelloidea
________________ Scutellastridae (Scutellastra longicosta) lineage 4
______________ Caenogastropoda
_______________ Hypsogastropoda
________________ Neogastropoda
_________________ Buccinoidea
__________________ Nassariidae (Bullia digitalis) lineage 5
________________ Littorinimorpha
_________________ Littorinoidea
__________________ Littorinidae (Littoraria irrorata) lineage 6
______ ECDYSOZOA (agriculturalist lineages 7-9)

——————— Panarthropoda

———————— Arthropoda

————————— Euarthropoda

(continued)
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Table 1.1
(continued)

__________ Mandibulata
___________ Pancrustacea
____________ Hexapoda
_____________ Insecta
______________ POLYNEOPTERA
_______________ Isoptera
________________ Termitidae
_________________ Macrotermitinae (Odontotermes formosanus) lineage 7
______________ HOLOMETABOLA
_______________ HYMENOPTERA
________________ Formicidae
_________________ Myrmicinae
__________________ Attini

———————————————————— Neoattina (Atta texana) lineage 8
——————————————— COLEOPTERA
———————————————— Curculionidae
————————————————— Scolytinae
—————————————————— Xyleborini
——————————————————— Ambrosiodmus/Ambrosiophilus clade

———————————————————— (Ambrosiophilus atratus) lineage 9

Sources: Phylogeny modified from Nielsen (2012), Near et al. (2013), Bourguignon et al. (2014), Misof
et al. (2014), Struck et al. (2014), Benton (2015), Li et al. (2015), and Branstetter et al. (2017).

Note: Major clades containing agriculturalist animals are given in capital letters. Extinct taxa are marked
with a dagger “t.”

The Phenomenon of Convergent Evolution in Agricultural Behaviors

A list of the farming species and their agricultural crops is given in table 1.2. Five of the
farming lineages cultivate plants, and four cultivate fungi. Of the plant crops, four lineages
farm marine algae, and one lineage farms land plants. Of the fungal crops, three lineages
farm land fungi, and one lineage farms marine fungi.

A list of 12 agricultural traits is here used to create a comparative measure of the agri-
cultural complexity found in the nine independent lineages of agriculturalist animals,
modified from the list of agricultural traits found in insects and humans compiled by
Mueller et al. (2005). These traits are: (A) preparing the substrate for growing crops, (B)
planting the crops, (C) usage of naturally occurring organic fertilizers for the crops, (D)
usage of artificially produced chemical fertilizers for the crops, (E) protecting the crops
from raiders, (F) weeding invasive species out of the crops, (G) using chemicals for pest
control of parasites or diseases in the crops, (H) using living microbes for pest control of
parasites or diseases in the crops, (I) development of a one-way symbiosis between the
farming species and its crop (either the crop is obligately dependent on the farmer, or the
farmer is obligately dependent on the crop), (J) development of a two-way mutualism
between the farming species and its crop (both farmer and crop are obligately dependent
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Table 1.2

Convergent agricultural lineages, their farming animals, and their crops

Lineage Farmer Crop

1 Damselfish Photosynthetic marine red alga
(Stegastes nigricans) (Polysiphonia sp. 1)

2 Human primate Photosynthetic terrestrial plants
(Homo sapiens) (numerous species)

3 Polychaete annelid worm Photosynthetic marine algae
(Platynereis dumerilii) (several species)

4 Limpet snail Photosynthetic marine brown alga
(Scutellastra longicosta) (Ralfsia verrucosa)

5 Whelk snail Photosynthetic marine green alga
(Bullia digitalis) (Eugomontia sacculata)

6 Periwinkle snail Saprophytic intertidal fungi
(Littoraria irrorata) (species of Phaerosphaeria and Mycosphaerella)

7 Macrotermitine termite Saprophytic terrestrial fungi
(Odontotermes formosanus) (species of Termitomyces)

8 Leaf-cutter ant Saprophytic terrestrial fungus
(Atta texana) (Leucoagaricus gonglyophorus)

9 Ambrosia beetle Saprophytic terrestrial fungus
(Ambrosiophilus atratus) (Flavodon ambrosius)

on one another), (K) the usage of artificial selection to improve the crops, and (L) the
usage of genetic engineering to improve the crops.

The distribution of these 12 agricultural traits across the nine lineages of agriculturalist
animals is given in table 1.3. The metric of “agricultural complexity” is here defined as
the number of agricultural traits found in a given lineage of agriculturalist animals. The
agricultural-complexity level achieved by each of the nine agriculturalist lineages is given
in the “sum of convergent agricultural behaviors” row at the bottom of table 1.3. In this
summation a two-way obligate mutualism between the farmer and the crop (trait J) is
counted as being the sum of two one-way obligate symbioses (trait I); that is, trait I (Y) + trait
I (Y)=trait J (2Y).

Two of the agriculturalist lineages are found in the clade of the deuterostomes—the
damselfishes and humans (table 1.1). Humans have complex agricultures that can exhibit
nine of the 12 agricultural traits chosen here to measure differential agricultural complex-
ity (table 1.3). In contrast to some other agriculturalist animals, humans and their crops
have a generally facultative relationship with one another rather than an obligate one,
and humans do not use (as yet) microbial pest-control methods (table 1.3; see also the
discussion in Mueller et al. 2005). Human agriculture is itself convergent, in that several
populations of humans made the transition from hunter-gatherers to agriculturalists inde-
pendently of each other around the world about 10,000 years ago (Gupta 2004; chapter
10, this volume). Of the other agriculturalist animals only the clades of the ambrosia
beetles and damselfishes have exhibited numerous independent convergences in agri-
cultural evolution: 11 independent lineages of ambrosia beetles have arisen in the past
50 million years (Jordal and Cognato 2012; Li et al. 2015; chapter 7, this volume), and,
in the damselfishes, “multiple independent transitions to algaculture have occurred” (Aanen
2010, 3).
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Table 1.3
Convergent evolution of specific agricultural traits in nine lineages of bilaterian animals

Phylogenetic lineage

Behavior 1 2 3 4 5 6 7 8 9
A. Substrate preparation for crops Y Y Y Y Y Y Y Y Y
B. Planting the crops n Y Y n n Y Y Y Y
C. Fertilizing the crops: organics n Y Y Y n Y Y Y n
D. Fertilizing the crops: chemicals n Y n n n n n n n
E. Protecting the crops from raiders Y Y n Y Y n Y Y Y
F. Weeding invasive species out of crops Y Y n Y Y n Y Y Y
G. Pest control: chemicals n Y n n n n n Y n
H. Pest control: microbes n n n n n n n Y Y
1. Symbiosis: one-way obligate n n n Y n Y n n n
J. Mutualism: two-way obligate 2Y n n n n n 2Y 2Y 2Y
K. Artificial selection to improve crops n Y n n n n Y Y n
L. Genetic engineering to improve crops Y n n n n n n

Sum of convergent agricultural 5 9 3 5 3 4 8 10 7

behaviors

Notes: Y =yes, present; n=no, absent. Phylogenetic lineages: 1=damselfish, 2 =human primate, 3 =polychaete
annelid worm, 4 =limpet snail, 5=whelk snail, 6 =periwinkle snail, 7=macrotermitine termite, 8 =leaf-cutter
ant, 9 =ambrosia beetle.

In contrast to humans, the damselfishes have simpler agricultures that exhibit only five
of the 12 agricultural traits (table 1.3). Hata and Kato (2006, 159) have observed that
species of the damselfishes maintain “dense stands of filamentous algae as algal farms.”
In particular, the “territorial damselfish, Stegastes nigricans, maintains algal farms by
excluding invading herbivores and weeding unpalatable algae from its territories” (Hata
and Umezawa 2011, 809); it also carefully grazes its crops to stimulate the algae to remain
in the rapid-growth, early-succession phase (Hato, Watanabe, and Kato 2010; Aanen
2010). Hata and Kato (2006) have further noted that the mutualism between the damselfish
Stegastes nigricans and the red alga Polysiphonia sp. 1 is “the first record of an obligate
plant-herbivore cultivation mutualism in a marine ecosystem” (see also Hata and Kato
2004; Hata, Watanabe, and Kato 2010; Hata and Umezawa 2011). Aanen (2010, 1, 3)
proposed that this “fascinating agricultural mutualism” was started by the damselfish’s
“weeding or consumption of all the algae in a territory, and that the fast-growing algae
remained, and started to specialize on this new niche. With their behavior, the fish shows
some parallels with cattle, which by grazing create and improve their own niche—
grassland. The difference is that the fish seem to remove unpalatable algae without con-
suming these, and that they are territorial.”

Hata, Watanabe, and Kato (2010, 2), however, have noted that “this fish neither sows nor
transplants the algae.” Further, Stegastes nigricans has not been observed to fertilize its crops
or to use any type of pest control against crop parasites or diseases, and the damselfish does
not use artificial selection or genetic engineering to improve its crops, unlike humans.

The other seven agriculturalist animals are all protostomes. Four of the agriculturalist
lineages are found in the clade of the spiralian protostomes and all are marine—the poly-
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chaete annelid worms, the limpet snails, the whelk snails, and the periwinkle snails (table
1.1). Of these, the limpet snails have the most complex agricultures, consisting of five of
the 12 agricultural traits; thus, this gastropod mollusc has an agricultural complexity rival-
ing that of an actinopterygian chordate (tables 1.1 and 1.3). Species of the scutellastrid
limpets cultivate Ralfsia verrucosa algae in two types of gardens: periphery gardens
(Scutellastra cochlear, S. flexuosa, S. mexicana, and others) and patch gardens (Scutel-
lastra longicosta, S. laticostra, S. chapmani, and others; Lindberg 2007). Periphery-gardening
limpets cultivate algae in a zone around the periphery of a permanent home base, in the
center of which the snail resides. These limpets prepare their periphery substrates by rasping
the coral surface, “and the alga within the garden area is restricted to the interstices of the
rasped surface” (Lindberg 2007, 222). The more mobile patch-gardening limpets cultivate
algae in larger patches over which the snails graze.

Both types of gardening limpets fertilize their gardens, but in a different manner: by the
release of nitrogenous excretions (ammonium and urea in their urine and feces) in the
periphery gardeners, and by the spreading of nutrient-rich mucus in mucus trails from their
feet by the patch gardeners (Lindberg 2007). Field measurements have shown that the
periphery-gardening species Scutellastra cochlear fertilizes its crop with “nitrogenous
excretions released along the shell edge” (Lindberg 2007, 229). Plaganyi and Branch
(2000, 113) have demonstrated that the amount of ammonium (NH,) excreted by Scutel-
lastra cochlear on its gardens “supplied approximately 30% of the algal garden’s daily
nitrogen growth requirements” and that these limpets “enhance the productivity of their
algal gardens through the regeneration of limiting nutrients.”

The patch-gardening snail Scutellastra longicosta has been demonstrated to weed its
gardens—it “removes algal species other than Ralfsia from its territory”—and its weeding
activity is “important in preventing the competitive exclusion of Ralfsia by foliose algae,”
particularly the sea lettuce Ulva (McQuaid and Froneman 1993, 132). The scutellastrid
limpets also defend their crops from raiding herbivores, as Scutellastra longicosta was
observed to have “actively excluded vagrant grazers, preventing overgrazing” of the crop
(McQuaid and Froneman 1993, 128). Likewise, “by keeping the site free of other grazers,
Patella [= Scutellastra] longicosta ensures the survival of Ralfsia plants” (McQuaid and
Froneman 1993, 132).

In their study of the “mutualism between the territorial intertidal limpet Patella [= Scutel-
lastra] longicosta and crustose alga Ralfsia verrucosa,” McQuaid and Froneman (1993,
128) noted that “adult Patella [= Scutellastra] are found exclusively in association with
Ralfsia, on which they feed, while Ralfsia occurs primarily, but not exclusively, in Patella
[= Scutellastra] territories.” That is, the farmer species is obligately dependent on its particular
crop but the crop species, although benefiting from the activities of the farmer species, is not
obligately dependent upon it (table 1.3).

As with the agriculturalist damselfishes, the agriculturalist limpets have not been
observed to plant their algal crops or to use any type of pest control against crop parasites or
diseases, and they are not known to use artificial selection or genetic engineering to improve
their crops. Although they do use natural, organic fertilizers, they do not use chemical ones
as the agriculturalist humans do.

The remaining three agriculturalist spiralian-protostome lineages (table 1.1) all have even
simpler agricultures, consisting of only three or four of the 12 agricultural traits (table 1.3).
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The nereidid polychaete annelid Platynereis dumerilii uses its own self-grown mucus-tube
habitat as the substratum for its algal garden, according to Levinton (1982, 284), who has
noted that some species of nereidids “attach pieces of sea lettuce (Ulva) to their tubes and
maintain algal gardens.” Gambi et al. (2000) have further described the gardening of fila-
mentous algae by the nereidid Platynereis dumerilii on leaves of the Mediterranean seagrass
Posidonia oceanica, whereby the worms feed on erect filaments of algae, particularly the
large macroalgae Cystoseria. They have noted that the worms “live inside semi-permanent
mucous tubes, that are generally attached to macroalgal thalli. . . . P. dumerilii generally feeds
close to the tube entrance, to which worms attach small pieces of algae” (Gambi et al. 2000,
190). At the tube entrance, these pieces of algae are also in close proximity to the nitrogenous
urine and feces of the polychaete and thus may be fertilized, even if inadvertently.

Woodin (1977) has argued that the gardening behavior of Platynereis dumerilii is an
adaptation to reduce the risk of predation. Gambi et al. (2000, 199) agree with this hypoth-
esis, noting that “P. dumerilii feeding requires the partial or total exit of the worm from
the tube” and that during such “searching for food, the worms are more vulnerable to
potential predators.” Maintaining a garden of crop algae on the worm’s tube itself, near
its opening, is clearly advantageous to the worm.

The nassariid whelk snail Bullia digitalis also has an agricultural technique that uses
only three of the 12 agricultural traits, but they are not the same three traits as those used
by the polychaete worms (table 1.3). Like Platynereis dumerilii, Bullia digitalis uses its
own, self-grown calcareous-shell habitat as the substratum for its algal garden. Da Silva
and Brown (1984, 64) have noted that the snail “frequently has an algal growth on the
upper surface of its shell and especially on the last whorl,” and that “only a single species
of alga is present and that in all cases it appears to have been cropped almost down to the
shell.” Harris et al. (1986) further note that the garden consists of chlorophyte algae that
bore into the shell material of the snail, that the snail periodically grazes on filamentous
strands of the algae that protrude from its shell, and that the most commonly seen alga
appears to be Eugomontia sacculata.

Unlike Platynereis dumerilii, Bullia digitalis has not been observed to plant the alga on
its shell, but the presence of “only a single species of alga” (Da Silva and Brown 1984,
64) argues for weeding behavior by the snail to prevent other algal species from overgrow-
ing its crop, and obviously the snail does not allow other species to graze its shell, thus
defending its crop. Because the snail is mobile in high-energy sandy beaches (Harris et
al. 1986), it is unlikely that it fertilizes its crop with nitrogenous excretions as the agricul-
turalist limpets do, since these excretions would be quickly washed away rather than being
absorbed by the alga. The snail appears to use its algal garden as a supplementary source
of food to augment its normal scavenging mode of feeding.

Last, the littorinid periwinkle snail Littoraria irrorata also has a simpler agricultural
technique consisting of only four agricultural traits (table 1.3), but of overwhelming inter-
est is that this periwinkle snail farms saprophytic fungi rather than photosynthetic algae
(table 1.2). Thus, in its crop choice this agriculturalist marine species is convergent with
the land-dwelling insect agriculturalists, all of which cultivate fungi instead of plants (table
1.2). As summarized by Silliman and Newell (2003, 15643), field observations confirm a
“farming mutualism between Littoraria and intertidal fungi. Snails graze live grass primar-
ily not to feed but to prepare substrate for fungal growth and consume invasive fungi. . . .
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These results provide a case of fungal farming in the marine environment and outside the
class Insecta.”

Littoraria irrorata prepares the substrate for its garden by actively producing longitu-
dinal wounds with its radula on the leaves of the salt marsh cordgrass Spartina alternifora;
these wounds are then colonized by species of the ascomycete fungi Phaerosphaeria and
Mycosphaerella (Silliman and Newell 2003; Sieg et al. 2013). Silliman and Newell (2003,
15643) have argued that “(i) Littoraria promote fungal growth on live Spartina plants
through their grazing activities and direct application of fecal pellets and that this growth
promotion has a positive effect on snail growth; and (ii) fungi benefit from snail wound-
grazing by gaining access to nutritious and relatively defenseless inner plant tissues and
by receiving supplements (potentially nutrients and/or propagules) from snail feces.”
Further, Sieg et al. (2013, 122) have observed that Littoraria irrorata snails “consume
fungal hyphae during garden maintenance”; they have also been seen engaging in “selec-
tively depositing hyphae-laden feces within wounded plant tissues to facilitate fungal
establishment and growth” and actively engaging in the “establishment of new fungal
cultures on plants by defecating in wounded plant tissues” (Sieg et al. 2013, 128).

Silliman and Newell (2003, 15647) have further argued that Litforaria irrorata “snails
can grow only on fungus-colonized Spartina or pure mycelium and not on sterile leaves
or ones colonized by bacteria. These growth-study results indicate that Litforaria obli-
gately employs fungus-promoting feeding strategies . . . and consumption of facilitated
invasive fungi.” Thus, the farmer is obligately dependent upon the presence of the fungal
crop, but the fungal crop, although benefiting from the activities of the farmer species, is
not obligately dependent upon it (table 1.3). Sieg et al. (2013, 122) have further noted that
this “snail-fungal mutualism increases exposure of the foundation species Spartina alti-
noflora to infection, whereas fungal farming on other local marsh plants is rarely
observed. . .. We propose that the weak chemical defenses produced by S. alterniflora
make it a preferred plant for fungal farming, whereas less abundant species that invest in
potential chemical defenses against grazers and fungi are not as frequently colonized,
consumed, or subjected to fungal farming by L. irrorata.”

The last three of the agriculturalist lineages are found in the clade of the ecdysozoan
protostomes and all are land dwellers—the macrotermitine termites, the leaf-cutter ants,
and the Ambrosiodmus/Ambrosiophilus-clade ambrosia beetles (table 1.1). All three ecdy-
sozoan agriculturalist animals farm fungi rather than plants, and all three have a two-way
obligate relationship between the farming animals and their crops (tables 1.2 and 1.3).

The macrotermitine termites have an agricultural technique that uses eight of the 12
agricultural traits and is almost as complex as human agriculture (table 1.3). Unlike the
human-plant facultative agricultural mutualism, the relationship between the macrotermi-
tine termites and their crops, species of Termitomyces fungi, is one of obligate mutualism:
“termites depend on the fungi for food, and the fungi depend on the termites for growth
and protection” (Aanen 2006, 209; see also Aanen et al. 2002; Mueller et al. 2005; Aanen
and Eggleton 2017; chapter 6, this volume). Also unlike humans, the termites are not known
to use any type of pest control against crop parasites or diseases (Mueller et al. 2005).

In addition to substrate preparation, crop planting, crop fertilization with organics, and
protection and weeding of crops (Mueller et al. 2005), Aanen (2006, 209) also observed that
“the termites ‘artificially’ select for high nodule production” to improve their Termitomyces
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crops and that “genetic screening of Termitomyces strain diversity happens in at least some
of the genera either directly through active selection of symbionts or indirectly through inter-
strain competition for comb space.”

The leaf-cutter ants have an agricultural technique that uses ten of the 12 agricultural
traits—an agriculture that is more complex than human agriculture in this analysis (table
1.3). Like humans, the ants use “chemical herbicides to combat pests,” but, unlike humans
(as yet), the ants also use “disease-suppressant microbes for biological pest control”
(Mueller et al. 2005, 565; chapter 11, this volume), in particular an “antibiotic produced
by the Pseudonocardia bacterial symbiont” that is used against fungal parasites (Schultz
and Brady 2008). Also unlike the human-plant agricultural mutualism, the mutualism
between the leaf-cutter ants and their fungal crops is obligate: all attine ants obligately
depend on the cultivation of fungus gardens for food, and, whereas the fungal cultivars of
the non-leaf-cutting “lower” attine ants are facultative symbionts, ants in the leaf-cutter
genera Atta and Acromyrmex cultivate “higher attine” fungi (principally Leucoagaricus
gongylophorus) that are incapable of living separately from their ant farmers (Schultz and
Brady 2008; Branstetter et al. 2017; chapters 8 and 14, this volume).

Like termites, ants practice artificial selection through the selection of variant fungal
symbionts (Mueller et al. 2005). Thus leaf-cutter ants are known to utilize all of the agri-
cultural techniques used by humans in this analysis except two: the usage of artificially
produced chemical fertilizers and genetic engineering to improve their crops. However, it
is possible that the ants may even use genetic engineering—through the introduction of
viruses and horizontal-gene transfer into their crops—but this remains to be proved (T. R.
Schultz, personal communication, 2014).

Last, of the 11, independently evolved, fungus-farming lineages of ambrosia beetles, the
Ambrosiodmus/Ambrosiophilus-clade ambrosia beetles utilize the most complex agricul-
tural techniques (Jordal and Cognato 2012; Li et al. 2015). Their agricultures use seven of
the 12 agricultural traits (table 1.3), although the ten other convergent agriculturalist lin-
eages of ambrosia beetles may use fewer than these seven traits and have simpler agricul-
tures (Farrell et al. 2001; Mueller et al. 2005). Like the fungus-farming termites and ants,
the Ambrosiodmus/Ambrosiophilus-clade ambrosia beetles are obligate mutualists with their
fungal crop species Flavodon ambrosius (Li et al. 2015; Kasson et al. 2016; Simmons et al.
2016).

The Ambrosiodmus/Ambrosiophilus-clade ambrosia beetles possess the general agricul-
tural traits of substrate preparation, crop planting, crop protection, and crop weeding
(Mueller et al. 2005; Li et al. 2015; Kasson et al. 2016). Like the ants, they use microbes
for biological pest control (U. G. Mueller, personal communication, 2014), but they are
not known to fertilize their crops (table 1.3). They also are not known to practice artificial
selection to improve their crops, but some are known to practice another type of crop
choice: “Several Asian species within the genus Ambriosiophilus engage in another inter-
specific interaction—fungus stealing (mycocleptism; Hulcr and Cognato 2010). Instead of
making their galleries in uninhabited wood, these parasitic Ambrosiophilus species search
for galleries established by the much larger ambrosia beetles in the genus Beaverium and
excavate their galleries immediately next to the existing tunnels. The fungus established
by Beaverium spp. therefore immediately grows in the gallery of Ambriosiophilus spp.”
(Kasson et al. 2016, 94).
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Potential Causes of Convergent Agricultural Evolution

Why does convergent biological evolution occur? Convergence arises because the possible
evolutionary pathways available to life are not endless, but /imited (McGhee 2011, 2015).
If the number of possible evolutionary pathways were infinite, then each species on Earth
would be morphologically different from every other species, and each species would have
its own unique ecological role or niche. Such an Earth does not exist. Instead, repeated
evolutionary convergences on similar morphologies, niches, molecules, and even mental
states is the norm for life on Earth (McGhee 2011).

Evolutionary limits are the product of functional constraints, developmental constraints,
and the two processes acting in concert. Functional constraints are imposed by the laws
of physics, chemistry, and geometry and are extrinsic to the organisms affected by those
constraints (McGhee 2007). Convergence results from the fact that there are limited numbers
of ways to solve a functional problem within the boundaries imposed by these extrinsic
constraints. In contrast to functional constraints, developmental constraints are intrinsic and
are imposed by the biology and phylogeny of specific organisms (McGhee 2007). First, the
developmental pathways that are available to specific organisms are limited by what has
been variously called “phylogenetic legacy,” “phylogenetic inertia,” or “phylogenetic con-
straint” (see discussion in McGhee 2007). Second, even given a certain phylogenetically
available repertoire of traits, the processes of developmental bias, such as the “repeated,
differential re-use of developmental modules, which enables novel phenotypes to arise by
developmental rearrangements of ancestral elements, as in the parallel evolution of animal
eyes” (Laland et al. 2015, 3), may make the development of some of those traits more
probable than others. Third, “phenotypic variation can be channeled and directed towards
functional types by the process of development”; this phenomenon is known as “facilitated
variation” and can “sometimes elicit substantial, non-random, well-integrated and appar-
ently adaptive innovations in the phenotype” (Laland et al. 2015, 3).

Is convergent agricultural evolution the product of functional constraints, developmental
constraints, or both? The functional constraint hypothesis proposes that there exists a
limited number of ways to successfully cultivate crops and that convergent agricultural
techniques must necessarily result because independent lineages of animals have a limited
number of farming options to discover. The developmental constraint hypothesis proposes
that there exists a limited repertoire of shared agricultural behaviors that are inherited
within a phylogenetic lineage and that convergent agricultural techniques must necessarily
result because members of those phylogenetic lineages of animals have a limited repertoire
of behavioral options to utilize in farming.

A phylogenetic classification of the nine lineages of agriculturalist bilaterian animals is
given in table 1.1. As discussed in the previous section of the chapter, agriculture has
evolved independently in both the clades of the deuterostome and protostome bilaterians.
The molecular analyses of Dos Reis et al. (2015) indicate that the deuterostome-protostome
split occurred by 578 million years ago (Mya) in the Ediacaran period of the Neoproterozoic
(Gradstein et al. 2012), and possibly as early as 653 Ma in the older Cryogenian period.
Thus, if developmental constraint is responsible for the convergent evolution of agriculture
in the nine agriculturalist lineages of animals, then those constraints would have had to be
present in animals that existed before the deuterostome-protostome divergence in animal
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evolution. Metazoan nervous systems evolved independently and convergently in the cteno-
phores and eumetazoans before the deuterostome-protostome divergence (table 1.1; Dunn
et al. 2008; Ryan et al. 2013; Hejnol 2014; Moroz et al. 2014; see discussion in McGhee
2019). The eumetazoan nervous system is surely a prerequisite for the later evolution of
agricultural behaviors in the bilaterian animals, but possession of that nervous system does
not constrain these animals to any particular behavior in terms of farming crops. Rather,
convergence in agricultural behaviors appears to be the result of functional constraint.

The ecdysozoan macrotermitine termites, leaf-cutter ants, and ambrosia beetles do not
farm fungi because their ecdysozoan-style development constrains them to that crop;
instead they farm fungi because fungi do not require light in order to grow—thus fungi
can be cultivated in dark tunnels within wood and underground in soil. Deuterostomes are
not developmentally constrained to farm plants—plants are also farmed by annelids and
gastropods (table 1.2), animals with protostome developmental systems (table 1.1).
Animals in these different clades simply farm plants because light is available in the habi-
tats in which they live, and plants require light in order to grow. Damselfishes, annelid
worms, and gastropods have no manipulative appendages, yet this developmental con-
straint does not prevent them from farming.

Convergence in the agricultural methods used by animals for the farming of plants and
fungi (table 1.3) appears to be the result of similar functional constraints imposed by these
two very different types of crop organisms. Although plants require light and fungi do not,
both crop types grow better when their growth substratum is prepared for them, when they
are fertilized, when they are weeded, and when they are protected from raiders and para-
sites. The hypothesis of the primacy of functional constraint in the convergent evolution
of agriculture will be explored in more detail in the next section of this chapter.

Adaptive Landscapes: A Spatial Approach to Evolutionary Analysis

The concept of the adaptive landscape was first proposed by Wright (1932) and has become
a “standard imagination prosthesis for evolutionary theorists. It has proven its worth in liter-
ally thousands of applications, including many outside evolutionary theory” (Dennett 1996:
190; see discussion in McGhee 2007). It is usually portrayed as a three-dimensional grid
surface, where the two dimensions of the x-y plane are morphological or ecological traits
and the vertical z-dimension is the degree of adaptation of permutations of those traits
(figure 1.1). Regions in the landscape where trait permutations have a high degree of adap-
tation are called adaptive peaks, and regions of trait permutations with low degrees of
adaptation are called adaptive valleys. The geometric arrangement of the adaptive peaks
within the landscape thus represents, in a spatial fashion, the different possible ways of life
available to organisms. The spatial distribution of the adaptive valleys and plains represents
trait permutations that range from nonfunctional to lethal in nature. The adaptive landscape
can also be portrayed as a two-dimensional contour map, where the third dimension of the
degree of adaptation is given by the contour values within the map (figure 1.1).

A basic rule of modeling evolution in an adaptive landscape is that natural selection
will operate to move a population up the slope of an adaptive peak, from lower degrees
of adaptation to higher degrees of adaptation. Thus, using the adaptive landscape concept,
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Figure 1.1

A hypothetical adaptive landscape, portrayed as a three-dimensional grid at the top of the figure and a two-
dimensional contour map at the bottom. Topographic highs represent adaptive morphologies that function well in
natural environments (and therefore are selected for), while topographic lows represent nonadaptive morphologies
that function poorly in natural environments (and therefore are selected against). From McGhee (2007).

evolution via the process of natural selection can be spatially visualized as a journey across
adaptive hills and valleys, mountains and ravines (McGhee 2007).

The actual utilization of the adaptive landscape concept in the analysis of evolution
requires a metric for measuring the different degrees of adaptation of different morphologi-
cal traits. One commonly used metric is efficiency—for example, the filtration efficiencies
of different colony geometries in the analysis of evolution in the filter-feeding bryozoans,
or the swimming efficiencies of different shell forms in the analysis of evolution in swim-
ming ammonoid cephalopods (McGhee 2007, 2015).
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In the analysis of the convergent evolution of agriculture an obvious analog would be
a metric of agricultural efficiency, perhaps some measure of the cost to the farmer in
producing a crop in contrast to the profit the farmer receives on selling the crop. I am not
an anthropologist or economist, but it seems to me that measures of agricultural efficiency
would be difficult to obtain even for different human agricultures and nearly impossible
to obtain from nonhuman agricultures. Thus, for the current analysis I am using the metric
of agricultural complexity (table 1.3) as a proxy for the degree of adaptation of different
animal agricultural systems. The assumption here is that the more complex agricultural
systems are more highly adapted to the efficient cultivation of crops, and that the less
complex agricultural systems are less so.

Figure 1.2 gives a contour map of the agricultural complexities of the nine phylogenetic
lineages of agriculturalist animals with respect to the two crop types farmed by these
animals, plants or fungi. Two main landscape peaks are apparent, with similar peak heights
and slopes. The plant-crop landscape has a maximum agricultural-complexity peak of 9,
with human agriculture at the top of the peak and damselfish and polychaete agricultures
on the lower slopes of the peak (figure 1.2). A second and smaller plant-crop peak on the
slope from the main plant-crop peak has limpet agriculture at the top, with a peak com-
plexity of 5, and whelk agriculture lower on the slope of the overall peak.

The fungus-crop peak has a maximum agricultural-complexity peak of 10, with leaf-cutter
ant agriculture at the top of the peak and termite, beetle, and periwinkle agricultures located
on progressively lower positions on the slope of the peak. At first glance at the top of the
fungus-crop peak it would appear that the ecdysozoan protostomes, the insects, are the
exclusive cultivators of fungus crops and that the deuterstome and spiralian protostome
animals are all cultivators of plant crops. This is not true, however, as located farther down
from the top of the fungus-crop peak, at complexity level 4, the periwinkle agriculturalists
also cultivate fungi, and they are snails, spiralian protostomes, not insects (figure 1.2).
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Figure 1.2

Contour map of the distribution of agricultural-complexity levels found in the nine agriculturalist animal lineages
that cultivate either plants or fungi. The phylogenetic relationship of the nine lineages is given in the cladogram
attheleftofthe figure; where DEUT = deuterostomes, PROT = protostomes, SPIR = spiralians, ECDY = ecdysozoans,
ANN =annelids, and MOL =molluscs. The identities of the phylogenetic lineages are: 1 =damselfish, 2=human
primate, 3 =polychaete annelid worm, 4 =limpet snail, 5=whelk snail, 6 =periwinkle snail, 7=macrotermitine
termite, 8 =leaf-cutter ant, and 9 =ambrosia beetle.
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The two main peaks present in figure 1.2 are solely the result of the two crop types
farmed by agriculturalist animals, plants or fungi. The height of the peaks, and their slopes,
are very similar, just as the range of agricultural complexities exhibited by plant farmers
and fungus farmers are similar (table 1.3). This similarity supports the hypothesis that
there exists a single adaptive peak, a best way to conduct agriculture, that applies both to
the farming of plants and the farming of fungi.

In contrast to figure 1.2, figure 1.3 gives a contour map of the agricultural complexities
of the nine agriculturalist lineages with respect to the two habitat types in which the farms
of these animals are located, marine or land. Two main landscape peaks are apparent, but
they have noticeably different peak heights and slopes. The overall marine-habitat land-
scape has a maximum peak height of 5 but possesses two peaks of that height, one with
damselfish agriculture at the top and one with limpet agriculture at the top. On the slopes
of this second peak, the periwinkle, whelk, and polychaete agricultures are progressively
located on lower levels.

The land-habitat peak has a maximum agricultural complexity of 10 and is occupied by
the ants, with human, termite, and beetle agriculturalists progressively located lower on
the slopes of the land-habitat peak. Note the large “phylogenetic gap” between the deu-
terostome human agriculturalists and ecdysozoan-protostome insect agriculturalists (figure
1.3). All of the intervening spiralian-protostome agriculturalists are marine farmers, as are
the deuterostome damselfishes. In addition to the height of the land-habitat peak, which
is twice that of the marine farmers, note the steepness of the slope. This is due to the fact
that all of the farmers on land have agricultures of high complexity, ranging from a
maximum of level 10 to a minimum of level 7, below which the slope sharply drops off
to the base of the land-habitat peak (figure 1.3).

In contrast to figure 1.2, figure 1.3 could support the hypothesis that two agricultural
adaptive peaks exist—a land-agriculture peak and a marine-agricultural peak—where the
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Figure 1.3

Contour map of the distribution of agricultural-complexity levels found in the nine agriculturalist animal lineages
that farm either in marine habitats or on land. The phylogenetic relationship of the nine lineages is given in the
cladogram at the left of the figure; where DEUT =deuterostomes, PROT =protostomes, SPIR =spiralians,
ECDY =ecdysozoans, ANN =annelids, and MOL =molluscs. The identities of the phylogenetic lineages are:
1 =damselfish, 2 =human primate, 3 =polychaete annelid worm, 4 =limpet snail, 5 =whelk snail, 6 = periwinkle
snail, 7 =macrotermitine termite, 8 =leaf-cutter ant, and 9 =ambrosia beetle.
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height of the land-agricultural peak is twice that of the marine-agricultural peak (figure
1.4). This two-peak hypothesis would imply that animals that live on land are capable of
better agricultural efficiencies and higher degrees of adaptation than marine animals (figure
1.5), or that land-dwelling animals must develop more efficient agricultures in order to
survive whereas marine agriculturalists can survive with simpler agricultural techniques.
In a summary contrasting fungal farming by land-dwelling and marine animals, Silliman
and Newell (2003, 15646-15647) have argued that “evolutionary biologists have recently
suggested that fungus-growing animals, like human agriculturalists (Diamond 1999), use a
range of cultivation strategies, varying from ‘low-’ to ‘high-level food production’(Schultz
etal. 2005). . . . In terrestrial ecosystems, instances of high-level fungal cultivation have been
extensively documented,” but examples “of low-level fungal production have not been
experimentally demonstrated (Schultz et al. 2005), although evolution of this strategy could
be common, given its relative engineering simplicity.” The agricultural behaviors of substrate
preparation, weeding, fertilizing, and defense of the crop from other herbivores have been
independently evolved in marine animal clades, though not all of these traits may be present
in a given single lineage (table 1.3). Silliman and Newell (2003, 15647) argue that “if there
is an important message to be learned from Littoraria’s distinct lower-level fungal production
strategy, it may be that evolutionary success of fungal farmers may not depend on intricate
pest management and inoculation techniques as long as cultivated fungi naturally occur and
are successful even without farmer’s care (i.e., fungi are effective dispersers and have strong
pathogen and competitor resistance).” That is, it may be that marine farms do not need to
be as complex as agriculture on dry land. Other traits that marine agricultural systems have
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Figure 1.4

Three-dimensional grid representation of the two adaptive peak hypothesis, where a marine agriculture adaptive
peak exists with a maximum agricultural-complexity peak (level 6) that is half the magnitude of that of a land
agricultural adaptive peak (level 12).
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Figure 1.5

The evolution of five agriculturalist animal lineages on a hypothesized marine adaptive peak (top of figure) and
the evolution of four agriculturalist animal lineages on a hypothesized land adaptive peak (bottom of figure).
Vectors illustrate the maximum agricultural-complexity levels achieved by each lineage on the respective
adaptive peak. The identities of the phylogenetic lineages are: 1 =damselfish, 2 =human primate, 3 =polychaete
annelid worm, 4 =limpet snail, 5=whelk snail, 6 =periwinkle snail, 7=macrotermitine termite, 8 =leaf-cutter
ant, and 9 =ambrosia beetle.

in common are the sizes of both the farms and the farmer populations. Marine farms are
small in areal extent compared to the huge farms of ants, termites, and some human agri-
cultures. The population sizes of marine farming species are small in contrast to the huge
population sizes of ant, termite, and human farming species.

Nevertheless, from the perspective of theoretical morphology, the demonstrable conver-
gent evolution of even simple agricultural behaviors in clades of animals in radically
different environmental conditions—in the oceans and on dry land—can be argued as
evidence that there is a limited number of ways to successfully cultivate crops, and that
convergent behavior must necessarily result because independent lineages of animals have
a limited number of farming options to discover—whether in the oceans or on dry land.

Thus the alternative to the two-adaptive-peak agricultural hypothesis (figures 1.4 and
1.5) is the single-adaptive-peak hypothesis (figure 1.6). In figure 1.6 the hypothesis is that
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Agriculture
peak

Figure 1.6

The evolution of nine agriculturalist animal lineages on a hypothesized single adaptive peak of agriculture,
representing a limited number of ways to successfully cultivate crops that are found in both marine and land
habitats. Vectors illustrate the maximum agricultural-complexity levels achieved by each lineage on the single
adaptive peak. The identities of the phylogenetic lineages are: 1 =damselfish, 2 =human primate, 3 =polychacte
annelid worm, 4 =limpet snail, 5 =whelk snail, 6 =periwinkle snail, 7=macrotermitine termite, 8 =leaf-cutter
ant, and 9 =ambrosia beetle.

there exists a limited number of ways to do agriculture and that these constitute the com-
plexity levels of a single adaptive peak—regardless of whether the crop type is plants or
fungi, and whether the habitat is marine or terrestrial. Independent agricultural-animal
clades differ in the number of those limited ways that they have discovered or have been
able to master. Even the agricultural-animal clades that have managed to reach the higher
levels of the adaptive peaks—ants, humans, and termites—initially started out at lower
levels of the peak in the evolution of their agricultural systems (Schultz et al. 2005; Schultz
and Brady 2008; Branstetter et al. 2017; Gupta 2004; Lieberman 2018; Aanen and Eggleton
2017; chapter 14, this volume).

Types of Agricultural Convergence

There exist three pathways to convergent evolution that can be formalized by using a unified
terminology of convergence (McGhee et al. 2018; see discussion in McGhee 2019, 21-31).
In that terminology the phenomenon of convergent evolution is a set, and the #ypes of con-
vergent evolution are subsets of that phenomenon. In this unified terminology the phenom-
enon of convergence is the suffix of the term, and the #ype of convergent evolution is the
prefix of the term. The unified convergence terminology is outlined in table 1.4. The set of
the convergence phenomenon contains all of the same or very similar traits that have evolved
independently in different lineages of organisms. This set contains three subsets that specify
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Table 1.4
The types of convergent evolution

SET:

CONVERGENT EVOLUTION: The evolution of the same or very similar traits independently in different
lineages of organisms.

SUBSETS:

1. Allo-convergent evolution: The independent evolution of the same or very similar new trait from different
precursor traits in different lineages.

2. Iso-convergent evolution: The independent evolution of the same or very similar new trait from the same
precursor trait in different lineages.

3. Retro-convergent evolution: The independent re-evolution of the same or very similar trait to an ancestral
trait in different lineages.

SUBSETS:

3a. Retro-alloconvergent evolution: The independent re-evolution of the same or very similar trait to an
ancestral trait from different precursor traits in different lineages.

3b. Retro-isoconvergent evolution: The independent re-evolution of the same or very similar trait to an
ancestral trait from the same precursor trait in different lineages.

Sources: McGhee et al. (2018), McGhee (2019).

the three pathways by which evolution may produce convergence: allo-convergent evolution,
iso-convergent evolution, and retro-convergent evolution (table 1.4).

Allo-convergent evolution is the independent evolution of the same or very similar new
trait from different precursor traits in different lineages (the prefix “allo” means “differ-
ent”). Iso-convergent evolution is the independent evolution of the same or very similar
new trait from the same precursor trait in different lineages (the prefix “iso” means
“same”). Retro-convergent evolution is the independent re-evolution of the same or very
similar trait to an ancestral trait in different lineages (the prefix “retro” means “reverse”).

The general subset of retro-convergent evolution contains two specific subsets that
further differentiate the type of retro-convergence that may occur: retro-alloconvergent
evolution and retro-isoconvergent evolution (table 1.4). Retro-alloconvergent evolution is
the independent re-evolution of the same or very similar trait to an ancestral trait from
different precursor traits in different lineages. Retro-isoconvergent evolution is the inde-
pendent re-evolution of the same or very similar trait to an ancestral trait from the same
precursor trait in different lineages.

The convergent evolution of agricultural traits by the nine lineages of bilaterian animals
(tables 1.1 and 1.3) is a mixture of both allo-convergence and iso-convergence. Allo-
convergence is evidenced by the evolution of the same agricultural behaviors from three
different precursor feeding types: hunter-gatherers, herbivorous grazers, and scavengers
(table 1.5). The fact that animals independently evolved the same agricultural behaviors
(table 1.3) while starting from three different ancestral modes of feeding (table 1.5) can
be argued as evidence that there exists a limited number of ways to successfully cultivate
crops regardless of the ancestral feeding behaviors of the agriculturalist lineages, and as
evidence that a single adaptive peak for agriculture exists (figure 1.6).

Iso-convergence is evidenced by the independent evolution of the same agricultural
behaviors (table 1.3) by three different lineages of ancestral hunter-gatherers in parallel—the
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g:ekilfgrlil:sultural feeding methods in nine lineages of agriculturalist bilaterian animals

Farmer Clade Predominant pre-agricultural feeding method within clade
1 Damselfishes hunter-gatherers (carnivorous-herbivorous)
2 Humans hunter-gatherers (carnivorous-herbivorous)
3 Polychaetes scavengers (omnivorous)

4 Limpets grazers (herbivorous)

5 Whelks scavengers (carrion-feeders)

6 Periwinkles scavengers (herbivorous)

7 Termites grazers (herbivorous)

8 Ants hunter-gatherers (carnivorous-herbivorous)
9 Beetles grazers (herbivorous)

Sources: 1=Aanen (2010), Hata and Umezawa (2011); 2=Gupta (2004), Lieberman (2018); 3=Gambi et al.
(2000); 4 =Lindberg (2007); 5=Da Silva and Brown (1984), Harris et al. (1986); 6 =Sieg et al. (2013); 7=Aanen
(2010), Aanen and Eggleton (2017), D. Aanen (personal communication 2018); 8 =Mueller et al. (2001), Brans-
tetter et al. (2017); 9 =Farrell et al. (2001), Jordal and Cognato (2012), Li et al. (2015), J. Huler (personal com-
munication 2018).

damselfishes, humans, and ants (table 1.5). Likewise, the same agricultural behaviors were
iso-convergently evolved by three different lineages of herbivorous grazers in parallel—the
limpets, termites, and ambrosia beetles—and three different lineages of scavengers in
parallel—the polychaete worms, whelks, and periwinkles (table 1.5).

Moreover, within some of these iso-convergent bilaterian lineages the iso-convergent
evolution of agricultural behaviors has independently occurred repeatedly—a phenomenon
known as iterative evolution (Bayer and McGhee 1984; see discussion in McGhee 2007).
Thus Aanen (2010, 3) notes that within the damselfish lineage “multiple independent transi-
tions to algaculture have occurred” from ancestral fishes that fed on both animals and plants
(Kato and Umezawa 2011). Likewise, multiple groups of humans independently transi-
tioned to agriculture from ancestral hunter-gatherers about 10,000 years ago (Gupta 2004;
Lieberman 2018; chapter 10, this volume), and 11 independent lineages of ambrosia beetles
iteratively evolved agriculture in the past 50 million years (Jordal and Cognato 2012; Li et
al. 2015; chapter 7, this volume). In contrast, the convergent evolution of agricultural behav-
iors has occurred only once in the lineages of the Platynereis polychaete worms (Gambi et
al. 2000), scutellastrid limpets (Lindberg 2007), Bullia nassariid whelks (Da Silva and
Brown 1984; Harris et al. 1986), Littoraria periwinkles (Silliman and Newell 2003; Sieg
et al. 2013), macrotermitine termites (Mueller et al. 2005; Bourguignon et al. 2014; chapter
6, this volume), and attine ants (Mueller et al. 2005; Branstetter et al. 2017; chapters 8 and
14, this volume). However, it should be noted that Silliman and Newell (2003, 15647) have
posed the question “Is fungal farming common but overlooked?” in marine environments
and have argued that “given the relative engineering simplicity of low-level fungal produc-
tion, the benefits of having predictable food supply ... [suggest that] fungal farming
on live, senescing, and/or dead plants may be more geographically and phylogenetically
widespread then presently envisioned, especially in systems where fungal spores are abun-
dant, grazers can manipulate fungus-growing media, and fungus is a major diet component
of consumers.”
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Last, retro-convergence has also occurred in the history of the evolution of agriculture,
where an agriculturalist species reverts back to a prior ancestral mode of feeding that is
nonagricultural. Thus Homo sapiens, a species that has iteratively evolved agriculture in
the past, also has populations that have abandoned agriculture and gone back to being
hunter-gatherers (Oota et al. 2005). However, they are not primarily hunter-gatherers in
the sense that their hunter-gatherer mode of feeding is secondary, a retro-convergence on
an ancestral mode of feeding (table 1.5).

Some of the agriculturalist ambrosia beetles “have lost their capacity to culture their
own fungal gardens and depend on mycoclepty, or fungus theft” (Hulcr and Cognato 2010,
3). This phenomenon does not meet the strict definition of retro-convergence (table 1.4)
because a feeding mode involving fungal-theft scavenging is not the ancestral feeding
mode of the agriculturalist ambrosia beetles, which was grazing on dead phloem tissues
in plants by ancestral bark beetles (Farrell et al. 2001; J. Huler, personal communication,
2018). Farrell et al. (2001, p. 2011) further state that the ambrosia beetle’s agricultural
“habits have evolved repeatedly and are unreversed.” Still, this phenomenon represents
another interesting example of the loss of agriculture in an agriculturalist lineage.

Conclusions

Agriculture has evolved independently and convergently in nine phylogenetic lineages of
bilaterian animals: actinopterygian vertebrates, sarcopterygian vertebrates, polychaete
annelids, patellogastropod molluscs, neogastropod molluscs, littorinoid molluscs, polyne-
opteran insects, hymenopteran insects, and coleopteran insects. Using a measure of agri-
cultural complexity, it can be demonstrated that the most complex agricultural systems
exist in terrestrial animals and that lower-complexity agricultural systems exist in marine
animals, regardless of whether the farmed crops are plants or fungi. Convergence in the
agricultural methods used by animals for the farming of plants and fungi appears to be
the result of similar functional constraints imposed by these two very different types of
crop organisms, and not by developmental constraints within the clades of the agricultural-
ist animals. Allo-convergence in the evolution of agriculture is evidenced by the indepen-
dent appearance of the same agricultural behaviors in the nine lineages of bilaterian
animals while starting from three different, nonagricultural, ancestral types of feeders—
hunter-gatherers, herbivorous grazers, and scavengers. Once acquired, agricultural behav-
iors have rarely been lost.

From an adaptive landscape perspective, there appears to exist a limited number of ways
to do agriculture that constitute the levels of a single adaptive peak—regardless of whether
the crop type is plants or fungi and whether the habitat is marine or terrestrial. Independent
agricultural-animal clades differ in the number of those limited ways that they have dis-
covered or been able to master.
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2 The Convergent Evolution of Agriculture: A Systematic
Comparative Analysis

Peter N. Peregrine

A central question of this volume is the extent to which human and insect agriculture is
an example of convergent evolution. To help explore that question, I conducted a compara-
tive study of human and insect agricultural systems to see if there are empirical similarities
and differences that might indicate a convergent evolutionary process. Data for this study
were collected through a questionnaire consisting of 60 dichotomous or ordinal variables
completed by four experts on specific insect species or human cultural groups (different
cultural groups were considered different “species” for the purposes of this study). Seven
indices were created from these data and used to test six hypotheses concerning similarities
and differences between human and insect agricultural systems and the impact of agricul-
ture on human and insect societies. | found that while humans and insects differed in terms
of agricultural practices, there were remarkable similarities in the impact of agriculture on
human and insect societies. I suggest this has important implications for understanding
the evolution of agriculture as a convergent process.

Human Agriculture

In this section I provide a brief introduction to agriculture as it is practiced by humans
and the impacts that have been hypothesized to have stemmed from it. I define agriculture
following the other authors in the volume, as economic reliance on domesticated plants
and animals. Domesticated refers to genetic modification of one species by another in a
way that appears to benefit the domesticating species but reduces the fitness of the domes-
ticated species in the wild.

Agriculture evolved independently at least seven times among humans (Bellwood
2005), but the processes through which domestication and agriculture evolved appear to
differ, sometimes dramatically, in each area (see figure 2.1). For example, in the Fertile
Crescent (the general area of the Zagros Mountains and Tigris/Euphrates Valley in modern
Lebanon, Turkey, Syria, and Iraq), agriculture appears to have evolved as foragers harvest-
ing grasses artificially selected for desired characteristics, including a larger seed that did
not fall off the stalk while harvesting and with a husk that was easy to remove. This led
to grasses that could not readily reproduce in the wild, but could be readily harvested and
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Southeast North America Fertile Crescent

China
Highland Mesoamerica

West Africa / Sahel

Andes New Guinea

Figure 2.1
Seven locations where human agriculture originated.

sown by humans (Zeder 2011). In contrast, the bottle gourd was domesticated (or further
domesticated—there is controversy over the bottle gourd’s origins) in Mesoamerica not
as a food source but as a utensil for carrying liquids, and the process of domestication did
not strictly consist of the selection for desired traits in the bottle gourd but also of geo-
graphical expansion as humans transplanted bottle gourds to locations where they did not
typically grow (Asch and Hart 2004).

The evolution of agriculture among humans is considered one of the key events in
human history, one that globally transformed human societies (see, e.g., Morgan 1877;
Childe 1936; Barker 2006). While the causes of this “Neolithic revolution” have been
debated for decades (see Bellwood 2005, 19-25, for a quick overview of these debates),
the consequences have been less so. Most scholars agree that the transition to agriculture
is associated with (and perhaps causally so) increases in population, sedentism, social
complexity, and the elaboration of material culture (see, e.g., Diamond 2002; Jobling,
Hurles, and Tyler-Smith 2004, 305-306; Dow and Reed 2015). In addition, many scholars
believe that agriculture led to a decline in health and to increased conflict between groups
(e.g., Larsen 2018).

In North America, for example, the adoption of maize-based agriculture led to a dramatic
increase in dental caries (cavities) and diseases related to poor nutrition such as porodic
hyperostosis (“spongy” cranial bones) and enamel hypoplasia (linear growth irregularities
on the teeth) (Cohen and Crane-Kramer 2007). In locations such as the central Mississippi
River valley large agricultural communities emerged with formal political leaders who
orchestrated large social and religious events such as feasting and calendrical ceremonies.
Long-distance trade in both exotic raw materials and manufactured goods intensified, leading
to the creation of trade entrepots across midcontinental North America. Conflict between
local agricultural groups increased, and political-economic systems began to regularly col-
lapse and rebuild, probably due to both external and internal conflict often associated with
crop failure (Milner 2004, 165-168).

Thus the evolution of agriculture among humans has long been understood to have led
to profound changes in demography, health and nutrition, and social organization. To what
extent is this true for the agricultural insects?
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A Comparative Perspective on the Evolution of Agriculture

In this section I outline the materials and methods used here to better understand the impact
of agriculture on both human and insect societies. I assume that the reader can obtain an
understanding of the variety of insect agriculture from other chapters in this volume, so I
will not cover that here. I will, however, attempt to clearly distinguish the systematic
comparative method used here from the comparative examples provided by many of this
volume’s authors.

While most research on the evolution and impact of agriculture has been in the form of
case studies focused on individual sites or regions (e.g., Cowan and Watson 2006; Price
and Bar-Yosef 2011; Barker and Goucher 2015) or, in the case of insects, of species (see,
e.g., chapter 9, this volume), this study takes a different approach. Here I perform a sys-
tematic comparative study of 29 human and insect agricultural cases. The underlying logic
of systematic comparison is to look across cases to identify broad similarities and differ-
ences using statistical analyses. If statistically robust associations can be identified from a
wide range of cases, then there is no a priori reason to assume that they are not generalizable
to all agricultural organisms. An additional strength of this type of comparison is that it
allows one to test whether or not an assumed predictive condition is empirically associated
with assumed effects across a wide range of cases. Finally, such comparison allows patterns
of traits and relationships between variables to be described probabilistically, which in turn
provides the potential to test the statistical significance (or to evaluate, from a Bayesian
perspective, the likelihood) of identified relationships (Ember and Ember 2009).

A relatively large and well-defined sample is required to perform systematic compara-
tive analyses of this type. The sample must provide examples from the entire range of
expected variation, and the cases must be, as much as possible, independent of one another
in order to avoid autocorrelation. Here I employ a random sample of 15 human cases from
the eHRAF Collection of Archaeology (chrafarchacology.yale.edu) and a sample of 14
insect cases (three ant, seven termite, and four beetle) suggested by other authors in this
volume. These cases are listed in table 2.1.

The human cases, which I have employed in previous research (Peregrine, Ember, and
Ember 2004, 2007), represent a sample of evolutionary sequences from three centers of
independent agricultural evolution: Mesopotamia, Highland Mesoamerica, and the Central
Andes. Being sequences, these cases allow for both synchronic (assuming all cases exist
at the same time) and diachronic (looking over time within each sequence) analysis. The
insect cases were selected by the individual experts who coded them (Ted Schultz for ants,
Duur Aanen for termites, and Jiri Hulcr for beetles—an effort for which I thank them
heartily). These cases were, like the human cases, intended to be proxies for evolutionary
sequences (e.g., from lower attines to leaf-cutter ants), but after long discussion it was
decided that the lack of certainty about insect evolution makes the identification of evo-
lutionary “sequences” for termites and beetles impossible, so no diachronic analyses were
performed.

In addition to a carefully selected sample, systematic comparison also requires clearly
defined and reliably coded variables. Both the insect and human cases were coded on a
total of 60 dichotomous or ordinal variables as presented in table 2.2. Evaluation of reli-
ability showed that the variables are all low inference and reliability is very good (over
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Table 2.1
Cases used in the analyses

Highland Mesoamerican Archaic
Highland Mesoamerican Early Preclassic
Highland Mesoamerican Late Preclassic
Central Mexico Classic

Central Mexico Postclassic
Epipaleolithic

Aceramic Neolithic

Ceramic Neolithic

Ubaid

Late Chalcolithic Mesopotamia
Highland Andean Archaic
Highland Andean Formative
Chavin

Andean Regional Development
Huari

Ants lower attine

Ants higher attine

Ants leaf-cutter

Termites clade I (Acantho)
Termites clade II (Odonto)
Termites clade III (Macro)
Termites clade IITa (Macro b)
Termites clade V (Synacantho)
Termites clade V (Ancistro)
Termites clade VI (Micro)
Beetles (Ambrosiophilus)
Beetles (Xylosandrus)

Beetles (Trypodendron)

Beetles (Xyleborus)

90% inter-coder agreement). For analysis the variables were standardized and combined
into the seven indices shown in table 2.3. Alpha values for each index, also given in table
2.3, indicate that all indices are reliable (alpha values approaching 1.0 indicate high scale
reliability; see DeVellis 2012).

Analyses were performed using SPSS (IBM Corporation 2019) and the nonparametric
statistics options, as at least one of the variables in all of the analyses was ordinal. Mann-
Whitney U tests were used for comparison of insects versus humans, and Kruskall-Wallace
H tests were used to compare cases with different degrees of dependence on agriculture.
Tau-b correlations were also computed for these comparisons to examine possible linear
associations. Bayesian analyses were also performed using the SPSS Bayesian statistics
options, but there were no major differences between the nonparametric findings and
Bayesian estimates, so only the nonparametric tests are discussed here because they are
much simpler to interpret.
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1. “Agricultural” practice variables

VL1 Selecting substrate (universal)
1 =low specificity
2 =moderate specificity
3 =high specificity
9=missing
VI.2 Internal sustainability (harvested domesticates provide source for next crop cycle)
1=0 to 33%
2=34t0 67%
3=68 to 100%
9=missing
VL3 Planting crops
1 =low investment
2 =moderate investment
3 =high investment
9=missing
V1.4 Preparing substrate
1 =low investment
2 =moderate investment
3 =high investment
9=missing
VL5 Dimensions of substrate
1=2d
2=3d
9=missing
VI.6 Temporal variation in cultivation
1 =discrete (seasonal/crop rotation/fallowing)
2 =continuous
9=missing
VL7 Diversity of domesticates (at a single location/within a single group)
1 =single domesticate
2=two or three domesticates
3 =four or more domesticates
9=missing
VI.8 Monitoring crops for disease or thieves/predators
1=0 to 33% of the time
2=34 to 67% of the time
3=68 to 100% of the time
9=missing
VL9 “Weeding”: Physical removal of invasive pests/predators
1=0 to 33% of pests removed
2=34 to 67% of pests removed
3=68 to 100% of pests removed

9=missing

(continued)
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VL.10 Engineering for optimal growth condition (climate control, watering, etc.)
1 =low investment
2 =moderate investment
3 =high investment
9 =missing
VI.13 Fertilizing: Organic
1=0 to 33% of crops treated
2=34to 67% of crops treated
3=68 to 100% of crops treated
9 =missing
VL.15 Reproductive isolation from free-living populations (reproductive barriers)
1 =low isolation
2 =moderate isolation
3 =high isolation
9 =missing
VI.16 Controlling breeding partners (controlling recombination and sexual selection)
1 =low control
2 =moderate control
3 =extensive control
9 =missing
VI.17 Artificial selection for domesticate improvement
1 =no selection performed
2 =selection done, but less than annually
3 =selection common (annually or more frequent)

9 =missing

1. Agriculture process variables

VII.1 Degree of dependence on domesticated resources (estimated through caloric intake or productive effort)

1=0 to 33% of crops
2=34 to 67% of crops
3=68 to 100% of crops
9 =missing
VIIL.2 Sociality
1 =asocial/solitary
2 =ultrasocial/communal
3 =eusocial
9 =missing
VII.3 Task specialization
1 =no agricultural task specialists
2=one or two specialists
3 =three or more specialists
9 =missing
VIIL.4 Use of extrasomatic technology
1 =absent
2=present

9 =missing
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VIL6 Information transmission
1 =genetic
2 =developmental
3 =traditional
9 =missing
VIL.7 Storage of domesticates
1 =absent
2 =seasonal but less than a year
3 =more than a year

9 =missing

111. Uses of domesticates variables

VIIIL.1 Subsistence foods
1 =absent
2=present
9 =missing

VIIL.2 Secondary foods
1 =absent
2=present
9 =missing

VIIL3 “Drug” foods
1 =absent
2=present
9=missing

VIIL.4 Raw materials
1 =absent
2=present
9=missing

VIIL5 Utensils
1 =absent
2=present
9 =missing

VIIL.6 Labor
1 =absent
2=present

9 =missing

1V. Biological impacts of agriculture variables

VIV.1 Population density
1 =declines
2 =stable
3 =increases
9 =missing
VIV.2 Community size
1 =declines
2 =stable

(continued)
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3 =increases
9 =missing
VIV.3 Number of communities
1 =declines
2 =stable
3 =increases
9 =missing
VIV.4 Catchment area
1 =declines
2 =stable
3 =increases
9 =missing
VIV.6 Longevity
1 =declines
2 =stable
3 =increases
9 =missing
VIV.8 Sex ratios
1 =declines
2 =stable
3 =increases
9 =missing
VIV.11 Age of reproduction
1 =declines
2 =stable
3 =increases
9 =missing
VIV.13 Pathogen load
1 =declines
2 =stable
3 =increases
9 =missing
VIV.14 Nutrition
1 =declines
2 =stable
3 =increases
9 =missing
VIV.16 “Wear and tear”
1 =declines
2 =stable
3 =increases
9 =missing
VIV.19 Ecological diversity
1 =declines
2 =stable
3 =increases

9 =missing
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VIV.20 Ecological assemblage
1 =declines
2 =stable
3 =increases

9 =missing

V. “Sociocultural” impacts of agriculture variables

VV.1 Sedentarism
1 =declines
2 =stable
3 =increases
9 =missing
VV.2 Intra-community communication/coordination
1 =declines
2 =stable
3 =increases
9 =missing
VV.3 Inter-community communication/coordination
1 =declines
2 =stable
3 =increases
9=missing
VV.4 Intra-community territoriality/ownership
1 =declines
2 =stable
3 =increases
9=missing
VV.5 Inter-community territoriality/ownership
1 =declines
2 =stable
3 =increases
9 =missing
VV.6 Intra-community violence
1 =declines
2 =stable
3 =increases
9 =missing
VV.7 Inter-community violence
1 =declines
2 =stable
3 =increases
9 =missing
VV.8 Intra-community exchange/transmission/diffusion
1 =declines
2 =stable
3 =increases

9=missing

(continued)



40

Table 2.2
(continued)

Peter N. Peregrine

VV.9 Inter-community exchange/transmission/diffusion
1 =declines
2 =stable
3 =increases
9 =missing
VV.10 Kinship structure
1 =declines
2 =stable
3 =increases
9 =missing
VV.11 Size of kin group
1 =declines
2 =stable
3 =increases
9 =missing
VV.12 Access to and control of resources
1 =declines
2 =stable
3 =increases
9 =missing
VV.13 Access to and control of reproduction (social and physical)
1 =declines
2 =stable
3 =increases
9 =missing
VV.14 Access to leadership
1 =declines
2 =stable
3 =increases
9 =missing
VV.15 Differential survivorship
1 =declines
2 =stable
3 =increases
9 =missing
VV.18 Diversity of tasks
1 =declines
2 =stable
3 =increases
9 =missing
VV.19 Specialization of tasks
1 =declines
2 =stable
3 =increases

9 =missing
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VV.21 Genetic social control mechanisms
1 =declines
2 =stable
3 =increases
9 =missing
VV.23 Authoritarian social control mechanisms
1 =declines
2 =stable
3 =increases
9 =missing
VV.28 Pheromonal communication
1 =declines
2 =stable
3 =increases
9 =missing
VV.30 Acoustic communication
1 =declines
2 =stable
3 =increases
9 =missing
VV.31 Visual communication
1 =declines
2 =stable
3 =increases

9 =missing

Table 2.3
Indices used in the analysis

Index name Mean of the listed standardized variables Cronbach’s alpha
Agricultural Practices VII.1, VIL.2, VIL.3, VIL.4, VL5, V1.6, V1.7, V1.8, 0.908
VI.9, VI.10, VI.13, VI.15, VL.16
Agricultural Processes VIIL.1, VIL.3, VIL4, VIL.7 0.831
Agricultural Product Uses VIIIL.1, VIIL.2, VIIL.3, VIIL.4, VIILS, VIIL.6 0.899
Demographics VIV, VIV.2, VIV.6, VIV.8, VIV.11 0.907
Community Relations VV.2,VV.3,VV4, VV5, VV.6, VV.7, VV.8, VV.9 0.837
Task Specialization VV.18, VV.19 0.948
Social Control VV.20, VV.22, VV.23, VV.24, VV.26 0.749
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Results

In this section I present the results of the systematic comparisons. Some of them are not
surprising, but others indicate important similarities among all of the cases that, I will
argue in the conclusions, indicate convergent evolution. The analyses discussed in this
section are all presented in table 2.4, which also gives the six specific hypotheses tested
here. These hypotheses were developed during two working group meetings on agriculture
in humans and insects held at the Santa Fe Institute in 2014 and 2016 (see Introduction,
this volume).

The analysis confirms the first hypothesis, that insects are generally obligate agricul-
turalists while humans are not. This finding is not surprising, but does raise a general
conceptual issue with the analyses of hypotheses 4 to 6. Since the insects are obligate
agriculturalists, it is reasonable to ask how one can consider variation in dependence on
agriculture as an independent variable, as there is no variation among the insects coded
for this project. The answer is that humans and insects are considered equivalent cases
here. Future scholars might add nonagricultural insect cases to the dataset to see if the
results change, but doing so is not necessary to evaluate hypotheses 4 to 6. For those
hypotheses cases are treated as equivalent, just as are environmental context, language
group, political organization, or any other variable that might be considered important in
the evaluation of a different hypothesis. Here, all that is examined is the impact of domes-
tication on the cases, whether or not they are insects or humans.

The analysis indicates that insects and humans differ in the range of domesticates
employed, as expected under hypothesis 2. Specifically, humans use a wider range of
domesticates. In Highland Mexico, for example, the three primary crops used were from
completely different orders: Poales (corn), Fabales (beans), and Curcurbitales (squash)
(Bellwood 2005). In contrast, all fungus-farming ants cultivate a single order of fungus,
Agaricales (see chapter 8, this volume). This illustrates the related fact that not only do
insects tend to be obligate agriculturalists, but they also tend to focus on a specific domes-
ticated species. The differences in the range of domesticates used is mirrored by great
differences in the management of domesticated crops.

Humans also employ a far greater diversity of crop management methods than do insects,
as expected under hypothesis 3. Insects employ very specific management techniques for
creating and maintaining substrates, planting crops, controlling weeds and pests, and the like.
Insects also tend to have “enclosed” agricultural systems that are isolated from outside
environmental fluctuations, pests, weeds, and so on (see, e.g., the discussion in chapter 6,
this volume). The most “open” and diverse insect management system occurs among the
ambrosia beetles, which cultivate symbiont fungi in tunnels that they bore into dead or
stressed trees (Hulcr and Stelinski 2017; chapter 7, this volume). In contrast, because of the
diversity of plants humans cultivate and because humans practice agriculture in a wide range
of environments, humans require flexible means of management that are adapted to specific
plants in specific environments. Nowhere is this clearer than in Peru where specific varieties
of potatoes were developed for individual temperature, sunlight, and altitude conditions—
perhaps as many as 4,000 different varieties (Brush et al. 1995).

Turning to the impact of agriculture, the analysis indicates that greater dependence on
domesticates produces demographic changes, but these are not directly associated with an
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Table 2.4
Results of hypothesis tests

H, Insects are generally obligate agriculturalists while humans are not.

Independent variable = species
Dependent variable=VII.1 Degree of dependence on domesticates
Mann-Whitney U=10 (p<.000)

Mean rank: humans =8.67; insects=19.50

H, Insects and humans differ in the range of domesticates employed.

Independent variable = species
Dependent variables =Ag. Uses Index
Mann-Whitney U=10 (p <.000)

Mean rank: humans=17.33; insects =6.50

H; Insects and humans differ in the management of domesticated crops.

Independent variable =species
Dependent variables=Ag. Process Index; Ag. Practice Index
Ag. Proc. Index: Mann-Whitney U=22 (p<.003)
Mean Rank: Humans=9.47; Insects = 18.30
Ag. Prac. Index: Mann-Whitney U=19 (p<.003)
Mean rank: humans =8.86; insects=17.60

H, Greater dependence on domesticates produces demographic changes.

Independent variable=VII.1 Degree of dependence on domesticates
Dependent variables = Demographics Index

Tau-b=.342 (p<.043)

Kruskal-Wallace H=4.72 (p<.047, 1-tailed)

Mean rank: 0 to 33% = 7.20
34 to 67% =12.75
68 to 100% =15.58

H; Greater dependence on domesticates produces greater task specialization.

Independent variable=VII.1 Degree of dependence on domesticates
Dependent variables = Task Specialization Index

Tau-b=.54 (p<.005)

Kruskal-Wallace H=9.82 (p<.007)

Mean rank: 0 to 33% = 6.10
34 to 67% =13.25
68 to 100% =15.71

Hg Greater dependence on domesticates produces greater social control.

Independent variable=VII.1 Degree of dependence on domesticates
Dependent variables = Social Control Index
Tau-b=.62 (p<.006)
Kruskal-Wallace H=4.72 (p<.016)
Mean Rank: 0 to 33% 3.40
34 to 67% =10.06

68 to 100% =11.25
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increase in population or community size, primarily because there is more variation in the
population density and community size of groups with a low dependence on agriculture.
Thus the underlying notion in hypothesis 4, that population increases with greater depen-
dence on domesticates, is not supported. Looking more broadly at demographics, however,
there is an overall increase in population size, fertility, and longevity in more agricultural
groups. For example, JeSovnik and Schultz (chapter 8, this volume) describe a colony of
Atta leaf-cutter ants as being the “equivalent of a large vertebrate herbivore in terms of
biomass, life span, and consumption.” A massive transformation of demographics is also
seen in humans, whose agricultural communities tend to be larger and to have higher rates
of juvenile mortality than nonagricultural ones (Cohen and Crane-Kramer 2007).

As hypothesis 5 suggests, greater dependence on domesticates produces greater task
specialization. This relationship makes sense, as the cultivation of domesticates requires
individuals to bring select skills and expertise to the process. Among humans these skills
often relate to technology, from the creation of tools (e.g., metalwork), to the extraction
of raw materials to produce those tools (e.g., mining), and to the movement and marketing
of both raw materials and finished products. Agriculture among humans also tends to
require specialization in such skills and knowledge that provide continued access to agri-
cultural lands—for example, establishing legal ownership and transfer, enforcing rules of
ownership and use, and protecting lands from outsiders. Among insects specialization
often takes the form of behavioral variation, with individuals spending their lives gathering
raw materials (e.g., leaves), “weeding” crops, or harvesting. Indeed, specialization among
insect farming lineages is often produced through specific phenotypic variations (see, e.g.,
chapters 6, 7, 8, and 14, this volume).

Finally, and as hypothesized, greater dependence on domesticates produces greater
degrees of social control. This makes sense for humans, given the need for specialization
and protection of agricultural lands. Laws must be followed to ensure access to land and
resources and to maintain open markets for the exchange of raw materials, finished goods,
and agricultural products. Enforcement of some kind must also be present or those laws
are meaningless. The relationship between social control and agriculture is less clear
among insects, as they are often eusocial, and thus control of behavior is intrinsic to the
group (Wilson 1971). Among insects, this social control takes the form of eusociality in
general and phenotypic specialization specifically. Aanen and Anten (chapter 4, this
volume) discuss this in terms of kin selection and the social evolution of cooperative
behavior, specifically in gut microbiota where nonreproductive symbionts can only increase
fitness by maximizing host fitness.

The systematic comparative analysis thus demonstrates that while humans and insects
differ in terms of agricultural practices, the evolution of agriculture produces similar changes
in social organization. These findings lead to the conclusions I present in the next section.

The Convergent Evolution of Agriculture in Humans and Insects

Many of the chapters in this volume highlight variation in both human and insect agricul-
ture, identifying both unique and shared features among them. These chapters frequently
take a comparative approach, either within species or between them, but none takes the
systematic comparative approach employed here. The approach here provides a quantita-
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tive and statistical perspective on the similarities and differences between human and
insect agriculture. The major differences, and those pointed out in many of this volume’s
chapters, are in the variety of domesticates that are relied upon and the degree to which
that reliance is obligate. It is clear that humans have far greater diversity in the domesti-
cates employed than any of the insects and are far less dependent upon those domesticates
for survival. Those are interesting findings, but, to me, not as interesting as the ones
concerning social similarities and differences.

It is surprising that, despite the diversity in domesticates, the diversity in agricultural
practices, and the diversity in species considered in this volume, agriculture appears to have
similar social impacts in most of the cases discussed. In the analyses here those similarities
are quantified to show empirically that dependence on agriculture is directly associated with
greater degrees of task specialization and social control. Agricultural societies are more
“politically” and “economically” centralized in both insects and humans. Although not
considered here, other chapters (e.g., chapters 3, 4, and 5, this volume) make the case that
agricultural societies are more cooperative or integrated than nonagricultural ones.

Clearly agriculture is a successful adaptation. The agricultural insects dominate their
environments (e.g., chapters 6, 8, and 14, this volume), and I suggest that it is heightened
sociality and social control that provide the ability to do this (chapters 4 and 14, this
volume). A dependence on agriculture makes cooperation and specialization necessary
(chapters 3 and 8, this volume), but this also means that social control mechanisms to
maintain cooperation and division of labor are necessary. What agricultural systems create,
then, is a complex, centralized society that can use its coordinated strength to outcompete
other organisms in its environment. This is precisely why human agriculture has long been
seen as a precursor of states and empires, and it is why agricultural insects can come to
dominate their environments.

I argue that these similarities in social impacts across agricultural species points to
convergent evolution—not convergence that is rooted in a particular means of getting food,
but rather one that is rooted in a food production system that promotes highly coordinated
and cooperative behavior. There are other ways of accomplishing this, and many of the
social insects have evolved some form of tight coordination and cooperation. But agricul-
ture takes this a step further, and this is where agriculture itself becomes important. Not
only do agricultural societies demand coordination and cooperation, but they also provide
a more reliable food source than foraging and thus allow for demographic changes that
foster overall fitness. Simply put, agricultural societies can outcompete nonagricultural
ones in the same environment. They can support more individuals than foraging, they offer
ready mechanisms for defense, and they create a context where coordination provides a
better survival option to would-be defectors than self-interested behavior.

If agriculture provides all these evolutionary benefits, then one may reasonably ask why
agriculture is not more common. Here McGhee (chapter 1, this volume) provides excellent
guidance. He points out that agricultural behavior occurs not only in humans and insects,
but also among fishes and mollusks, so that it is more widespread among species than one
might perhaps think. But McGhee also demonstrates that there are significant functional
constraints surrounding the evolution of agriculture so that the conditions allowing agricul-
ture to evolve may be fairly rare. Given the apparent range of organisms that have been
found to be agricultural and the strict functional constraints limiting the ability for organisms
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to evolve agricultural systems, it is perhaps not surprising that, though a widespread and
successful adaptation, agriculture is relatively rare.

Returning to the central question of this volume, whether or not agriculture is an
example of convergent evolution, I suggest the systematic comparative analysis presented
here provides an obvious answer: yes.
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II CONFLICT AND COOPERATION IN HUMAN
AND NONHUMAN AGRICULTURE






3 If Group Selection Is Weak, What Can Agriculture Learn
from Fungus-Farming Insects?

R. Ford Denison

The theme of this volume echoes the proposal by Mueller et al. (2005, 564) that “it may
be fruitful to examine the short-term and long-term solutions that have evolved conver-
gently in insect agriculture for possible application to human agriculture.” Although they
cited Denison, Kiers, and West (2003) in support of this idea, our 2003 review did not
actually mention insect agriculture explicitly. However, like Darwin, we contrasted
improvement of crop wild ancestors by natural selection, over millions of years, with
“man’s feeble efforts” (Darwin 1859, 61) to make further improvements. Could the long-
term improvement of insect agriculture by natural selection offer useful ideas for human
agriculture? Possibly, but we need to consider what natural selection can improve and
what it cannot.

We argued that natural selection is unlikely to have missed simple improvements that
would have consistently improved individual plant fitness. However, in contrast to indi-
vidual plants, we argued that “there is no reason to expect the structure of natural ecosys-
tems . . . to be a reliable blueprint for agricultural ecosystems” (Denison, Kiers, and West
et al. 2003, 146). The fungal gardens of insects may be intermediate between individuals
and ecosystems as potential targets of natural selection (Denison 2012). So, how likely
is it that “solutions that have evolved convergently in insect agriculture” will be useful
models for human agriculture?

To answer this key question, I first explain why natural selection has not consistently
improved the overall organization of natural ecosystems—of things like species composition
or spatial and temporal patterns. Then, I consider the extent to which these arguments apply
to the organization of the fungal gardens of insects. Finally, I consider a specific aspect of
insect agriculture: Namely, whether selection imposed by fungus-farming insects on their
fungal cultivars or on other beneficial microbes are plausible contributors to their success.

If we measure the sustainability of agricultural practices by how long they can persist,
then the survival of traditional rice-growing practices in Asia for over 4,000 years is cer-
tainly impressive (King 1911). But cattle have been raised for milk for at least 9,000 years
(Evershed et al. 2008), and fungus-farming ants have been growing fungi for food for about
60 million years (Branstetter et al. 2017). Few natural ecosystems have persisted with little
change for more than a few thousand years, given ice ages and human impacts on ecosys-
tems worldwide.
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Even if an ecosystem has persisted for only a few thousand years, we can say that its
sustainability has been tested over time. But maybe a different version of that ecosystem
(one with a different ratio of legumes to grasses, say, or more-uniform spatial distribution
of trees) would not only have persisted, but would also have been more productive or
more resilient under drought. For an entity to improve over time requires something
beyond mere persistence. Competitive selection among alternatives is a well-understood
mechanism for such improvements. For example, direct or indirect competition among
individuals improves traits that benefit individuals, although this may not always benefit
the species, community, or ecosystem (Denison 2012).

My doubts about modeling agriculture on natural ecosystems contrasts with claims that
natural ecosystems are “the most appropriate standard available to sustainable agriculture”
(Jackson and Piper 1989, 1592). I agree that, if we completely understood what features
or processes make a particular natural ecosystem productive, sustainable, and so on, then
it might make sense to copy those features or processes. This understanding-based approach
is probably what Mueller et al. (2005) implied by “possible application to human agricul-
ture.” But if natural ecosystems are “beyond complete human comprehension” (Jackson
and Piper 1989, 1591), then we risk copying ecosystem features or processes that under-
mine rather than support desired outcomes such as productivity and sustainability. Copying
without understanding was the basis of South Pacific “cargo cults” and what Richard
Feynman called “cargo-cult science” (Feynman 1985, 340), such as emphasizing fancy
equipment over disproof of hypotheses. We therefore rejected “mindless mimicry” of
natural ecosystems by human agriculture (Denison, Kiers, and West 2003, 146). Instead,
we suggested that natural ecosystems could offer both “models to imitate” and “mistakes
to avoid” (Denison, Kiers, and West 2003, 161). Is this also true of insect agriculture?

If we can be reasonably confident that something has been consistently improved by
natural selection over millions of years, is it a good model for copying by humans, even if
without complete understanding? Maybe. Natural selection may at least approach a local
optimum, superior to any minor variants. Although there is no guarantee that it will find a
global optimum, humans may not be able to do that either. For example, consider current
attempts to dramatically improve crop photosynthesis. The C4 photosynthetic pathway has
evolved repeatedly (Kellogg 1999), so it is reasonable to assume that it has some advantages
over the older C3 pathway. Current attempts to transform C3 rice into a C4 crop may not
succeed, but this might be worth trying even if we knew nothing about the mechanism of
C4 photosynthesis and its potential benefits. But if the nearest natural ecosystem has three
layers of leaves or a 70:30 ratio of grasses to legumes, should human agriculture copy those
features, even without a thorough understanding of their consequences? Probably not. Simi-
larly, before we knew about antagonism among fungal cultivars (Poulsen and Boomsma
2005), the success of insects’ fungal monocultures over millions of years might have led us
to overlook potential benefits of more diverse cropping systems.

Natural Selection Has Not Consistently Improved Ecosystem Organization

Our rejection of mindless mimicry of natural ecosystems was based on two hypotheses.
First, natural selection is the only process that consistently improves biological entities
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over millennia. To avoid semantic arguments, we can limit this to improvement by criteria
relevant to agriculture. Second, natural selection has much less power to improve ecosys-
tems than it does to improve genes and the traits of individuals (Dawkins 1976).

First, consider the relative power of natural selection to improve genes, genomes, indi-
viduals, groups, communities, and ecosystems. Some genomes enhance individual fitness
(survival and reproduction) more than others. But high-fitness genomes are not inherited
intact by offspring, at least in species with sexual recombination. So selection acts on
genes, not genomes. Usually, the most successful alleles are those that enhance organismal
fitness, but this is not always true. For example, natural selection can favor male-sterility
alleles of cytoplasmic genes in plants (Dominguez 1995). This is because eliminating
production of pollen, which does not carry cytoplasmic genes, frees resources for seeds,
which do carry these genes. Cytoplasmic genes can therefore have a conflict of interest
with nuclear genes, which are transmitted in both seeds and pollen. As expected, natural
selection favors alleles of nuclear genes that restore male fertility (Dominguez 1995).
Similarly, the fungal cultivars of ants are transmitted only by females, so the fungi could
benefit from female-biasing the sex ratio of the ants (Mueller 2002).

Bacterial genomes may be passed more or less intact to offspring, albeit with some
possibilities for horizontal gene transfer and recombination. But conflicts of interest among
bacteria are common. To what extent do these conflicts undermine the potential benefits
of symbiotic bacteria to plant hosts, or the potential benefits of bacteria to insects and their
fungal cultivars? People may argue about whether a given microbial symbiont is “cheat-
ing” its host (Jones et al. 2015; Gano-Cohen et al. 2019), but what would be a “fair”
exchange rate of nitrogen or phosphorus for plant carbohydrates? It may be simpler to
think of a bacterial strain as a “free-rider” if it invests less than other strains in maintaining
the health of a shared host plant or insect colony upon which they all depend (Kiers and
Denison 2008).

Mathematical modeling showed that such cheating of fellow symbionts is often favored
by natural selection, especially as the number of strains per host increases (West et al.
2002). For a legume-rhizobia symbiosis with a realistic number of rhizobial strains per
plant, the model predicted that strains investing nothing in nitrogen fixation would out-
compete those that invest anything. This would change, however, if legumes impose
“sanctions” that reduce the relative fitness of rhizobia in root nodules that fix less nitrogen.
Host-imposed sanctions against less beneficial bacteria were assumed not to “reform” the
behavior of cheaters, but only to decrease their reproduction, making them less common
in subsequent generations. Sanctions could result from hosts attacking less beneficial
rhizobia or simply from allocating more resources to more beneficial root nodules. Sanc-
tions against less beneficial rhizobia were subsequently reported in soybeans, where
decreases in nodule oxygen permeability are apparently involved (Kiers et al. 2003), and
in several other legume species (Simms et al. 2006; Oono, Anderson, and Denison 2011;
Regus et al. 2017). Sanctions by Medicago truncatula against less beneficial mycorrhizal
fungi have also been reported (Kiers et al. 2011), as have sanctions by figs against less
beneficial fig wasps (Jander and Herre 2016). Sanctions complicate any definition of
“cheater” based on actual symbiont fitness, because “cheating” (behavior that would have
increased a symbiont’s relative fitness, at the expense of the host, in the absence of sanc-
tions) could result in lower actual fitness in a host that does impose sanctions.
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Throughout the biological world, the evolutionary persistence of cooperation depends
on mechanisms that limit the fitness payoff to cheaters. Individuals have evolved mecha-
nisms such as nuclear genes that restore male fertility (Dominguez 1995) to reduce the nega-
tive effects of conflicts of interest among genes. Some (most?) species that host symbionts
have evolved mechanisms (e.g., sanctions) to reduce the negative effects of conflicts of
interest among symbionts (Kiers et al. 2011; Oono, Anderson, and Denison 2011; Jander
and Herre 2016). These mechanisms enhance individual host fitness in the species that
evolved them. Furthermore, the mechanisms are inherited accurately through DNA.

At the ecosystem level, in contrast, there are no documented mechanisms to limit indi-
vidual behaviors that undermine ecosystem stability or productivity. In contrast to individu-
als, ecosystems do not inherit species composition or spatial patterns from other ecosystems
with anything like the accuracy of DNA-based inheritance. Furthermore, communities and
ecosystems do not compete as unified entities the way individuals do. This is because, unlike
genes in individuals, species in ecosystems can disperse independently.

In communities and ecosystems, we find many conflicts of interest, which natural selec-
tion among individuals has little or no power to resolve. For example, the wild ancestors
of our crops inherited traits that enhanced individual plant fitness in past environments,
but many of those traits are counterproductive from a community perspective (Denison
2012). Although a plant community with only short plants would waste fewer resources
on stems, leaving more for seeds, natural selection favors taller plants that outcompete
shorter neighbors for light. Similarly, solar tracking by upper leaves increases shading of
lower leaves enough that it can decrease total photosynthesis (Denison, Fedders, and
Harter 2010), but natural selection has kept solar tracking, perhaps because many shadows
fall on competing neighbors. Natural selection can lead to wasteful overinvestment in roots
that “steal” soil water from neighbors, increasing their own productivity but decreasing
that of their neighbors more (Zhang, Sun, and Jiang 1999). Individual Irish elk bulls with
larger antlers than their challengers won more mates, even as the large antlers were con-
tributing to species extinction (Moen, Pastor, and Cohen 1999). Because natural selection
is driven mainly by competition among individuals, it does not always promote the col-
lective interests of each species, much less those of the entire community.

Quantitative comparisons of natural versus human-managed ecosystems, including wild
rice or reindeer managed with minimal external inputs, support the conclusion that humans
can sometimes design agricultural ecosystems that outperform natural ones, particularly
in their ability to export human-edible food (Denison 2012). For example, some reindeer
herders enhance productivity by maintaining a female-biased sex ratio (Muuttoranta and
Maiki-Tanila 2012), in contrast to the natural 50:50 ratio. They presumably thought of this
independently, rather than copying fungi that manipulate insect sex ratios. Similarly,
deploying crop diversity over time, via complex crop rotations, may control pests and
pathogens better than mimicking natural ecosystems that have similar mixtures of plants
in successive years (Xu 2011).

Has Group Selection or Kin Selection Improved Insect Agriculture?

To what extent do the arguments against mindless mimicry extend from ecosystems to
insect farms? In contrast to ecosystems, colonies of ants and termites do compete. Fur-
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thermore, the behavioral traits of workers in successful colonies are inherited via the
queen’s DNA. To what extent have the genetically controlled agricultural practices of
fungus-farming insects been optimized by group (or kin) selection, driven by competition
among colonies?

Recent modeling (Gardner and Grafen 2009, 666) confirms that “between-group selec-
tion can lead to group adaptation, but only . . . where within-group selection can be con-
sidered to have negligible impact upon phenotypic evolution.” With respect to social
insects—the term “eusocial” is now used very differently than when it was coined (Batra
1995)—Gardner and Grafen argue that worker policing of reproduction by other workers
may meet this criterion, whereas worker sterility per se is neither necessary nor sufficient.
Although within-colony conflict may still occur over issues such as queen formation
(Hughes and Boomsma 2008) or the sex ratio of offspring (Mehdiabadi, Reeve, and
Mueller 2003), it seems unlikely that within-colony conflicts over agricultural practices
would undermine selection among different colonies (competing directly or indirectly for
territory or resources) for more effective practices.

But can selection among different colonies also maintain colony-benefiting activities of
fungal cultivars and other beneficial microbes, when those activities have a metabolic or
other cost to the microbes? That seems much less likely. Even if microbes reproduce clon-
ally, a clone will inevitably include less beneficial mutants. The power of within-group
selection to undermine cooperation increases rapidly with group size. Mathematical mod-
eling suggests that group size of less than 25 unrelated individuals is needed for natural
selection among groups to maintain within-group cooperation (Levin and Kilmer 1974).

Consider bacteria that make a chemical that kills the weed fungus Escovopsis (Currie
et al. 1999). Each cell that makes the chemical must pay some metabolic cost not paid by
mutant strains that do not make that chemical. Unless bacterial cells whose secretions kill
Escovopsis somehow enhance their own reproduction, relative to mutants that make fewer
or different antifungals, within-colony selection will favor the mutants. Given the very
large number of bacterial individuals in a colony and the large number of bacterial genera-
tions over the life of a colony, it seems very unlikely that natural selection among different
colonies is sufficient to outweigh within-colony selection favoring cheating bacteria.

Consistent with this hypothesis, Pseudonocardia, which lives on ants and can suppress
Escovopsis (Currie et al. 1999), can also “kill or strongly suppress ant-cultivated fungi”
(Sen et al. 2009, 17807). Suggested alternative roles for these microbes could include
“protection of ants or sanitation of the nest” (Sen et al. 2009, 17809). However, free-rider
mutants that fail to provide these functions would still have a reproductive advantage, if
selection occurs only at the level of the nest. Similarly, within-ant selection for free-riders
could override among-ant selection for bacteria whose secretions protect ants from patho-
gens. An alternative, individual-based hypothesis is that production of antifungal com-
pounds confers a fitness benefit to bacteria (an individual cell or a cluster of clonemates)
that outweighs its metabolic cost. A plausible individual-cell benefit to Pseudonocardia
from producing antifungal compounds involves interactions with (competition with or
predation on) black yeasts with which they share the bodies of fungus-growing ants. These
yeasts compete with and suppress the growth of Pseudonocardia (Little and Currie 2008),
so there could be an individual benefit to the bacteria from making antifungals that sup-
press nearby yeast cells. Suppression of Escovopsis by the same antifungals would then
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be a beneficial side effect that the ants could exploit, albeit with some possible risk to
their fungal cultivar.

Based on the above, it seems unlikely that selection among colonies can override within-
colony selection for bacterial free-riders that invest less in suppressing pest fungi. Given
reasonable mutation rates and short bacterial generation times, bottlenecks during colony
formation would provide only short-term relief. Similar arguments could apply to the
fungal cultivars: although among-colony selection would favor more beneficial fungal
genotypes, within-colony selection might favor fungal traits that enhance fungal fitness at
the expense of the insects. Two examples of possible fungal “cheating” traits are (1)
manipulation of insect sex ratio, mentioned as a hypothetical possibility above, and (2)
sexual reproduction and dispersal of fungi from the colony (Mueller 2002).

If the fungi produced hormones that increased the frequency of female insects, that
could reduce fitness of the insects, but it would benefit the fungi. This is because only
females transmit fungi to new colonies (Mueller 2002). However, it is not clear that fungal
“individuals”—a complex concept in fungi, not explored here—would benefit, relative to
fungal free-riders that skip the metabolic cost of making the hormone. Human pathogens
offer an analogous case, where the progress of infection depends on the production of
metabolically expensive molecules by the pathogen. In such cases, virulent populations
can be invaded by less virulent free-riders (Kohler, Buckling, and van Delden 2009).
Similarly, individual-versus-community conflicts among fungi provide an alternative
explanation for their apparent failure actually to manipulate insect sex ratio (Mueller,
2002). Sexual reproduction by fungi, in contrast, might offer an individual benefit. It is
therefore not surprising that there are numerous reports of fungal fruiting structures that
“are actively destroyed by ants” (Mueller 2002, S90) although there may be cases in which
sexual reproduction by the fungi benefits ants. Self-dispersal could also offer individual
fitness benefits to fungi, but it seems to be rare (Mueller 2002).

How Effective Is Selection among Microbes Imposed
by Fungus-Growing Insects?

I have argued above that among-colony selection is too weak to prevent the evolution of
harmful free-riding in the fungal cultivars of insects and the bacteria that potentially protect
those cultivars. But among-colony selection may be fairly effective in favoring the evolu-
tion of insect behaviors that benefit the whole colony. High within-colony relatedness,
especially ancestrally (Boomsma et al. 2011), and limited reproductive opportunities for
workers should minimize, although not eliminate (Mehdiabadi, Reeve, and Mueller 2003;
Hughes and Boomsma 2008), conflicts of interest that might undermine efficient agricul-
tural practices. One such practice could be for insects to impose selection on their fungal
crops, on bacteria that kill Escovopsis, or perhaps even on “integrated crop-microbe con-
sortia” (Mueller et al. 2005, 563). Where among-colony selection fails, with respect to
beneficial microbes, can insect-imposed selection fill the gap?

An insect can presumably select some volume of material—a “patch” of fungal garden—to
be transplanted, discarded, or perhaps treated with antifungal secretions (Ferndndez-Marin
et al. 2006, 2009). But any evolutionary improvement in crop fungi or beneficial bacteria
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by such processes depends on (1) the ability of insects to identify “good” and “bad” patches
and (2) within-patch genetic diversity being low relative to diversity among different patches.
These two requirements will be discussed in order.

Insects imposing selection on fungal cultivars seems roughly analogous to what human
plant breeders do, but the vigor of individual plants may influence some plant breeders
more than it should. Insects may be less likely to make this mistake, since individual
bacterial cells are so small. True, some of the target traits for which plant breeders select
can be evaluated easily in individual plants. Disease resistance and flavor are two exam-
ples. But I have argued that most increases in yield potential—the yield of groups of plants,
given good control of pests and discase—have required accepting tradeoffs between
individual plant fitness and whole-crop yield (Denison 2015). In a historical example,
Peter Jennings (1964) targeted shorter stature and more erect leaves in designing the first
Green Revolution rice (figure 3.1), reversing some effects of past natural selection and
sacrificing competitiveness (Jennings and de Jesus 1968). Both traits were among those
proposed by Colin Donald for a more cooperative “ideotype” of wheat (Donald 1968). In
practice, selection for cooperative traits has often come from selecting among plots con-
taining many plants of a single genotype, without much consideration of tradeoffs. By
selecting among field plots for yield, plant breeders increased leaf angle and reduced the
excessive size of tassels (the male flowers of maize) without having either as a specific
objective (Duvick and Cassman 1999), although this took 60 years. Further exploitation

Figure 3.1

Traits that enhance individual fitness in mixtures, such as greater height in plants or decreased investment in “public
goods” by beneficial microbes, tend to undermine community productivity. For example, IR8 rice yielded more
grain than older varieties because it invested less in trying to grow above its neighbors. Photo by R. Ford Denison.
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of tradeoffs between individual competitiveness and yield remains a promising route for
genetic improvement of crop plants (Denison 2015; Anten and Vermeulen 2016; Weiner
2019). It is unclear whether tradeoff-blind selection among plots of genetically uniform
plants (current practice in late stages of crop improvement) or a tradeoff-based approach
(like that of Jennings or Donald) will work best. In rice, Yuan et al. (2011, 168) found that
selection based on yield increased yield more than “trait-based selection,” but their unex-
plained target traits were inconsistent with a tradeoff-based approach. In particular, their
target height for “trait-based” breeding was greater than a tradeoff-based approach would
suggest (Donald 1968; Denison 2012).

Returning to insects, they might be good at identifying which patches produce the most
edible fungi. As for bacteria, even if they could identify patches with bigger individual
bacterial cells, it seems unlikely that they would favor those patches under the faulty
assumption that a community of such cells will control Escovopsis better.

So we turn to the second criterion: low within-patch diversity. This requirement might
be met for crop fungi. However, bacterial diversity is probably much greater, due to popu-
lation size, even if we consider only a single strain and its mutants. Therefore, the ability
of insects to improve “microbial consortia” by selecting among garden patches would
seem to be severely constrained by the “effective deme sizes of less than 25 and usually
closer to 10” criterion of Levin and Kilmer (1974, 544).

Despite this theory, some published experimental results have appeared to show benefi-
cial microbial consortia evolving under human-imposed selection (Swenson, Wilson, and
Elias 2000; Panke-Buisse et al. 2014). If these results are valid, or if we obtain clear
evidence for beneficial microbial consortia from insect-imposed group selection, evolu-
tionary theory might need to be revised. Swenson, Wilson, and Elias (2000, 9112) noted
that, under current theory, their “artificial ecosystem selection” experiments (selecting
soils for better or worse plant growth) “should not have worked.” Unfortunately, their
experiment did not really show whether their version of group selection actually worked.
The main problem was pseudo-replication. In each generation, a single good- or poor-
growth composite soil sample (pooled from several plants each with good or poor growth)
was used to inoculate replicate test plants. Thus, there was replication to show whether
the two soil inocula had consistent effects on plant growth, but no replication of selection
regime. Even ignoring this problem, their results cast doubt on a consistent effect of selec-
tion. Both selection regimes showed seemingly random but parallel changes in plant
growth—changing growing conditions?—for ten generations. In generation 10, plants
from both selection regimes had much less growth than in any previous generation. Then
growth improved in both, but more so in the plants inoculated with soil from good-growth
plants. Given divergence, from whatever cause, there is a 50% probability that the good-
growth treatment would be superior, by chance.

A similar experiment, selecting for soil-microbe effects on flowering date in Arabidopsis
(Panke-Buisse et al., 2014), had the same pseudo-replication problem. If we treat each of
these publications as a replicate supporting the same general conclusion, ignoring the risk
of publication bias, we still have only N=2. So, someone needs to repeat these soil experi-
ments with true replication. Standard practice in experimental-evolution experiments is to
maintain multiple independent lineages for each selection regime (Garland and Rose
2009), as we recently did in selecting for multicellularity (Ratcliff et al. 2012). For selec-
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tion among microbiomes, Mueller and Sachs (2015) recommend a minimum of six inde-
pendent lines for each selection regime, noting that all six would have to show the same
directional response for statistical significance in a sign test.

Like the soil-selection experiments, the convergent evolution of similar agricultural
practices in ants and termites has a sample size of only two. The multiple evolutionary
origins of agriculture in ambrosia beetles offer more statistical power, but perhaps less
convergence (chapter 7, this volume).

In summary, the hypothesis that insect-imposed selection among garden patches can
effectively favor more beneficial strains seems somewhat plausible for fungal cultivars,
assuming low within-patch diversity, but not for beneficial bacteria. For example, I would
expect bacteria to evolve to make whatever antifungal compounds maximize their own
ratio of benefits to costs (including inclusive-fitness effects on nearby clonemates), what-
ever the effect on Escovopsis and the fungal cultivar. However, if someone shows that
insects really are imposing effective selection for microbial consortia that benefit the whole
colony, beyond what can be explained by microbial inclusive fitness, that would be an
exciting result, requiring changes to our current understanding of natural selection. This
result would also suggest that it might be possible for our crops to impose beneficial
selection on entire microbial communities around their roots, rather than only on the
intimate partners (rhizobia and mycorrhizal fungi) that are subject to host sanctions (Kiers
and Denison 2008). The main point of this chapter is that I do not expect this to happen.
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4 The Sociobiology of Domestication

Duur K. Aanen and Niels P. R. Anten

Farming, whereby one organism cultivates a population of another organism, is usually
associated with tending of livestock and crop plants by humans. However, similar behavior
exists in other organisms, and those examples predate human agriculture by millions of
years. The best-known examples of nonhuman farming are the fungus-farming insects
(Mueller et al. 2005). In this chapter we use a broader concept of farming, including
mutualistic host-symbiont relationships in general, and ask how useful this concept is for
analyzing their evolution.

The host in a mutualistic host-symbiont interaction has the same interest as a farmer who
cultivates a field of rice or breeds a herd of cattle—namely, maximizing the productivity of
its domesticates. Simply put, farmers can be considered as hosts and their crops and livestock
as symbionts. Collective performance of the symbionts usually depends on cooperation
(Frank 1996). However, within a group of symbionts a “tragedy of the commons” (Hardin
1968) may occur: individuals within the herd may increase their relative fitness within the
group at the cost of collective herd productivity (see chapter 3, this volume). This is a fun-
damental problem of social evolution in a wide variety of biological (and socioeconomic)
interactions, ranging from the eukaryotic cell with thousands of mitochondrial genomes, to
natural populations of plants or animals, to the farmer with thousands of livestock. Because
of the difference in numbers between partners, domestication, defined as the genetic modi-
fication of one species by another in ways that benefit the modifying species but that would
reduce the fitness of the modified species in its original niche, is essentially a process of
social evolution. How is lower-level competition within the herd prevented from disrupting
collective performance, and thus herd productivity?

First, we review the data from a variety of natural host-symbiont interactions and iden-
tify key mechanisms that hosts use to enforce sociality in their livestock. Second, we
consider human agriculture and husbandry and identify parallels with nonhuman host-
symbiont interactions. We also identify examples of conscious or unconscious group
selection of domesticated species by farmers and of unwanted consequences of selection
at the level of the individual. Third, we identify opportunities for group selection. While
the conditions for selection for cooperation in nature are highly specific and rare, humans
can create those conditions in their selection programs and be inspired by natural examples
of host-symbiont interactions. Explicitly considering social effects in artificial selection is
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a relatively unexplored and potentially extremely important category of improvement of
crops and livestock, not only for higher yields but also for greater product quality and, in
husbandry, animal welfare.

Is the Distinction between a “Host” and a “Symbiont” Useful?

Many symbioses are asymmetrical, consisting of a large host and smaller symbiotic organisms
(Frank 1997). The host can be a multicellular individual with gut bacteria; a eukaryotic cell
with intracellular symbionts; a farmer with crops; or a colony itself, such as a colony of social
insects that cultivate fungal symbionts. There are various possible criteria for distinguishing
the host from the symbionts (table 4.1). In this chapter, we argue that a useful criterion is
based on a difference in numbers. Almost invariably, a mutualistic entity consists of a single
host individual or an “organism” at a different level in the biological hierarchy, and a group
of symbionts. We define “organism” as a relatively conflict-free entity in the biological hier-
archy (Queller and Strassmann 2009); for example, an organism can be a single individual
or a colony of individuals founded by a singly mated ant queen or a monogamous pair of
termite reproductives. Distinguishing host and symbiont based on the number criterion allows
us to explicitly consider the significance of cooperation between members of one partner
species, the symbionts, and how the other partner, the host, can influence that.

Mechanisms Whereby a Host Maximizes “Symbiont Productivity”

Identified mechanisms whereby a host maximizes “symbiont productivity” can be placed
in three main categories (table 4.2): (1) mechanisms that facilitate kin selection; (2) mecha-
nisms that reduce correlation between competitive success of symbionts and reproductive
success; and (3) mechanisms that favor competitiveness. All three are based on the
assumption that the host organism profits from the collective performance of the symbi-
onts, but they differ in the assumptions they make about the relationship between collective
performance of the symbionts and their competitive traits. The first two assume that
individual competitiveness of symbionts negatively correlates with collective performance,
while the third is the exceptional case in that the host has an interest in competitive traits.

Table 4.1
Differences between host and symbiont

Differences in “power” (Frank 1997). The host is often envisaged as being the partner in control, although
this is partially due to an anthropocentric perspective.

Differences in the generation times, with the symbionts generally having multiple generations per host
generation, leading to a difference in evolutionary rate. In animal husbandry, the difference in generation time
has further dramatically increased due to modern techniques such as embryo transplantation, artificial
insemination, and cloning.

(Potential) differences in evolutionary rate. A difference in the generation times potentially results in a higher
rate of evolution of the symbionts (but see Bergstrom and Lachmann 2003).

Differences in being external (the host) or internal—that is to say protected from the external environment
(the symbionts) or otherwise compartmentalized (Law and Lewis 1983).

Differences in the frequency of sex, with symbionts typically having reduced frequency of sex (Law and
Lewis 1983). The examples discussed by Law and Lewis (1983), such as between algae and fungi in lichens
and between arbuscular mycorrhizal fungi and plants, provide support for this idea.
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Table 4.2
The three main categories of mechanisms whereby a host maximizes “symbiont productivity”

1. Facilitating kin selection

Indirect  Control symbiont reproduction (vertical Fungus-farming ants, eukaryotic cells (chloroplasts,
uniparental transmission, with bottleneck)  mitochondria), some fungus-farming termites
Direct Control symbiont genetic variation Fungus-farming ants (Howe, Schiett, and Boomsma
(“weeding”) 2019), fungus-farming termites (Aanen et al. 2009),
fig trees for their mutualistic wasps (Frank 1996;
Herre 1985)

2. Reducing correlation between symbiont competitive abilities and reproductive success

Indirect  Early split reproductive and “somatic” “Germline” bacteria that remain quiescent until new
symbionts eggs are formed, and “somatic bacteria” that provide
benefits in sucking lice (Buchner 1965); some
rhizobia (Denison 2012); modern human agriculture
(germline provided by seed companies or breeding

companies)

Randomize chances to be transmitted Not known to us

analogously to meiosis

Direct Sanctioning “bad” symbionts Rhizobia and legumes (Kiers et al. 2003); arbuscular

mycorrhiza (Kiers et al. 2011)

Choice of “good” symbionts. Squids and luminescent bacteria (Koropatnick et al.
2004; Sachs et al. 2004); artificial selection in human
agriculture

3. Favoring competitiveness

When the competitive trait is the trait Bacteria that produce antibiotics (Scheuring and Yu,
exploited by the host, also known as 2012); in human agriculture, e.g., production of
desirable tragedies (Anten and timber or large/abundant flowers, breeding of
Vermeulen 2016) fighting animals

Below we will explain these categories and provide examples. In table 4.2, an overview
of the three categories and subcategories and examples of each are provided.

Facilitating Kin Selection

The first means for improving symbiont productivity is by facilitating kin selection. Ham-
ilton’s (1964a, 1964b) rule (rB—C> 0) has three parameters: the extra number of offspring
in social partners due to a social behavior (the benefit, B), the reduced number of offspring
of the individual performing the behavior (the cost, C), and the relatedness () between
the individual performing and the individual receiving the social behavior. Increasing
relatedness among symbionts will increase the indirect fitness component of inclusive
fitness (chapter 5, this volume). In many symbioses, symbiont relatedness is an indirect
consequence of symbiont transmission. For example, many endosymbionts are transmitted
vertically and uniparentally, usually via the egg cell. Uniparental transmission is also
usually associated with a bottleneck, so that individuals start with limited genetic variation.
For mitochondrial evolution, it has been suggested that uniparental transmission is an
important means to reduce the scope for competitive traits that have “virulent” conse-
quences for host fitness (Cosmides and Tooby 1981; Frank 1996). While vertical unipa-
rental transmission is most strict in endosymbioses, this transmission mode also occurs in
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some other host-symbiont interactions such as the fungus-farming ants and two groups of
fungus-growing termites. Of note is that vertical transmission in the two independent
groups of fungus-growing termites is uniparental in both cases, but by different sexes
(Johnson et al. 1981; Nobre et al. 2011). In all studied species of the genus Microtermes,
female alates transmit the fungus to newly founded colonies, but in the species Macro-
termes bellicosus, males do (Nobre et al. 2011).

Symbiont relatedness can also be manipulated directly by the host. For example, colo-
nies of most species of fungus-growing termites do not regularly have vertical uniparental
transmission, except for the two groups just mentioned (Korb and Aanen 2003). Instead,
most species rely on horizontal symbiont acquisition via sexual spores in the environment,
produced by mushrooms from termite colonies. Even though this would give ample oppor-
tunity for mixed cultures, all colonies examined so far are associated with a single fungal
clone (Aanen et al. 2009). It has been shown that termites achieve a monoculture even
when started from a mixture of strains, because the most common strain achieves more
cooperative interactions and produces a disproportionate number of asexual spores that
are used to inoculate new fragments of the fungus garden (Aanen et al. 2009; Bastiaans
et al. 2015). Also, in the fungus-growing ants, where vertical uniparental transmission is
the default transmission mode, frequent horizontal transmission occurs (Howe, Schiett,
and Boomsma 2019), and mechanisms exist whereby symbiont diversity is reduced
(Poulsen and Boomsma 2005). Another example wherein a host enforces high symbiont
relatedness are leguminous plants, which carry nitrogen-fixing rhizobial bacteria in root
nodules. Each nodule is colonized by a single bacterium, so that relatedness among bac-
teria of a single nodule is maximal. This organization of genetic variation among groups
of bacteria allows plants to effectively discriminate nodules and to sanction unproductive
rhizobial strains (Kiers et al. 2003; discussed further below). Finally, fig trees have an
interesting pollination mutualism with fig wasps, in which fig wasps lay eggs in fig
flowers, and the emerging fig wasps disperse pollen to other plants. Since mating between
newly emerged wasps occurs inside the fig, and since males die upon mating, males do
not disperse pollen. Each male consumes a seed, however, and thus represents a virulent
trait from the fig tree’s perspective. Since there is local mate competition, fig wasps adjust
the sex ratio depending on the number of foundresses. With a single foundress the sex
ratio is female biased, while the proportion of males increases with additional foundresses
(Herre 1985). It is thus in the interest of a fig tree to minimize the number of foundresses
per flower, and it has been demonstrated that a fig inflorescence is sealed off within 24
hours after colonization, thus limiting the chance of additional foundresses (Frank 1996;
Herre 1985).

Steve Frank (1996) has pointed out that there is an important distinction between the
direct effect of increased symbiont relatedness on collective performance and the indirect
effect due to kin selection facilitated by high symbiont relatedness. An important question
is whether symbiont mixing has an immediately negative effect on collective performance—
that is, whether competitiveness is induced upon mixing, or whether it is an evolved
obligate characteristic because of an evolutionary history of individual selection. For fungi
associated with fungus-growing social insects, it has been found that the effect of symbiont
mixing is induced upon mixing (Aanen et al. 2009; Poulsen and Boomsma 2005). It has
also been shown that there is a direct benefit of “monoculture” of mitochondria for mice
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(Sharpley et al. 2012). The same question can be asked for plant communities in human
agriculture. Are competitive traits constitutive or induced upon recognition of unrelated
individuals, either of the same species or of different species?

Reducing Correlation between Symbiont Competitive Abilities
and Reproductive Success

Next to kin selection, repression of competition is the second main cornerstone for the
evolution of cooperation (Frank 2003). When opportunities for competition against neigh-
bors are limited within groups, individuals can increase their own success only by enhanc-
ing the efficiency and productivity of their group. Therefore, characters that repress
competition within groups promote cooperation and enhance group success (Frank 2003).
Repression of competition can indirectly lead to more cooperative traits by favoring selec-
tion of cooperative individuals or directly, for example, by partner choice or sanctioning.
An example of the indirect selection for more cooperative traits is an early split between
reproductive and “somatic” symbionts. A nice example is provided by a particular group
of gut symbionts of sucking lice. Those symbionts are divided at an early developmental
stage into “germline” bacteria, which remain quiescent until new eggs are formed, and
“somatic bacteria,” which provide nutritional benefits to the lice (Buchner 1965; see figure
4.1). Since the somatic bacteria are an evolutionary dead end, their only way to increase
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Figure 4.1

The early sequestration of symbionts into germ and soma in the sucking louse (Haematopinus suis; redrawn based
on Buchner 1965). (A) The symbionts are separated at an early developmental stage into a somatic (s) and a
germline (g) population. The somatic population is contained in storage organs lining the gut, and the germ-line
population is temporarily stored in special organs. (B) Germ-line storage organs degenerate and symbionts are
released and flow toward the developing ovaries. The direction of movement is indicated by the arrows.
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in fitness is indirectly, by maximizing host benefit, which increases the chance of survival
of their genetically related germline symbionts. This example is analogous to the early
soma-germline sequestration between cells found in metazoa. There is a nice analogy here
with modern agriculture: the seeds of most crops are produced separately from those used
in production fields by specialized seed companies. Similarly, in many livestock species,
individuals are produced by specialized breeding companies.

An example of direct selection of cooperative individuals is the sanctioning of “bad”
symbionts, or the choosing of “good” symbionts. For example, for the earlier mentioned
leguminous plants, which live in symbiosis with nitrogen-fixing rhizobial bacteria, it has
been found that nonproductive strains can be sanctioned by providing them with less car-
bohydrates relative to productive strains (Kiers et al. 2003). A similar mechanism has been
found in arbuscular mycorrhiza (Kiers et al. 2011). Partner choice has been found in squids
and their luminescent symbiotic bacteria (Koropatnick et al. 2004; Sachs et al. 2004). Those
bacteria are housed in a special light organ, which probably functions as a camouflage organ
that disguises them from predators that swim below the squid. Symbionts are acquired
horizontally, not only when squids emerge from the egg, but also continuously throughout
their lives. Each day 95% of the symbiotic bacteria are expelled and renewed by horizontal
acquisition from the environment. A mechanism has been hypothesized for how the host
can choose specific partners based on their luciferase activity. The high concentration of
peroxidase produced in crypts of the squid light organs are poisonous (Visick and McFall-
Ngai 2000). This poison may act specifically against nonluminous strains. Because the
functioning bacterial luciferase has a higher binding affinity for oxygen than for the per-
oxidases, luminous strains may escape the effects of the deadly poison (Visick and McFall-
Ngai 2000). There is a direct analogy here with modern human agriculture: humans
artificially select and have selected their various crops and pets. The question is whether
the selection criteria can be improved if group productivity is explicitly taken into account.

Favoring Competitiveness

The above sections show that competition between symbionts often negatively affects
performance (e.g., yield) at the group level. An exception to the general rule that competi-
tiveness conflicts with host interest is when the competitive trait is exploited by the host.
An example is bacteria that produce antibiotics, which have been found in several insects
(Currie et al. 1999; Kaltenpoth et al. 2005; Scheuring and Yu 2012; Visser et al. 2012).
More generally, if a host has the ability to recognize desirable characteristics and to select
for them, competitive traits can be the target of selection. For example, within eukaryotic
cells, mitochondria are tested for functionality on an individual basis by alternation
between fusion and fission (Kowald and Kirkwood 2011).

Analogies with Human Agriculture

Competitive Traits in Plants: Examples of and Opportunities for Group Selection

From an agricultural perspective, maximum population-level performance is generally the
objective. That is, farmers tend to want to maximize the yield or resource—use efficiency of
a crop field or herd of farm animals. If maximization of functions such as seed production
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or resource-use efficiency is the objective, then naturally evolved competitive traits resulting
in tragedies of the commons (TOCs) are undesirable. Here we discuss examples of such
traits, with regard to plants and their relation to crops and with regard to animal breeding.
We then discuss how lessons for breeding can be drawn from knowledge of the existence
of TOC phenomena.

The most-studied competitive trait in plants is plant height. Height growth involves
costs. This is first because taller structures require stronger support structures (McMahon
1973), and taller plants thus have a higher fractional allocation of resources to stems and
branches and a smaller allocation to leaves (Stutzel, Charles-Edwards, and Beech 1988).
Second, in trees there are hydraulic limitations to height caused by increased resistance in
longer transport vessels and increased gravitational potential opposing the ascent of water.
Consequently, leaf stomatal conductance and photosynthesis become constrained in tall
trees (Ryan, Phillips, and Bond 2006). Thus, a population of relatively short plants has
more energy to invest in fitness-enhancing functions such as seed production. However,
such vegetation would not be evolutionarily stable as it could be invaded by mutant plants
that are taller and thus shade their neighbors.

Many other similarly competitive traits with the potential to produce TOCs exist in
plants. For instance, it is known that plants may produce extra roots in the presence of
non-self neighbors at the expense of shoot and seed production (Gersani et al. 2001; but
see Chen et al. 2015). Leaf area indices of both crop and natural vegetation stands have
been found to be larger than values that would maximize whole-canopy carbon gain,
because populations with optimal leaf areas for maximal community performance are
prone to invasion by plants with larger leaf areas that capture more light (Anten and During
2011). Horizontal leaf angles may have evolved similarly. Vertical leaves favor a better
light distribution in the canopy and may thus favor whole-stand canopy photosynthesis,
but horizontal leaves are more efficient in competition (Hikosaka and Hirose 1997). The
traits mentioned so far relate to physical resource acquisition, but reproductive traits may
also have evolved in a similar way. For instance, plants invest energy in fruits or flowers
to attract dispersers or pollinators, and there is probably an optimal size of these organs
that maximizes visibility of these structures per unit of invested energy. However, if one
individual produces more or bigger fruits or flowers, it may become more attractive to
dispersers/pollinators and thus attract a bigger share of them (Anten and Vermeulen 2016).

Competitive Traits in Animals: Examples of and Opportunities for Group Selection

In animal breeding there are opportunities for maximizing group performance by breeding
for indirect genetic effects (Bijma and Wade 2008). Bill Muir (1996) was the first to state
in the literature that selection schemes should therefore take the social aspect into account.
Classical, individual-level selection for survival paradoxically led to a decrease in survival
because the individuals surviving were the most competitive, that is to say aggressive,
ones. Selecting at the level of the family group, in contrast, favored less aggressive, more
social individuals. In this way, a fast response to selection against mortality and increased
longevity was achieved (Muir 1996). Similarly, in other domesticated animals increases in
yield may be achieved by selecting for more social behaviors. For example, a regular practice
in dairy farming is the removal of the horns of cattle to prevent them from harmful fight-
ing. Horns are an individually selected competitive trait that decreases group productivity,
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and hornless breeds have been selected to increase group productivity. Likewise, in poultry,
the beaks of chicken are trimmed. Recent work by Piter Bijma (Bijma and Wade 2008)
and others (Muir 1996; Denison 2012) shows that selection for sociality can work.

What Can Crop Breeding Learn from Other Host-Symbiont Interactions?

Given the aforementioned conflict between individual-based selection in many natural
settings and the inherent focus on group performance in agriculture, we may reasonably
ask what steps have (possibly unwittingly) been made in selecting for increased group
performance and what lessons can be learned for the future.

One of the great advances in crop breeding has been the green revolution, which
involved strong reductions in plant height in several of our major crops (Khush 1999).
The main advantage derived was reduced investment in stem tissue, which allows greater
investment in seeds and a smaller chance of lodging (plants buckling, usually due to wind
forces or under their own weight). In many fruit crops, grafting is an interesting technique
whereby shoots of less competitive and highly productive genotypes can be connected to
stem and root systems of more competitive genotypes (Bulley et al. 2005). But probably
a broader set of traits has been similarly optimized in crop breeding. When plants were
grown at high population density, yields were twice as high in maize varieties released in
the 1990s as in varieties released in the 1930s, but there was no difference at low density.
These patterns were associated with trait values that run counter to those that produce a
TOC: more vertical leaves, smaller investment in male flowers, and slower leaf senescence
in more recent varieties (Duvick and Cassman 1999). In another study higher yields in
cotton were associated with smaller leaf area (Lu et al. 1994). It has also been documented
that modern high-yield varieties produce fewer roots or roots with less competitive archi-
tectures than older varieties (York et al. 2015). Together, these findings indicate that crop
breeding has, albeit unwittingly, been successful in selecting for traits that run counter to
the expression of a TOC and that this development has contributed to significant increases
in crop production.

This raises the question of whether further improvements in breeding along these lines
are possible, as advocated by several researchers (e.g., Weiner et al. 2010; Denison 2011,
2012). Root traits may provide an interesting avenue. While, as noted, there is evidence
that root traits in modern varieties might be more cooperative, their invisibility and dif-
ficulty to measure mean that they have been rather understudied in crop breeding. Simi-
larly, the physiological regulation of trait expression and potential interactions between
the regulation of different traits have rarely been explicitly considered as breeding targets.
An interesting phenomenon in this respect is the apparent interaction that exists between
competitive responses to the presence of neighbor plants and expression of defense against
pests. Plants respond to light cues reflected from neighbor plants (i.e., light with relatively
less red and more far-red) through a set of responses including stem elongation and reduced
branching, a syndrome known as shade avoidance (Pierik and de Wit 2014). These same
light cues have been shown to also suppress expression of defense (Ballare 2014). This
has been suggested to reflect a TOC, the idea being that a certain defense expression favors
the community as it may deter pests at relatively low costs. A mutant that suppresses
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defense may, however, benefit as it foregoes these costs while still benefiting from the
pest deterrence provided by its neighbors (Ballare 2014; but see, e.g., Douma et al. 2019).
If the expression of this TOC really takes place under farmer field conditions, which still
needs to be shown, it would entail a highly interesting breeding target.

Clearly, there are various potential cases for which crop performance could be further
improved by selecting for more cooperative traits. The question is to what extent can this
be achieved in phenotypic selection methods. This is best achieved through some sort of
group selection by growing monocrops of genetic variants and evaluating their perfor-
mance at the stand level. But it is important to note that in order to maximize the chance
of finding the variation that can be used to select for improved plant performance over a
range of conditions, one would want to test as many genotypes in as many conditions as
possible in the realistic conditions and high densities used by farmers. However, because
of limits on space, time, and money, there is a limit to the number of plants one can accu-
rately score in terms of phenotype (Araus and Cairns 2014). The simple solution is to grow
only a few individuals per genotype in mixtures. But this enhances the chance of selecting
for competitive rather than cooperative traits (Bos 2008), which as noted can be counter-
productive to trying to increase population-level performance. This may hold especially for
cross-pollinating species, in which maintenance of genetic variation is essential for prevent-
ing inbreeding depression, and for evolutionary breeding practices, in which the seed ratio
of the next year depends on the yields of the varieties that are grown mixed in genetically
diverse stands (Doring et al. 2011). Selection can also directly occur at the individual level
through mass selection (Yabe et al. 2013a, 2013b), in which competition between potential
targets can be even stronger when these best-performing individuals are grown in higher
frequencies at high densities.

Thus, individual selection allows one to test more genotypes under more conditions
while group selection allows one to select for less competitive traits. Hybrids of the two
could be used whereby, for example, mass selection is applied to the first (few) generation(s)
following a cross, and then the most promising varieties are tested in mono-variety groups
(kin selection) (Murphy et al. 2017). The balance between the two selection levels (i.e.,
how much individual versus how much kin) depends on where one expects the greatest
yield gains to be achieved: through exploring the overall genetic variation or through
directed selection for cooperative traits.

Conclusion and Outlook

An often overlooked characteristic of mutualistic host-symbiont associations is a differ-
ence in numbers: in many cases a single host is associated with a group of symbionts.
According to this criterion, agriculture is a host-symbiont association in that the farmer
generally cultivates fields of crops and herds of livestock. Because of the difference in
numbers between partners, domestication is essentially a process of social evolution.
Assuming that the symbionts collectively provide a benefit to their host and that resources
used for individual competition would divert resources from that collective benefit, an
important question is: How can symbionts become and remain social, or behave socially,
so that they collectively provide a benefit to the host, and how can the host influence
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symbiont sociality, either via genetic selection or phenotypic induction? We considered
the two main categories of explanation for social evolution, kin selection and repression
of competition, which are not mutually exclusive. Examples of the first category are
enforcement of monoculture cultivation by fungus-cultivating insects and selection for
social chickens in human agriculture. An example of the second category is the sequestra-
tion of “reproductive symbionts” from “worker symbionts,” which has been found in
sucking louse gut symbionts. Of note is that in modern human agriculture a similar seques-
tration of “germline” and “soma” is found, with the germline being provided by specialized
seed companies for crops or breeding companies for livestock. An exception to the above-
sketched general pattern of increasing sociality of symbionts are mutualisms wherein the
benefit of symbionts is based on competitive traits. An example of this category is antibi-
otic production, which can be selected by interference competition. Another example is a
preference for fast-growing crops as found in the mutualism between damselfish and algae
(Aanen 2010). In this mutualism, the preferred algae are those that are fast growing and
that do not invest in persistent cell walls. In the nonmutualistic situation, these algae are
found in the early stages of succession. By their continual weeding, damselfish continu-
ously recreate these early succession conditions. Host interference is a major mechanism
to facilitate sociality in a world that is otherwise dominated by individual-level selection
and numerous TOCs. This insight can be used more explicitly in agriculture, both in plant
and animal breeding, than it is in current practice. There are major unexplored opportuni-
ties for selecting at the level of the group in order to improve collective performance of
domesticated plants and animals, which usually is correlated with total harvestable yield.
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5 Lifetime Commitment between Social Insect Families
and Their Fungal Cultivars Complicates Comparisons
with Human Farming

Jacobus J. Boomsma

Farming is always a form of mutualistic symbiosis in which farmers’ efforts are rewarded
by edible produce, and crops benefit because farmers propagate cultivar genes to future
generations. As Darwin (1859) realized, human farmers practice artificial selection, both
directly by manipulating differential reproduction of cultivars and indirectly by propagat-
ing close kin of preferred individual crop plants or livestock. Over time, human farmers
adapted to the nutritional landscapes created by their farming practices, but only as a
secondary population-level response. Rapid cultural evolution implied active nutritional
niche construction (Scott-Phillips et al. 2014) and the risk of subsequent mismatch when
the rate of cultural innovation exceeded the pace by which natural selection could respond
with novel genetic adaptations (Tishkoff et al. 2006; Lucock et al. 2014). This human
scenario differs fundamentally from the social insect fungus-farming symbioses that are
often highlighted for their analogies with human farming. In contrast to humans, the
fungus-growing ants and termites co-adapted with their crops in a direct pairwise manner.
This is because each social insect farming family commits to a single cultivar for life
(Poulsen and Boomsma 2005: Aanen et al. 2009) so that natural selection directly targets
the joint reproductive success of each symbiotic colony as a whole (figure 5.1).

This chapter explores the implications of always living in lifetime matrimony with a
cultivar and develops a set of analogies with mating system evolution in the social insects.
These explorations show that social insect farms are bilaterally symmetrical forms of exploi-
tation for mutual benefit, while human farming symbioses are unilateral forms of exploitation
once crop-domestication has been achieved. The niche construction metaphor is useless in
the fungus-farming social insects because there is no constructing agent that asymmetrically
creates conditions for a partner species. Instead, each matrimonial partnership exploits, and
copes with, a joint environmental niche that is fixed for the lifetime of a colony. That dif-
ference does not necessarily make farming-practice analogies between social insects and
humans invalid, but it changes the causal perspective of such comparisons.

A Hamiltonian Gene’s Eye Perspective on Cooperation and Conflict
in Mating and Farming

I began studying Panamanian fungus-growing ants in the early 1990s, driven by a natural
history interest in the manifestations of social cooperation and conflict. My initial questions
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Figure 5.1

Lifetime commitment in sex and symbiosis. (A) A queen of Atta colombica from Panama sitting on one of the
fungus gardens in a laboratory colony while being guarded by a retinue of minor workers, medium workers, and
a large soldier. The queen is >20 mm long, and her abdominal gaster contains a sperm storage organ of ca. 5 mm
diameter with several hundred million stored spermatozoa that will allow her to fertilize up to a hundred million
eggs during her maximally achievable life span of 20-30 years. (B) A one-year-old field colony of 4. colombica
exposed from the side with the queen on top, showing the tight fit of the excavated cavity around the colony’s
fungus garden, on the surface of which small newly added leaf fragments are visible. A fully mature Atta colony
may contain hundreds of similarly sized fungus gardens, all belonging to the same cultivar clone. (C) A freshly
excavated and opened royal chamber of South African Macrotermes natalensis showing the queen with her
hugely swollen abdomen, her monogamous mate (the colony’s king) just above her, and a retinue of guarding
adult soldiers and immature (white) nymphs. The queen and king that founded the colony years earlier are
recognizable by their blackish thoraces on which the remnants of their shed wings—used during the dispersal
flight that brought them together—are still visible. At that point in time they had the same body size so the dark
segments on the queen’s abdomen illustrate how much her ovaries, needed to lay thousands of eggs each day,
have grown. In the image she is ca. 10 cm long. These Macrotermes colonies are believed to have a maximal
life span of several decades, similar to Atfa colonies. (D) Fungus-garden cavities of M. natalensis showing the
older (brown) fungus comb, recently added (grey) fungus comb, and the small white fungal nodules growing from
the oldest comb (bottom), consisting mainly of asexual spores that the termites eat so that they are deposited with
their primary feces to form the new inoculated (grey) comb material. (E) A medium-sized colony of M. natalensis
near Pretoria, South Africa. Photos: David Nash (A), Michael Poulsen (D), and the author (B, C, E).

did not relate to farming but they shaped many of the hypotheses that my colleagues and
I came to test in later years, because sexual conflicts between females and males and
reproductive conflicts between hosts and symbionts turned out to have intriguing parallels
(Frank 1996; Poulsen and Boomsma 2005; Boomsma 2007). Given our pioneering studies
of the use of genetic markers for mapping pedigrees and mating systems (Van der Have,
Boomsma, and Menken 1988), I found the leaf-cutting ants to be intriguing because
queens of Atta fungus-farming ants had been observed to always mate with multiple males
(Hamilton 1964). In the 1980s, many considered multiple insemination of queens to be an
explanatory challenge to sterile-worker altruism, but not Hamilton, who wrote that “if the
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trend to multiple insemination occurs after the firm establishment of the worker caste, its
threat to colonial discipline is a rather remote one” (Hamilton 1964, 33-34).

By the end of the 1990s, we had shown that exclusive single-queen mating is ancestral
across the fungus-farming ant genera of Panama and that only the crown-group of Acro-
myrmex and Atta leaf-cutting ants always has multiply-inseminated queens (Villesen et al.
2002). It later appeared that Hamilton’s prediction implied the deeper principle that strict
lifetime monogamy could be conjectured to have been a necessary condition for the evolu-
tion of permanently unmated nursing castes in general (Boomsma 2007). This idea was
confirmed by a large-scale comparative analysis across the ants, bees, and wasps (Hughes
et al. 2008), and it also appeared to be valid in the termites (Boomsma 2009; Hartke and
Baer 2011; Boomsma 2013). A total lack of ancestral promiscuity thus appeared to explain
the evolutionary origins of colonial superorganismality as defined by Wheeler (1911), with
pre-imaginal caste differentiation as the sole criterion for having reached that irreversibly
enhanced state of organizational complexity. Because strict monogamy maximizes related-
ness between siblings, this was a gratifying confirmation of inclusive fitness theory, but
it also raised irresistible new questions about the expression and regulation of sperm
competition conflicts when obligate multiple queen-mating evolved as a secondary super-
organismal elaboration, as had happened multiple times in the ants, corbiculate bees, and
vespine wasps (Boomsma, Kronauer, and Pedersen 2009). In following Hamilton’s lead
in never believing one had understood cooperation without having stared the possible
corrupting forces in the face, it seemed obvious to ask why sperm competition had not
rendered multiply-inseminated queens infertile.

The queens of ants, social bees, and social wasps are known to never re-mate later in
life (Boomsma, Baer, and Heinze 2005), so it seemed reasonable to imagine that multiple
ejaculates entering a queen’s sperm storage organ on the same afternoon would compete
for later paternity. Strife for a higher share of sperm storage space could thus become a
tragedy of the commons when ejaculates would continue to kill each other’s sperm, leaving
a queen without options to fertilize eggs well before her colony would be large enough to
reproduce. We therefore hypothesized that leaf-cutting ant queens must have evolved
molecular mechanisms to regulate what seemed to be a serious sexual conflict, and we
realized that this conflict was mostly a female challenge to manage “endosymbiotic” sperm
for maximal overall quality and diversity (Boomsma and Ratnieks 1996; Boomsma, Baer,
and Heinze 2005). Over the years we could show that these expectations were correct.
Unrelated ejaculates of phylogenetically basal attine ants with obligate single queen-
mating peacefully coexisted on microscope slides, consistent with there never having been
selection for aggressive sperm competition traits. However, the same in vitro confronta-
tions between ejaculates of polyandrous leaf-cutting ants (and honeybees) gave rapid
sperm mortality. And, as predicted, adding secretion from queen sperm storage organs
terminated mutual sperm killing, at least in A¢ta leaf-cutting ants (Den Boer et al. 2010)
(figure 5.1A, B).

We recently characterized the (rather few) proteins involved in this conflict and in its
ultimate resolution and showed that they likely evolve rapidly as expected in antagonistic
arms races (Dosselli et al. 2019). The bottom line of this study was that, in spite of damag-
ing potential conflict, multiple insemination appears to be evolutionarily stable because
queens have the agency to remain in control over a genetically variable set of unruly sperm
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“symbionts.” Ultimately, both males and females came to benefit from the advantages of
more genetically diverse colonies (Hughes and Boomsma 2004, 2006) after the potentially
devastating tragedy of the stored-sperm commons had been tamed. We thus inferred that
for millions of years any new male mutant producing more competitive ejaculates had
likely been countered by an effective female response before it could drive populations
extinct. It then seemed logical as well that a crucial condition for queens having gained
the upper hand must have been that the stored-sperm commons remained closed for newly
arriving ejaculates: ancestral lineages with monogamous, full-sibling colonies could thus
give rise only to derived lineages with chimeric (multiple patriline) colonies when queens
retained their ancestral habit of never re-mating later in life (Boomsma, Baer, and Heinze;
Boomsma 2007). What had seemed to be an idiosyncratic peculiarity of social insect
mating systems now appeared to make beautiful sense. Lifetime commitment between the
sexes—ancestrally between a single queen and a single male and later by a single queen
and a specific set of males—had to be a closed game to keep the reproductive interests of
the sexes aligned, albeit with the stored ejaculate symbionts in a powerless role devoid of
any independent agency.

Very similar Hamiltonian predictions of cooperation and conflict turned out to apply to
interspecific host-symbiont interactions, such as those between farming ant families and
their fungal cultivars, as was consistent with theory by Frank (1996). Such interactions
should be stable if they were as exclusive as the lifetime association between a mitochon-
drial clone and two sexual gametes in a zygote. However, if symbionts were acquired pro-
miscuously, conflict between genetically different lineages would be expected to threaten
symbiotic stability. This is because all garden cultivars need to grow, both in their own
interest and to be worth their keep as mutualists, so that multiple cultivars coexisting in
the same host-provided niche would inevitably compete for farmer attention. Strife between
symbiont lineages would then reduce their overall crop service to the farming colony, in
a way that is analogous to sperm competition compromising male fertilization services to
queens and their colonies unless inter-ejaculate conflicts are suppressed. Frank’s logic thus
implied the expectation that farming ants had evolved mechanisms to avoid mixing sym-
bionts in chimeric fungus gardens and that no worker should thus be allowed to introduce
a novel unrelated cultivar—for example a fragment from a vacated garden of a newly
founded colony nearby.

In this case the conceptual logic again delivered. We could show that Acromyrmex colo-
nies always have a single clonal fungus garden, that the fungal cultivars express incompat-
ibility reactions when confronted with mycelium from other fungus gardens, that worker
fecal fluid contains nourishing proteins from the resident cultivar that cannot be smoothly
absorbed by unrelated cultivars, and that foraging workers are reluctant to adopt alien
cultivar fragments (Bot, Rehner, and Boomsma 2001; Poulsen and Boomsma 2005; Ivens
et al. 2009; Kooij, Poulsen, et al. 2015). As it turned out, there is lifetime commitment
throughout, not only between a queen and the single or multiple male(s) that inseminate
her, but also between every ant family and its clonal fungal cultivar (figure 5.1A, B). It
appeared that once colonies have workers, a cultivar can neither be replaced nor be sec-
ondarily mixed with other cultivars under natural conditions (Poulsen and Boomsma 2005;
Howe et al. 2019). Thus, potential conflicts between cultivar symbionts and farming hosts
were either avoided or regulated, but, as in sperm storage after queen-mating, at the
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expense of parties losing all options for later promiscuous exchange. It seemed likely, in
fact, that the very origin of ant fungus farming had been conditional on the enforcement
of lifetime commitment between a core family of ant farmers and a single cultivar in each
colony.

Comparing Exclusively Committed Insect Farming with Promiscuous
Human Farming

Conceptually, the findings summarized above cannot be reconciled with the practices of
human farming. We would not dream of being dependent on a single clonal cultivar for
life, and human farmers are not lifetime unmated altruists comparable to ant workers.
There are surely many analogies between farming practices across the human and social
insect domains (chapter 14, this volume), but it makes a difference whether we evaluate
the deeper roots of unilateral human management to maximize yield or the sustainability
of a co-adapted mutualism over evolutionary time. Because the farming ants have prac-
ticed the mutual co-adaptation model during millions of years of relentless natural selec-
tion on joint performance, they often surpass us in specific efficiency targets. Not only
did ants in general evolve sperm banks at ambient temperature that last a queen’s potential
life span of two to three decades (Den Boer et al. 2009), but they also somehow prevented
the evolution of resistance by specialized Escovopsis garden pathogens against biocontrol
compounds obtained from Actinobacteria that they rear on their cuticles (De Man et al.
2016; Holmes et al. 2016; Heine et al. 2018) (chapter 11, this volume). Recent work has
further indicated that the fungus-growing termites are equally efficient in keeping their
colonies as free from pathogens as the leaf-cutting ants appear to be (Otani et al. 2019;
see also figure 5.1C, D, E). Relative to the extreme specialization of social insect farmers,
human farmers are jacks of all trades in their interactions with domesticated crops, and
we remain extremely vulnerable to endemic and epidemic diseases of our cultivars.
Given at least a partial understanding of the power of superorganismal farming symbio-
ses, it seems also important to note that the impressive achievements of fungus-farming
ants and termites came with an important tradeoff that should make us very reluctant to
adopt them as role models. To phrase it provocatively, admiring any superorganismal colo-
nies for their productivity benchmarks is analogous to singing the praise of Nazi Germany
because the Third Reich was superbly efficient in building motorways. Defined as they
are by stringent and unconditional commitments for life, superorganismal colonies practice
what we would conceive in the human domain as Blut und Boden principles from the
cradle to the grave. As already noted by Wheeler (1911), all individual agency in the sense
of independent decision-making has disappeared out of their family lives no matter if one
is a queen, a worker, or a soldier (Boomsma 2013; Boomsma and Gawne 2018). Lifetime
unmated workers are as committed to their family as somatic cells are to a metazoan body.
The main difference is that every somatic cell analog has a brain and six legs (figure 5.1).
It is a truism that the two sexes need each other to reproduce and that the same applies
to the farming families of ants and their cultivar clones. However, the notion that none of
them can pass on any genes to future generations without a thriving mutualistic partner
undermines anthropomorphic extrapolations of human farmer agency to farming insects.
A narrative based on fungal cultivars having enslaved an addicted ant family is equally
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credible. The same is true for the fungus-growing termites. Here, the founding pair estab-
lishes a colony and produces its first cohort of workers, who begin to forage, digest, and
defecate while creating a fungus comb where sexual Termitomyces spores germinate
because they were mixed with the termite excrements (Aanen et al. 2009; Nobre et al.
2011). Different Termitomyces haplotypes then merge into dikaryons and compete for being
propagated asexually so that invariably only a single clone remains. This requires only that
the farming termites continue to harvest and eat garden nodules with asexual spores and to
produce new inoculated comb material (figure 5.1D). That process ultimately produces an
optimal match between a single cultivar clone and a termite family, but it is then equally
reasonable to maintain that the garden symbionts domesticated the farming termites as it
is to emphasize that the termites domesticated Termitomyces (Aanen et al. 2009; chapter 4,
this volume). Symbiotic farming agency is evenly split between the insect partner and the
cultivar, and none of them can opt out to join a neighboring colony once their host-symbiont
marriage has been consummated (see below for this not yet being the case during colony
foundation). Strict lifetime commitments thus unambiguously ensure cooperative harmony
via monogamous sex and exclusive symbiotic partnership, and they secure a joint interest
in suppressing any secondary events of sexual or symbiotic promiscuity.

It seems obvious to consider the fungus-growing termite symbiosis as symmetrically
mutualistic (Aanen et al. 2002; Korb and Aanen 2003; Nobre et al. 2011), but fungus-
growing ants have always been considered to have unilateral farmer agency because
dispersing queens vertically transmit a cultivar clone to the next generation of colonies.
However, we actually do not know how vertical the colony-founding matchmaking
between a farmer ant queen and a cultivar actually is. Our recent work has challenged the
general vertical transmission belief by showing that founding queens of two Panamanian
Acromyrmex species often acquire their cultivar from nests of other founding queens
(Howe, Schigett, and Boomsma 2019). This is possible because these queens need to forage
from open burrows so they frequently succumb to predation, while other queens lose their
incipient garden because of mold or fungus-feeding predators and start looking for a
replacement garden. Molecular marker data from natural colony-founding aggregations of
Acromyrmex made us conjecture that horizontal cultivar acquisition may well be common
throughout all attine ant lineages except for A¢fa, which is the only genus that evolved
claustral colony founding and sufficient queen fat reserves to rear a first garden and worker
cohort in complete seclusion and without foraging.

The study by Howe, Schiett, and Boomsma (2019) revealed an unexpected parallel
between the fungus-growing ants and the fungus-growing termites where horizontal (/)
cultivar acquisition is phylogenetically basal and where two species/genus-level lineages
secondarily evolved vertical (v) cultivar acquisition (Aanen et al. 2002). The difference in
cultivar transmission between the independently evolved farming systems of ants and
termites now appears to be a matter of degree rather than of principle. A colony-founding
Acromyrmex queen can principally acquire a single cultivar at the time in some v, 4, &, . . .
sequence, and she would then commit for life to the last of these before her first workers
hatch. Only when no accidents happen will she remain with her original (v) cultivar
(Poulsen et al. 2009). The fungus-growing termites acquire multiple haplospores from the
leaf litter that the first workers bring in, then passively stage competition between the
emerging dikaryons in their first garden substrate, and finally let positive frequency-



Lifetime Commitment in Social Insect Family Farming 79

dependent selection sort out which single diploid clone will obtain the monopoly of termite
care for the lifetime of the colony (Aanen et al. 2009). Foraging for cultivars—creating
h, h,...sequences—thus occurs in both symbioses. The same strategy must also have
applied to early human farmers when they tested plants for their suitability as crops (Smith
1998). The difference is that our own culturally evolving ancestors could easily retain their
unilateral exploitative agency as farmers—mixing and replacing cultivars as they saw fit—
while the insect farming symbioses could remain stable over evolutionary time only by
exclusive mutual commitment and symmetrically shared agency in every pair of farming
family and cultivar crop.

Rethinking the Natural History of Insect Fungus Farming

The logic outlined above implies that there is host-cultivar recombination across the gen-
erations in both ant and termite fungus-farming colonies. Recombination between the
fungus-growing termites and their Termitomyces cultivars is unconstrained, but two limita-
tions apply in the fungus-growing ants. First, vertical cultivar transmission will often result
in vertical cultivar acquisition—all Howe, Schiett, and Boomsma (2019) showed is that
we cannot take this for granted even in ecological time. There remains, therefore, a sig-
nificant difference of degree between conditional swapping of cultivars in the fungus-
growing ants and the rampant and essentially random host-symbiont recombination across
the generations in most fungus-growing termites. This is related to almost all fungus-
farming termite genera having retained sexual reproduction of cultivars via spore-producing
mushrooms (chapter 6, this volume), while the evolutionarily derived attine cultivars may
well be completely asexual and thus unable to recombine genotypes within the fungal
cultivar populations (Nobre et al. 2011; Shik et al. 2020). Interestingly, the cultivars of
Acromyrmex and Atta became polynucleate chimeras (Kooij, Aanen, et al. 2015) around
the same time that the farming ants evolved chimeric families through multiple queen-
insemination (Nygaard et al. 2016). Both parties in the leaf-cutting ant symbioses can
therefore effectively express genes from a polyploid set of chromosomes. It is important
to stress that this secondarily evolved bilateral form of partner chimerism between the ants
and their crops does not challenge the lifetime commitment principle—it just implies that
more partner genomes became involved on both sides.

A consequence of stringent “matrimonial” commitments in sex and symbiosis is that
there are—at each moment in time and in each population—an equal number of mature
termite farmer families alive as there are Termitomyces fungal cultivar clones. This also
applies throughout the attine ants and their cultivars, although only approximately so in
the mutually chimeric colonies of the leaf-cutting ants (Kooij, Aanen, et al. 2015). The
same is true for the number of males and females alive in all committed royal pairs of
termites and in all attine genera with singly inseminated queens, as long as one acknowl-
edges that single colony fathers remain functionally alive when they are represented by
stored sperm (figure 5.1A, B). As I have argued elsewhere (Boomsma 2009, 2013), lifetime
commitment is a very powerful mechanism for enforcing evolutionarily stable altruism
within species, because promiscuity never intervenes and the offspring produced by both
partners always have maximal possible relatedness to each other. Family life of such stringent
coherence provides the highest possible incentive for older siblings to raise younger siblings
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rather than their own offspring. That same logic should also tie different species together in
obligate mutualisms when their partnerships remain “monogamously” exclusive (Wyatt,
West, and Gardner 2013). In all these cases, partner commitment is so strong that one dies
with the only sexual or mutualistic partner(s) that one will ever have (figure 5.1A-D). The
contrast with human mate choice and our interactions with domesticated crops and livestock
could hardly be more striking.

A corollary of my “vertical transmission unless . . .” interpretation of attine symbiotic
commitment is that vertical (parent-offspring) cultivar transmission may have become
obligate only in claustral colony-founding Atfa (e.g., Baer, Armitage, and Boomsma 2006)
and in Macrotermes bellicosus and the genus Microtermes as far as the fungus-growing
termites go (Aanen et al. 2002). That would make strict vertical cultivar acquisition a
consistently derived evolutionary trait, emerging either from ancestries whose horizontal
cultivar transmission was merely rare (Acromyrmex and likely all other phylogenetically
more basal genera of attine ants) or omnipresent (all other fungus-growing termites). Such
a perspective would make fungal cultivar transmission in A¢fa comparable with the second-
ary loss of sex and meiosis in multicellular organisms, because host-symbiont recombina-
tion becomes impossible or significantly compromised when vertical transmission becomes
obligate, just as intragenomic recombination ceases when parthenogenesis is no longer
alternated with bouts of sexual reproduction. The extent to which such a transition to pure
vertical transmission has increased genetic load in fungal cultivars (i.e., reduced average
fitness due to accumulating deleterious mutations) is an empirical question, because rare
sex and recombination can be disproportionally effective in preventing this problem
(D’Souza and Michiels 2010). The degree of year-to-year horizontal cultivar transmission
now documented for Acromyrmex (Howe, Schiett, and Boomsma 2019) is likely to be suf-
ficient to avoid cultivar symbiont deterioration by mutation accumulation (also known as
Muller’s ratchet (Kondrashov 1994)). This is not because the cultivars fail to accumulate
deleterious mutations, but because host-symbiont recombination is frequent enough and
subsequent colony-level selection is strong enough to remove cultivars of compromised
quality. Even populations of Affa cultivars may be protected against Muller’s Ratchet,
perhaps not so much by rare host-symbiont recombination when the nest cavities of found-
ing colonies might sometimes meet each other underground, but because Atta and Acro-
myrmex have been assumed to rear the same species of Leucoagaricus gongylophorus.
Although high resolution genetic markers showed that the symbionts of these two ant genera
in Panama belong to distinct sympatric populations (Kooij, Poulsen, et al. 2015), it might
be that founding Atta colonies occasionally acquire a fitter Acromyrmex cultivar.

My main argument so far has been that horizontal cultivar acquisition is possible when-
ever founding queens (ants) or first worker cohorts (termites) need to forage, because that
will inevitably imply exposure to, respectively, unrelated incipient gardens or sexual
cultivar spores. Evolved defenses against chimerism should then imply that secondary
cultivar introductions will not be able to replace established gardens (Poulsen and Boomsma
2005; Aanen et al. 2009), but that new cultivars will have a chance of successful take-over
in the colony founding phase (Aanen et al. 2009; Poulsen et al. 2009) before matrimonial
permanency is established. In this context it is interesting to note that a third group of
highly diverse small-scale fungus farmers, the ambrosia beetles, are permanently confined
to their nest galleries, which are excavated almost invariably in dead or dying wood. The
complete absence of foraging outside the gallery, both by helping offspring and by nest-
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founding parents, might imply that ambrosia beetles may be the only clade of fungus
farmers in which vertical cultivar transmission is both ancestral and has remained obligate
ever since (Kirkendall, Biedermann, and Jordal 2015). This is consistent with these beetles
being the only fungus-farming lineage where specialized mycangia organs for cultivar
co-dispersal are always found (Mayers et al. 2015; Hulcr and Stelinski 2017; Smith et al.
2018; chapter 7, this volume). Even here, however, foundresses may sometimes tunnel
next to each other in the same piece of wood so closely that gallery systems could secondarily
merge and exchange cultivars.

Retrospectively, it probably makes good sense that cultivar transmission in fungus-
farming insects is almost never completely set in stone. Farming mutualisms are all ecto-
symbioses (Law 1985) (figure 5.1), where partners can survive without each other’s
company for at least short periods. This is the key factor enabling rare but statistically
predictable cultivar swapping in ecological time. In contrast, microbial endosymbionts
have such faithful transmission that punctuation of vertical inheritance by horizontal swaps
is detectable only on an evolutionary time scale (McCutcheon, Boyd, and Dale 2019).
Transfers at the latter time scale have also been documented in attine ants (Green, Adams,
and Mueller 2002: Mehdiabadi et al. 2012). However, ecological and evolutionary time
scales are different by orders of magnitude and should not be confused because faithful
vertical transmission over evolutionary time implies that we do not expect defensive traits
against chimerism to have evolved. That reasoning is again analogous to mixed ejaculates
from species with exclusively singly inseminated queens not expressing hostile sperm
competition, whereas ejaculates of males from species with multiply inseminated queens
do (Den Boer et al. 2010; Dosselli et al. 2019). Only chimeric encounters on an ecological
time scale will establish natural selection for defense, enabled by random mutations that
can be coopted for expressing mutually hostile phenotypes, be it among ejaculates or
fungal cultivars. Vertically transmitted ectosymbionts are thus expected to have defensive
traits against competing strains that offer similar services to hosts, while vertically trans-
mitted endosymbionts are likely to be devoid of independent competitive agency. However,
the evolution of defensive traits against chimerism will proceed only when there are no
other a-priori mechanisms that remove selection for such hostile traits. It took us a while
to understand this logic. We initially looked for incompatibility reactions between Termi-
tomyces clones similar to those expressed between Acromyrmex cultivars, until we realized
that positive frequency-dependent propagation of asexual spores within the farming termite
colonies selects for rapid cultivar growth and maximal production of edible nodules with
asexual spores, rather than for active direct defenses against competing strains (Aanen and
Boomsma 2006; Aanen et al. 2009). For these aspects of farming the termites are just
passive spectators and defecators of inoculated comb (figure 5.1D).

Finally, it is worth noting that insect farmers differ fundamentally from human farmers
because they cultivate heterotrophic crops that need organic substrate rather than autotro-
phic cultivars that need light and inorganic nutrients. It is interesting that farming of
photosynthesizing crops is rare outside humans (Aanen 2010; Wcislo 2020). This is true
even among the ants, where neither devil’s gardens in the Amazon rain forest (Frederick-
son and Gordon 2007) nor Philidris ants farming Squamellaria epiphytes on some of the
Fijian islands (Chomicki, Kadereit et al. 2020; chapter 9, this volume) have realized adap-
tive radiations remotely comparable in diversity to the fungus-farming ants, termites, and
ambrosia beetles. A difference of this kind is perhaps not surprising, because farming
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mutualisms with autotrophic crop symbionts depend on the plant partners providing both
above-ground housing (domatia) and nourishment (floral nectaries) to ant colonies. These
are then traded against anti-herbivory services or delivery of manure in the form of inor-
ganic waste. If there is competition in these systems, it is for domatia space between
alternative ant colonies, which implies that the farming analogy becomes rather indirect
and that mutualistic agency rests primarily with the plants, not with the ants (Ward and
Branstetter 2017; Marting et al. 2018). In contrast, fungal agriculture is almost invariably
based on the farming insects excavating nest cavity “domatia” in abiotic (i.e., not co-
adapting) space (figure 5.1B), in which fungal cultivars either have an unchallenged clonal
monopoly of farmer care (ambrosia beetles) or gain such monopoly after outcompeting
other cultivar strains that are either primarily acquired (in termites) or secondarily invading
(in ants).

Conclusions

We are intuitively inclined to think of farmers as subjects and crops as objects because
“agency” in the sense of who or what domesticated and maintains what or whom appears
to be fundamentally asymmetric. However, it is not without conceptual problems to
extrapolate this anthropomorphic narrative to insect farmers. Human farms promiscuously
combine and exchange crops; they hedge their bets to secure profit even when some crops
fail. In contrast, fungus-farming symbioses of ants and termites lack promiscuity: their
families consist of lifetime-committed sets of parents and lifetime unmated altruistic
sibling workers who are jointly committed for life to rear a single cultivar clone and make
the best of that assignment in terms of reproductive success for both parties. Farmer agency
seems indisputable when cultivars are exclusively vertically propagated, but strict mutual
dependence and horizontal cultivar acquisition makes that notion ambiguous—with equal
right one could then say that cultivars acquire a lifetime devoted nursing insect family to
pass on fungal genes to future generations. Recent work shows that it has not been suf-
ficiently appreciated that vertical transmission does not preclude horizontal cultivar acqui-
sition as long as founding queens or first worker cohorts actively or passively forage for
alternative cultivars before resident crops acquire enough agency to fight for their monop-
oly of farmer attention (Nobre et al. 2011; Howe, Schiett, and Boomsma 2019). Only the
fungus-growing ambrosia beetles never forage outside their burrows, so these beetles may
be the most convincing example of vertical cultivar acquisition being both ancestral and
universally extant.

Using a conceptual framework of mutualism theory that acknowledges potential con-
flicts between farming hosts and cultivar ectosymbionts, I have argued that the dynamics
of social insect fungus farming are fundamentally different from human farming practices,
in spite of interesting analogies in the optimal management of human and insect farms.
With both sexual- and host-symbiont partners being committed for life, there are uncanny
parallels between the ways in which sexual conflict and host-symbiont conflict were
resolved in order to align reproductive interests—perspectives that are irrelevant in human
farming. Rather than comparing insect fungus farming with endosymbiotic domestication
processes reminiscent of how mitochondria became enslaved by eukaryote cells, it seems
more appropriate to consider nest cavities with fungus gardens as artifactual farmer-built
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“domatia,” in which closely related competing cultivar strains always exclude each other,
driven by the necessity to obtain a monopoly of care by a farmer family whose fitness is
also maximized by rearing only a single clonal cultivar. No such considerations ever apply
to culturally evolved human farming practices, which has left our cultivars powerless
because they cannot enforce exclusive farmer commitments.

Throughout this edited volume, domestication is defined as the genetic modification of
one species by another in ways that benefit the modifying species (the farmer) but that
would have reduced the fitness of the modified species (the domesticate) in its original
niche. This definition, in spite of its apparent generality, implicitly assumes that agency
is fundamentally asymmetric, and I have argued that it therefore only partly applies to
fungus-farming insects. In these insect farming symbioses it is equally legitimate to con-
sider the insects as domesticates of the crop fungi as the other way around because neither
of the parties can still survive in their ancestral nonfarming niche. In my elaboration of
the tensions emanating from this mismatch, I have aimed to achieve three objectives:
(1) to establish the notion that we should be careful when using analogies between human
and insect farming—however fascinating they are—in such broad-brush narrative strokes
that the fundamental difference between promiscuous culturally driven artificial selection
and naturally selected one-to-one co-adaptation becomes opaque; (2) to evaluate the strik-
ing analogies between lifetime commitments in sex and symbiosis that characterize insect
fungus farmers; and (3) to illustrate the usefulness of evolutionary theory for a parallel
understanding of conflict regulation in mating and farming—an approach that generates
both testable predictions and the perspective of a more encompassing understanding of
cooperation and conflict.
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6 Fungus-Growing Termites: An Eco-Evolutionary Perspective

Judith Korb

Fungus-growing termites (Macrotermitinae) dominate African savannahs (Bignell and
Eggleton 2000; Hausberger et al. 2011). This ecological success has been attributed to
their obligate ectosymbiosis with fungi of the genus Termitomyces, which they cultivate
inside their subterranean or mound nests (e.g., Bignell and Eggleton 2000; da Costa et al.
2019a). The termites forage for dead plant material. After a first gut passage during which
simple sugars are extracted by the termites, the resulting primary feces is used to build
so-called fungal combs on which Termitomyces develops (Badertscher et al. 1983; Leu-
thold, Badertscher, and Imboden 1989; Traniello and Leuthold 2000). Provided with
constant warmth and humidity as well as competitor-free conditions inside their nest, the
fungal cultivar thrives and, together with the termites and their gut symbionts, decomposes
plant biomass almost completely (reviewed in Rouland-Lefévre 2000; Poulsen 2015; da
Costa et al. 2019a). By feeding on the fungal cultivar, and especially the protein-rich
nodules that contain asexual spores, the termites may profit from fungal decomposing
enzymes, enhanced plant degradation, and increased protein/nitrogen availability (Martin
and Martin 1978; Rouland-Lefévre 2000; Hyodo et al. 2003). Low nitrogen content of
dead plant material has been discussed as a limiting factor of termites’ growth rates
(Higashi, Abe, and Burns 1992; Shellman-Reeve 1994). Accordingly, the ecological success
of fungus-growing termites can be attributed to improved protein/nitrogen provisioning by
the fungal symbiont. The fast conversion of carbohydrate (C)-rich but protein (N)-poor dead
plant material into N-enriched fungal comb and termite biomass can be considered a major
factor driving plant decomposition and nutrient cycling in African savannahs where limited
rainfall and humidity constrains decomposition by soil microbes (e.g., Deshmukh 1989).
Similar to the way that the termite gut is regarded as a “bioreactor” (Brune 1998), the nests
of the Macrotermitinae can be considered as “glass-houses” that facilitate fast decomposi-
tion, which is advantageous especially under dry conditions. Thus the symbiosis can explain
the dominance, high biomass, and ecological importance of Macrotermitinae that function
as drivers of savannah ecosystem processes.

In this chapter, I discuss some ideas about (1) how living in a symbiosis may lead to
niche expansion but probably also constrains it, by using a specific termite-fungus associa-
tion as an example, (2) how the fungal symbiosis may mediate coexistence of closely
related species through niche differentiation, (3) how evolutionary theory about symbiosis
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fits with termite-fungus ecology, and (4) what we can learn from the Macrotermitinae-
Termitomyces symbiosis more generally. I end with a comparison to human agriculture.

Niche Expansion and Contraction of Macrotermes bellicosus—Ecological
Consequences of a Close Association?

In natural West African savannahs, Macrotermes bellicosus is the most dominant termite
species. It constructs mounds of a height of up to 6 meters (figure 6.1a), has colony sizes
of several million individuals, and can reach densities of around 50 mounds per hectare
(living mounds only: up to 17 mounds per hectare) (Collins 1981; Lepage 1984; Tano and
Lepage 1989; Korb and Linsenmair 2001a). It is an important ecosystem engineer that
enhances key processes in ecosystems (Traniello and Leuthold 2000; Erpenbach et al.
2012, 2017). It improves soil properties such as water-holding potential and fertility. It
increases animal as well as plant diversity by, for instance, creating habitat heterogeneity
and providing new habitats.

Applying evolutionary reasoning, we can attribute the dominance of Macrotermes bel-
licosus to its obligate and specific symbiosis. In the Comoé National Park (CNP) in Ivory
Coast, M. bellicosus lives in a 1:1 association with a single Termitomyces species/lincage
(Aanen et al. 2002; Nobré¢ et al. 2011a) that is inherited vertically via uniparental transmis-
sion through the dispersing male (Grasse and Noirot 1955; Johnson 1981; Johnson et al.
1981; Korb and Aanen 2003). Such strict 1:1 associations are rare, and in Macrotermitinae
most Termitomyces symbionts are horizontally transmitted (Johnson et al. 1981; Korb and
Aanen 2003) (discussed further below). All else being equal, uniparental, vertical transmis-
sions with strict 1:1 associations are predicted to result in associations with less conflict
and more cooperation between partners (Frank 1994, 1996, 1997, 1998; chapters 3, 4, and
5, this volume). This may lead, for instance, to a “finer-tuning” of division of labor in the
decomposition process (Rouland, Lenoir, and Lepage 1991; Rouland-Lefévre 2000; Korb
and Aanen 2003). Thus, it is tempting to argue that M. bellicosus owes its ecological
dominance to its specific symbiotic association, which allowed, for example, the evolution
of a more elaborate (i.e., more complementary and more efficient) plant decomposition
system, a hypothesis that requires testing.

Although dominant in savannahs, M. bellicosus is largely absent from forests or dense
thickets interspersed within savannahs (Korb and Linsenmair 1998a). The distribution pattern
of M. bellicosus and its potential causes have been studied in the CNP (8° 45°N, 3° 47°W;
elevation around 250 m) in northeastern Ivory Coast for more than 25 years. The CNP (size:
11.500 km?) is characterized by a steep climatic gradient with dry Sudan savannah in the
northeast and moist Guinea savannah in the south (for more details see Poilecot 1991). The
vegetation consists of a mosaic of patches of open to dense tree and shrub savannah, where
large areas are annually burned, and of forest islands. Gallery forests occur along the main
rivers. The area has marked dry and rainy seasons of rather unpredictable lengths. Typically,
the rainy season lasts from April to October, peaking in August and September, with a rela-
tively dry period in May (total annual rainfall 700—1170 mm; Korb 1997).

Distribution Pattern in the Savannah

M. bellicosus mounds have a patchy distribution in the savannah of the CNP, with dead
mounds (i.e., mounds where the constructing M. bellicosus colony had died) occurring in
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Figure 6.1

Macrotermes bellicosus mounds from the Comoé National Park in Ivory Coast. (A) A more than 6-meter-tall
mound. (B) A “cathedral” mound from the savannah with many ridges, thin walls, and high surface complexity.
(C) A dome-shaped mound from an open forest stand with thick walls and less complex architecture. (D) A
mound from an open forest stand after experimental removal of shading trees with increased mound complexity
compared to typical forest mounds. Photos: (A): Volker Salewski (used with permission), (B—D): Judith Korb.

varying densities everywhere except in seasonally flooded areas (Korb 1997; Korb and
Linsenmair 1998a, 2001a). Living mounds (i.e., mounds containing a living M. bellicosus
colony) are less common but have a corresponding distribution pattern. The higher density
of dead than live mounds is due to the stability of dead mounds. Large mounds with a
height of more than 3 meters can last for decades, maybe even centuries, after the con-
structing M. bellicosus colony has died (pers. obs.). These dead mounds can be reoccupied
by a new M. bellicosus colony when a royal pair founds its new colony inside after the
nuptial flight (pers. obs.). The preexisting mound structures and especially the more favor-
able homeostatic conditions seem to make founding success higher in old mounds com-
pared with the surrounding soil (unpublished data).

Within the savannah, the patchy distribution pattern of living mounds can be explained
by stochastic events (Korb and Linsenmair 1999b, 2001a). Whether colony establishment
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is successful within an area or not depends on rainfall patterns at the beginning of the
rainy season. Rainfall can be very patchy on a small spatial scale of a few hundred meters.
Long dry spells after the nuptial flight hinder colony establishment as founding reproduc-
tives die due to desiccation. In contrast, mortality rates of established colonies are largely
due to stochastic predation events. When army ants enter a patch, they kill all M. belli-
cosus colonies regardless of colony size. Thus, the overall system can be described by
metapopulation dynamics driven mainly by (limited) dispersal/colonization and local
extinction.

Within a patch, the small-scale dynamics and distribution of living M. bellicosus mounds
appears to be influenced by intraspecific competition as inter-mound distances increase
and mound distribution becomes more over-dispersed with increasing colony sizes (Korb
and Linsenmair 2001a). Additionally, pattern analyses indicate that more closely spaced
colonies have a higher likelihood of dying (Korb and Linsenmair 2001a).

Considering its obligate dependence on M. bellicosus, the distribution pattern of the
fungal Termitomyces symbiont is expected to be limited by the same abiotic and biotic
factors that determine and regulate the distribution of its host.

Occurrence between Habitats

Despite its common occurrence in the savannah, M. bellicosus is largely missing from
forest habitats, such as gallery forests, of the CNP, where it is restricted to forest edges or
stands with an open canopy (Korb 1997; Korb and Linsenmair 1998a). The lack of M.
bellicosus in denser forest areas is not caused by limited dispersal, as swarming alates and
founding couples are commonly found in the forest (pers. obs.). Rather, cooler ambient
temperatures and “physiological” constraints associated with fungus cultivation seem to
limit M. bellicosus’s occurrence in forests (Korb 1997; Korb and Linsenmair 1998a). Like
other Macrotermes species (Zimmermann and Darlington 1987; Darlington 1989; Darling-
ton et al. 1997), M. bellicosus colonies require high exchange rates of respiratory gases
due to their large colony sizes of up to a few million individuals, and especially due to
the high metabolism of the cultivated fungus (Liischer 1955, 1956). A mature Macrotermes
nest can contain over 4 kg dry weight of termites and roughly twice as much fungus comb
(Darlington 1989). Thus, CO, needs to be exchanged for O,. The mounds of M. bellicosus
are closed (i.e., they do not have open exits, such as chimneys) (Korb 2011) (figure 6.1).
Hence, gas exchange occurs through the mound walls. In the savannah, mounds have thin
walls with a large surface complexity (i.e., the ratio between the real and the minimal
possible surface—that of a cone—is high) due to the occurrence of many ridges (“cathe-
dral” mounds) (Korb and Linsenmair 1999a) (figure 6.1B). The ventilation of air through
these ridges is driven by temperature gradients between the inner parts of the mound and
the ambient temperatures (Korb and Linsenmair 1999a, 2000). They result in efficient gas
exchange, reflected in CO, concentrations inside the mound/nest that are as low as in the
ambient air (Korb and Linsenmair 1999a, 2000).

By contrast, in the colder open forest stands, mounds are dome-shaped with low surface
complexity and thick walls with a higher thermal capacity (Korb and Linsenmair 1998b)
(figure 6.1c) as well as suboptimal low nest temperatures and less developed temperature
gradients (Korb and Linsenmair 1999a, 2000). Accordingly, ventilation is less efficient,
and CO, concentrations inside the mound are significantly increased compared with the
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ambient air (Korb and Linsenmair 1999a, 2000). These suboptimal conditions are associ-
ated with reduced reproductive success of M. bellicosus colonies from open forest stands
compared with those in the savannah (Korb and Linsenmair 1999b). A question may thus
arise: Why does M. bellicosus build such apparently suboptimal mounds in the forest?
Manipulation experiments in which shading trees were cut in open forest stands suggest
that mound architecture is an adaptation to ambient temperature conditions (Korb and
Linsenmair 1998a). After removal of trees, ambient temperatures increased, and the ter-
mites rebuilt the mounds toward more cathedral-like structures with higher surface com-
plexities (figure 6.1D). Associated with this, mound temperatures increased, and CO,
concentrations dropped (Korb and Linsenmair 1998a, 1999a). These results imply that M.
bellicosus is excluded from (dense) forests because of the relatively low ambient tempera-
tures in forests. Under such conditions, M. bellicosus colonies must insulate their nests by
constructing mounds with thick walls and a minimal surface that does not allow sufficient
ventilation for gas exchange (Korb and Linsenmair 1998a, 1999a, 1999b). Laboratory data
suggest that the Termitomyces fungus of M. bellicosus is more temperature sensitive than
the termites (pers. obs.). Additionally, the high metabolism of the fungal symbiont demands
high rates of gas exchange. Therefore, one can argue that the distribution of M. bellicosus
is limited to the savannah because of its symbionts’ requirements.

These results indicate how the intricate interdependency of both partners—=M. bellicosus
and its Termitomyces symbionts—determine their distribution (figure 6.2). Accordingly,
they are restricted mainly to savannah habitats because of the fungal symbionts’ physio-
logical requirements. Within the savannah, the requirements of not completely dry condi-
tions during nest foundation (before fungus cultivation starts) and high predation pressure
by army ants on the M. bellicosus colonies also constrain the distribution of the fungal
symbiont. Thus, the symbiosis not only extends each species’ niche, making M. bellicosus
an abundant and important ecosystem engineer, but may also constrain it.

Niche Differentiation through Fungal Symbionts?

Food Niches of Termites

Among Macrotermitinae, different species are supposed to occupy similar fundamental
niches. All fungus-growing termites require very similar ambient conditions and rely on the
same dead plant material for food. Accordingly, all Macrotermitinae are grouped into a single
feeding group, fungus-growing wood- or leaf-litter feeders (i.e., group IIF, according to
Donovan, Eggleton, and Bignell 2001; Eggleton and Tayasu 2001). The substrate of a spe-
cific species can depend on food availability and thus season and location (e.g., Boutton,
Arshad, and Tieszen 1983; Lepage, Abbadie, and Mariotti 1993). Comparative studies are
still hampered by taxonomic problems of incongruent species identification, because many
Macrotermitinae cannot be identified reliably using existing morphological keys (Hausberger
et al. 2011; Korb et al. 2019). A recent review that summarizes substrate use by Macroter-
mitinae concludes that they are generalists with high dietary flexibility, “which may well
contribute to termite abundance and their prominent role in nutrient recycling in African
savannah ecosystems” (da Costa et al. 2019a, 4). Thus, keeping the taxonomic caveat in
mind, we currently expect strong niche overlap among Macrotermitinae.
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Figure 6.2

Interdependency of Macrotermes bellicosus and its fungal symbiont. The Termitomyces symbiont seems to
exclude M. bellicosus from dense forest stands because of its requirement for high gas exchange and its temperature
sensitivity. M. bellicosus limits the distribution of its symbiont within the savannah as it can establish colonies
only under certain rainfall conditions and is preyed upon intensively by army ants. Photos: Judith Korb.

Community Ecology of Fungus-Growing Termites

According to classical community ecology, strong niche overlap is predicted to result in
strong interspecific competition that could lead to competitive exclusion under equilibrium
conditions. Hence not many fungus-growing termite species are expected to coexist, espe-
cially as food seems to be limiting. Although dead plant material appears as a superabun-
dant resource, it is restricted, at least seasonally, due to annual fires in West African
savannahs, as has been shown for M. bellicosus colonies in the CNP (Korb and Linsenmair
2001a). Therefore, we expect interspecific competition to be common and M. bellicosus,
as the dominant fungus grower, to have a negative impact on other Macrotermitinae (Korb
and Linsenmair 2001b). Yet, for the protected area of the Pendjari National Park (PNP)
in Benin community analyses that had reliably identified species using morphological as
well as genetic means imply the contrary. In areas with living M. bellicosus mounds,
coexisting termite species were significantly more closely related (e.g., more Macrotermi-
tinae species co-occurred) than in areas without living mounds (Hausberger and Korb
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2015). How can this unexpected result be explained? A termite community study in the
Oti Keran National Park in Togo that reliably identified species as in the Benin study
(Schyra and Korb 2019; Schyra, Gbenyed;ji, and Korb 2019) may provide some hints.
Analyses of stable isotopes are powerful tools to investigate arthropod food webs. Such
analyses that covered all co-occurring termite species imply that there might be subtle
niche differentiation between fungus-growing termites (Schyra, Scheu, and Korb 2019).
The signature for the stable isotopes 8°C and 8'°N was complementary between co-
occurring species, with M. bellicosus having the widest carbon and the lowest nitrogen
spectrum (figure 6.3a). This suggests that M. bellicosus has a nitrogen spectrum comple-
mentary to that of other fungus growers and that it is very versatile in the use of its carbon
source. Hence, it is tempting to speculate that coexistence is achieved through subtle niche
differentiation, which may even be mediated through different fungal cultivars. Interest-
ingly, besides the special M. bellicosus signature, the four co-occurring Microtermes
species had especially different §'°C values (figure 6.3b). According to Aanen et al. (2002),
different Microtermes species have species-specific fungal symbionts. Unfortunately, a 1:1
comparison of the species between both studies is impossible due to taxonomic problems
in assigning species names in this genus (Korb et al. 2019).
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Figure 6.3

Isotope signatures of co-occurring Macrotermitinae from a savannah in Togo. a=8"°N values, b=3"C values.
Microtermes 1: Microtermes subhyalinus, Microtermes 2: Microtermes lepidus, Ancistrotermes: Ancistrotermes
spec., M. bellicosus: Macrotermes bellicosus, M. subhyalinus: Macrotermes subhyalinus, Pseudacanthotermes
sp: Pseudacanthotermes militaris, Odontotermes: Odontotermes spec. From Schyra, Scheu, and Korb 2019b;
reproduced with permission from Wiley.
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Comparative studies on fungal cultivars to test this hypothesis are rare. A few studies
showed that within a species 8"°C values increase from food to fungus comb to termites
reflecting nutritional processing (Boutton, Arshad, and Tieszen 1983; Tayasu, Hyodo, and
Abe 2002; Hyodo et al. 2003). Studies analyzing fungal combs of different Macrotermitinae
may provide some support that isotope signatures between species differ. For instance,
fungus combs seem to differ in 8"°C values between Pseudacanthotermes militaris, Micro-
termes toumodiensis, Ancistrotermes cavithorax, and an undescribed Odontotermes, though
habitat signatures and seasonal differences also cause variation (Lepage et al. 1993). Also,
Macrotermes muelleri seems to have a 8"°N signature different from Macrotermes gilvus,
Macrotermes annandalei, and Macrotermes carbonarius, though intercolonial variability in
M. gilvus is very high (Tayasu, Hyodo, and Abe 2002). A similar but less pronounced pattern
occurred for these Macrotermes species for 8"C. In Kenya, unidentified Odontotermes dif-
fered in 8"°N from unidentified Macrotermes, though their 8" °C values were very similar
(De Visser, Freymann, and Schnyder 2008). None of these studies was designed to test for
interspecific differences. Thus, it is unclear whether samples were derived from coexisting
single versus multiple species. Clearly more studies are needed to address the potential role
of the fungal symbiont in niche differentiation.

Termite-Termitomyces Associations: Evolutionary Considerations

A Bit of Theory

The evolution of stable, mutualistic symbioses is predicted to be affected by two, often
linked, factors: (1) transmission mode (e.g., Frank 1994, 1996, 1997, 1998; Foster and
Wenseleers 2006; Leeks, dos Santos, and West 2019) and (2) partner choice (e.g., Bull
and Rice 1991; Herre et al. 1999; Sachs et al. 2004).

Transmission Mode

In associations with strict vertical transmission, the offspring of the symbiont can be
propagated only with the offspring of the host. Thus the reproductive success of both
partners is linked. The degree of potential conflict between host and symbiont is reduced
in that—put simply—*“harming” the host also reduces the symbiont’s fitness. Additionally,
the degree of potential conflict is further reduced especially if there is uniparental (instead
of biparental), vertical transmission (i.e., by one sex only) because this reduces potential
conflict among different symbiotic lineages within a host. Thus both factors, (1) alignment
of fitness interests of host and symbiont and (2) increased genetic homogeneity (i.e.,
relatedness) of symbionts within hosts, are expected to lead to symbionts being more
beneficial to their hosts (chapters 3, 4, and 5, this volume). A recent modeling and simula-
tion study implies that both relatedness and fitness alignment influence the level of coop-
eration evolving between hosts and symbionts but that relatedness is more important than
fitness alignment to explain symbiont cooperation (Leeks, dos Santos, and West 2019).
Uniparental, vertical transmission contrasts with horizontal transmission when both part-
ners can reproduce independently in the sense that the symbiont can produce offspring
that spread independently from the (parental) host’s offspring to new hosts. Under these
conditions “harming” the host does not necessarily reduce symbiont fitness, and “parasitic”
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associations are more likely to evolve. Additionally, horizontal transmission is often asso-
ciated with the acquisition of multiple symbiont strains, reducing genetic homogeneity.

However, such considerations often neglect potential differences in power between host
and symbionts. They may arise due to incomplete transmission linkage, as when one partner
is less dependent on its current partner than the other. For instance, even with uniparental,
vertical transmission, a host might have options to take up new symbionts or symbionts may
also be able to spread horizontally. Additionally, the optimal number of symbionts transmit-
ted by hosts during vertical transmission may differ between host and symbiont. Under such
conditions, the relationship between host and symbiont becomes asymmetric with regard to
higher power.

Partner Choice

Partner choice is linked with transmission mode but it is not completely congruent. It may
include choice of a specific species in more generalist associations and/or choosing spe-
cific individuals within a species. Even in obligate species-specific symbioses selecting a
specific partner among several potential partners is possible, especially when there is
horizontal transmission. With vertical transmission specific partners can also be chosen—
for instance, when there is biparental transmission of symbionts or when dependency
during transmission is asymmetric and the host thus has more power. Through partner
choice, a symbiont can stabilize cooperation/mutualistic associations by switching partners
if one is cheating (i.e., exploiting the partner by taking more than its fair share), so that
only associations of cooperators occur. Yet, it can also destabilize cooperation, when
“cheaters” select cooperators or, more generally, when exploiting a partner has minimal
consequences for a symbiont’s own fitness—for instance, because the reproduction of both
partners is not linked (as is the case with horizontal transmission). We would predict
cheating to evolve when potential partners are common and a switch to a new partner is
not costly. Thus it is expected to evolve in the species that is less common as its few
members can select among many potential partners. Cheated individuals can “retaliate”
and sanction cheaters by, for instance, switching partners. Thus, partner choice can be
regarded as a dynamic mechanism that may evolve when potential partners can change.
Hence, it can play a role whenever there is no strict uniparental, vertical transmission in
which host and symbiont offspring reciprocally depend on each other.

Theoretical Considerations Applied to Fungus-Growing Termites

Surprisingly, and in contrast to fungus-growing ants (chapters 8 and 14, this volume), most
fungus-growing termites have horizontal transmission. Termitomyces produces its sexual
fruiting bodies (mushrooms) outside the termite nest. The fruiting bodies thus release
spores to the environment, which are picked up and brought back to the nest by foraging
termite workers (Johnson et al. 1981). Studies from Ivory Coast and Nigeria suggest that
fructification of Termitomyces coincides species-specifically with the occurrence of the
first foraging workers after colony foundation (Johnson et al. 1981; Koné et al. 2011). Only
M. bellicosus and Microtermes species are known to have vertical transmission (Grassé
and Noirot 1955; Johnson 1981; Johnson et al. 1981; Korb and Aanen 2003). Strikingly,
it is always uniparental, although biparental transmission would be the default option as
termite colonies are founded by a male and a female (in contrast to social Hymenoptera,
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in which females generally found colonies alone, and accordingly uniparental inheritance
is the default option in fungus-farming ants [Nobré, Rouland-Lefévre, and Aanen 2011]).
In M. bellicosus (predominantly) the winged male sexuals (future king) carry fungal spores
while it is the female (future queen) in Microtermes species (Grassé and Noirot 1955;
Johnson 1981; Johnson et al. 1981; Korb and Aanen 2003; Nobré et al. 2011a).

Vertical Transmission

As outlined above, all else being equal, theoretical considerations predict that associations
with uniparental, vertical transmission will be more cooperative and have a closer coevolu-
tion than those with horizontal transmission. This may result, for instance, in more finely
tuned plant decomposition systems with complementary degrading enzymes (Rouland-
Lefévre 2000; da Costa et al. 2019b) and an associated higher ecological success. That
reduction in conflict can result in higher ecological success is suggested by an experimen-
tal termite study in which lower intracolonial conflict resulted in interspecific competitive
dominance (Korb and Foster 2010).

For M. bellicosus this may be the case. As described above, in regions where it occurs,
it is an ecologically dominant species with high biomass. Whether this is indeed due to
more complementary plant degradation systems warrants more studies (da Costa et al.
2019a, 2019b). Phylogenetic analyses based on molecular markers imply that across its
geographic range M. bellicosus has several Termitomyces strains that are not shared with
other fungus-growing termites (Aanen et al. 2002). In the CNP in Ivory Coast, M. belli-
cosus is associated with a single Termitomyces strain that has low genetic polymorphism
(Nobr¢ et al. 2011a). However, in Senegal two Termitomyces strains have been found
associated with M. bellicosus (Nobré et al. 2011a). This study also suggests that it is only
in the PNP in Benin that M. bellicosus can share its fungal symbiont with Macrotermes
subhyalinus. Strikingly, in the PNP (but not, for instance, in the CNP or other West African
regions) M. subhyalinus often inhabits dead M. bellicosus mounds (pers. obs.). Thus, it is
tempting to speculate that M. subhyalinus acquires the typical M. bellicosus fungal sym-
biont via spores left behind in the mound by M. bellicosus.

For Microtermes species, however, the prediction of an ecologically “more efficient”
and evolutionarily “closer” association under conditions of uniparental, vertical transmis-
sion seems less clear. We currently lack systematic analyses at the ecological level to
evaluate their ecological success. At the evolutionary scale, a species-specific coevolution-
ary signal is missing in phylogenies. Aanen et al. (2002) showed that Microtermes sp. 3,
for instance, has two fungal symbiont strains, while Microtermes sp. 1 and Microtermes
sp. 2 share a symbiont strain with several Ancistrotermes species. In general, there seems
to be a coevolutionary pattern that implies ancient co-diversification and recent symbiont
dispersal across hosts, often associated with specificity at the genus level (Aanen et al.
2002; Aanen and Eggleton 2005; Aanen et al. 2007; Nobré et al. 2011b; Nobré, Rouland-
Lefévre, and Aanen 2011).

Horizontal Transmission

As mentioned above, the most common transmission mode in fungus-growing termites is
horizontal transmission, and such associations can be highly ecologically successful (e.g.,
Macrotermes natalensis in southern Africa, several Ancistrotermes and Odontotermes
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species). Also, no association between transmission mode and interaction specificity was
found for eight Macrotermitinae and their symbionts from South Africa (Aanen et al.
2007). M. natalensis was associated with a single unique fungal haplotype despite having
horizontal transmission, whereas Microtermes species had low specificity and shared a
pool of symbionts, although they most likely have uniparental, vertical transmission
(Aanen et al. 2007). An explanation for the commonness of horizontal transmission in
Macrotermitinae-7ermitomyces associations—despite theoretically predicted high poten-
tial for conflict—is a mechanism that reduces fungal heterogeneity within termite colonies.
Genetic bottlenecks and positive frequency-dependent selection/choice of the fungal cul-
tivar by the termites during colony ontogeny could result in fungal clonality (Aanen 2006).
Within a colony, Termitomyces clones that are more productive are more likely to be used
to inoculate new fungus combs. This, together with genetic bottlenecks during fungal
inoculation and fungal propagation within the colony, leads to selection of the most pro-
ductive fungal clone, which becomes the single cultivar within a colony. Thus high relat-
edness (clonality) and an absence of conflict within the fungal cultivar follow, although
the colony might have started with several genetically different cultivar strains. This
elegant and plausible explanation is in line with current data. M. natalensis as well as two
Odontotermes species, which all have horizontal transmission, almost always cultivate
single clones within established colonies in South Africa (Aanen et al. 2009). Additionally,
cultivation experiments that simulated within-nest propagation of Termitomyces in the lab
are in line with the proposed mechanism that positive frequency-dependent selection
together with genetic bottlenecks can lead to high fungal relatedness and productivity
(Aanen et al. 2009). This nicely pinpoints a mechanism of how, starting with genetic
heterogeneity, high relatedness can be obtained by partner choice. According to Leeks,
dos Santos, and West (2019), high relatedness among symbionts associated with a host is
more important for explaining symbiont cooperation than is fitness alignment between
host and symbiont caused by strict vertical transmission. Thus high fungal relatedness can
be sufficient to explain the evolutionary stability and ecological success of the termite-
fungus symbiosis regardless of transmission mode.

Some questions remain. First, is the mechanism shown in the lab by Aanen et al. (2009)
also working in nature? Unfortunately, time-series data on the genetic diversity of the
fungal cultivar during colony establishment in the field are missing. The mechanism rests
on the assumption that during colony foundation several clones are used to inoculate the
fungus garden of a colony. This is not known. There might be other mechanisms in place
that prevent inoculation with several cultivars in the first place. Second, the proposed
mechanism prevents potential conflict between fungal strains within single colonies, but
it does not prevent potential conflict between host (termites) and symbionts (7ermitomy-
ces), as their fitness interests are less well aligned in associations with horizontal compared
with those with strict uniparental, vertical transmission. It also does not explain the
observed phylogenetic pattern of some degree of co-cladogenesis (Nobré et al. 2011b),
which suggests that there is some specificity in selecting specific spores to inoculate colo-
nies. Evidence for this exists (N’golo Koné, pers. comm., J. K. unpubl. data). Therefore,
it may be interesting to test, for instance, whether fructification time or cohabitation are
factors explaining the occurrence of shared fungal strains at the termite species level.
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What Can We Learn from the Macrotermitinae-Zermitomyces Symbiosis?

The examples above illustrate eco-evolutionary feedbacks in the termite-fungus symbiosis.
Lessons that might be learned from fungus-growing termites and their symbionts point to
some general, often overlooked issues during discussion of symbiotic associations:

+ Uniparental, vertical transmission does not necessarily mean strict codependency and
complete alignment of fitness interests of species. In M. bellicosus, despite its strict uni-
parental, vertical co-transmission of host and symbiont, conflict is not completely absent.
Fungal symbionts still “try” to produce fruiting bodies that would “allow” them to spread
horizontally. This is not in the fitness interest of the termites, as, from their point of view,
fruiting bodies would result in a loss of resources. Thus sanctioning mechanisms, such as
consumption of fungal nodules in M. bellicosus, may be important to “enforce” alignment
of fitness interests.

- Horizontal transmission does not necessarily mean that conflict will be prevalent in an
association. If mechanisms evolve that guarantee within-host genetic homogeneity (high
relatedness) of the symbiont, within-symbiont conflict (hereafter: intra-partner conflict) is
reduced. Additionally, lifetime commitment (i.e., a lack of options for partner change),
together with reciprocal dependency of partners, is expected to result in the prevalence of
cooperation (chapter 5, this volume). Here one has to note that in associations with hori-
zontal transmission, lifetime commitment does not apply for the symbionts as Termitomy-
ces spread horizontally during the lifetime of a colony.

+ Reduction of intra-partner conflict (due to genetic homogeneity) can be caused by (1)
uniparental, vertical transmission, (2) repeated genetic bottlenecks, (3) mechanisms such
as positive frequency-dependent selection, and/or (4) partner choice. Yet, a lack of intra-
partner conflict does not imply a lack of conflict between host and symbiont (inter-partner
conflict) and the alignment of fitness interests. Reduction of intra-partner conflict also can
hardly explain patterns of co-cladogenesis.

Comparison with Human Agriculture

We saw that the symbiosis between termites and their fungus seems to extend their biological
niche, making them ecologically dominant ecosystem engineers. However, in 1:1 associa-
tions such as that of M. bellicosus and its symbiont, it may also restrict the niche (in this
case, to the savannah). In human agriculture, crops are also ecologically very successful in
the sense that they are very abundant, often dominating whole landscapes. Yet they are
doomed to extinction when humans do not care for or abandon them. Vice versa, in historical
times the well-being of humans also depended on single crops (e.g., the Irish potato famine;
Salaman and Burton 1985). Yet this seems to have changed with global interconnectedness,
which currently offers humans a choice between crops worldwide. Such partner choice leads
to humans having more power than their crops because of asymmetric interdependency.
Concerning transmission mode, crops are horizontally transmitted by humans as in most
termite-fungus associations. Yet, there is a major difference. Horizontal transmission in
Macrotermitinae is associated with the ability of the symbiont to reproduce and be “picked
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up” by another host. While this might have been the case formerly when certain crops
were able to spread, this is no longer the case for our “modern” crops. Thus, fitness inter-
ests are not reciprocally aligned. Humans are largely independent of a certain crop, while
the crop’s fitness is fully dependent on humans.

In accordance with the fungus-growing termites, humans nowadays cultivate crops
largely as monocultures of low genetic heterogeneity. While this reduces conflict within
the cultivar, and thus is expected to result in more stable cooperation (chapters 3, 4, and
5, this volume), humans face problems of reduced pathogen resistance, among other
things. We do not know how exactly fungus-growing termites keep fungal pathogens at
bay, but most certainly strict barriers that prevent pathogens as well as competitors from
entering, together with immune defenses, play important roles. Additionally, the fungal
selection process that takes place during each colony foundation may result in the selection
of the cultivar that is most appropriate at that time.

Overall, these considerations illustrate that compared with human agricultural systems,
Macrotermitinae-Termitomyces associations show major differences.
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7 Mycangia Define the Diverse Ambrosia
Beetle-Fungus Symbioses

Chase G. Mayers, Thomas C. Harrington, and Peter H. W. Biedermann

Ambrosia beetles (Coleoptera: Curculionidae: Platypodinae and multiple lineages in the
Scolytinae) bore tunnels (galleries) into the sapwood of trees (figure 7.1A, B). There they
inoculate and cultivate lush gardens of fungi (ambrosia fungi) on which the adults and
larvae feed (figure 7.1C). This obligate mutualism (ambrosia symbiosis) allows both beetle
and fungus to carve a unique niche in a nutrient-poor substrate (Hubbard 1897a, 1897b;
Baker 1963; Francke-Grosmann 1963, 1967; Beaver 1989; Six 2003, 2012; Harrington
2005; Huler and Stelinski 2017). Ambrosia fungi have not been found free-living and are
poorly equipped for independent dispersal, yet when adult ambrosia beetles tunnel into
new trees, they introduce the same fungal cultivars they fed upon as larvae. In the 1950s
and 1960s, a diversity of pocket-like spore-carrying organs (mycangia or mycetangia) were
found to be the facilitators of this cultivar persistence (Francke-Grosmann 1956a, 1963,
1967; Batra 1963), and the multiple origins of these organs now appear to be major events
in the evolution of the ~3,500 recognized species of ambrosia beetles.

Ambrosia beetles, defined here as fungus-farming beetles in xylem (sapwood, heart-
wood, or pith), have convergently evolved many times in the true weevil family (Curcu-
lionidae) including the entire subfamily Platypodinae (Jordal 2015) and in more than a
dozen separate clades comprising almost half the total species in the subfamily Scolytinae
(Johnson et al. 2018, 2020). With the exception of ambrosia beetles and a small number
of seed and pith feeders, the remaining species of Scolytinae are bark beetles, which feed
primarily in the inner bark or phloem tissue (Harrington 2005; Six 2012). Ambrosia beetles
farm truly domesticated fungal cultivars that are adapted to cultivation and can no longer
live independently, which are called primary ambrosia fungi or simply ambrosia fungi
(Batra 1985; Mayers et al. 2020a). Ambrosia fungi are carried in mycangia, benefitting
from free transport to new substrate, and like the beetles, they are polyphyletic (table 7.1).
Each lineage of ambrosia beetles developed a specific type of mycangium (Huler and
Stelinski 2017) whose origin predates or closely coincides with the domestication or
acquisition of its current fungal cultivars (Vanderpool, Bracewell, and McCutcheon 2017,
Mayers et al. 2020a). Fungal cultivars are closely tied to the mycangium type of their host
beetles, with various levels of specificity and phylogenetic congruence (table 7.1; Mayers
et al. 2015, 2018, 2020a, 2020b; Hulcr and Stelinski 2017; Skelton et al. 2018).
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Figure 7.1

Ambrosia beetle galleries. (A) Communal gallery with shared chambers. (B) Gallery with individual side rooms
(“cradles”) for larvae. (C) Exposed gallery in twig with adult mother Xylosandrus compactus (b) and larvae
(1) feeding on ambrosia fungus Ambrosiella xylebori (f). A and B modified from Hubbard (1897).

Research interest in the ambrosia symbiosis has increased substantially over the past
decades, and the field currently stands at a turning point from describing the symbiosis to
exploring theoretical concepts and specific mechanisms (Hulcr et al. 2020). Recent reviews
have treated ambrosia beetles from an entomological perspective (e.g., Hulcr et al. 2015;
Kirkendall, Biedermann, and Jordal 2015) or broadly reviewed the ambrosia symbiosis
(Huler and Stelinski 2017; Biedermann and Vega 2020), but as interest in mycangia
increases, a modern and comprehensive review of these organs is needed. This chapter
intends to (1) build on previous reviews of bark and ambrosia beetle mycangia (Baker
1963; Francke-Grosmann 1963, 1967; Beaver 1989; Six 2003) to summarize the history
and current knowledge of these organs in ambrosia beetles and (2) discuss why mycangia
are so important to the ambrosia symbiosis. Ambrosia beetle mycangia facilitate the cul-
tivation, domestication, and preservation of fungal crops, convergently solving challenges
also faced by other fungus-farming insects and humans. Bark beetle mycangia are not
comprehensively covered here, but they have been treated elsewhere (Six 2003, 2012;
Harrington 2005; Bracewell and Six 2015).

Mycangia Set the Ambrosia Symbiosis Apart

As discussed in other chapters of this book, fungus farming and the domestication of fungal
cultivars by insects is not unique to ambrosia beetles. Besides ambrosia beetles, advanced
farming (sensu Biedermann and Vega 2020) has also convergently evolved in fungus-
growing ants (Hymenoptera: Myrmicinae: tribe Attini) (Mueller et al. 2018; chapters 8
and 14, this volume) and fungus-growing termites (Blattodea: Macrotermitinae) (Aanen
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Mycangium types and mycangial fungi of ambrosia beetles
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Beetle tribe

Ambrosia beetle clade

Mycangium type*

Primary mycangial fungi®

Platypodinae:
Platypodini

Platypodinae:
Tesserocerini

Scolytinae:
Bothrosternini

Scolytinae: Corthylini

Scolytinae:
Cryphalini

Scolytinae:
Hexacolini

Scolytinae: Hylesinini

Platypus

Austroplatypus, Euplatypus,
Megaplatypus, Myoplatypus,
Oxoplatypus, Treptoplatypus

Carchesiopygus, Cylindropalpus©,
Dinoplatypus, Epiplatypus,
Neotrachyostus, Peroplatypus
Crossotarsus niponicus

Baiocis, Costaroplatus, Doliopy-
gus, Mesoplatypus®, Pereioplaty-

pus, Platyphysus, Teloplatypus,
Trachyostus, Triozastus®

Cenocephalus®, Chaetastus,
Genyocerus, Mitosomac,
Spathidicerus

Diapus

Notoplatypus

Cnesinus®

Eupagiocerus*
Bothrosternus®
Gnathotrichus
Monarthrum (most studied
species)

Monarthrum bicallosum

Corthylus

Microcorthylus
Hypothenemus curtipennis
Scolytodes unipunctatus
Scolytodes culcitatus
Phloeoborus*

Dactylipalpus®

Pronotal pits (A),
generally numerous, and
procoxal (K)/mesocoxal

Pronotal pits (A), various
sizes and arrangements

Pronotal pits (A), various
sizes and arrangements

Cranial sphere (C)

Unknown, but pronotal
pits absent

Pronotal pits (A), various
sizes and arrangements

Pronotal pits (A) in
transverse band, and
pronotal transverse
crevices

Unknown, but pronotal
pits absent

Setose patch (E) on both
sides of pronotum

Setose patch (E) on both
sides of pronotum

Setose patch (E) on both
sides of pronotum

Procoxal (K)
Procoxal (K)

Single oral pocket (J)
Prothoracic tubes (L)

Prothoracic tubes (L)

Setose patch (E) on both
sides of pronotum

Unknown

Setose patch (E) on both
sides of pronotum

Setose patch (E) on both
sides of pronotum

Transverse slit on top
of pronotum

Raffaelea sensu lato
(Asco: Ophiostomatales)

Raffaelea sensu lato

and (in Oxoplatypus)

R. sulphurea complex
(Asco: Ophiostomatales)

Unknown

Unknown thick white
fungus

Unknown

Unknown

Unknown, except

N. elongatus and
Raffaelea sensu lato
(Asco: Ophiostomatales)

Geosmithia cnesini
(Asco: Hypocreales)®

Geosmithia eupagioceri
(Asco: Hypocreales)®

Unknown

Raffaelea sensu lato
(Asco: Ophiostomatales)

Raffaelea sensu lato
(Asco: Ophiostomatales)

Unknown

Meredithiella
(Asco: Microascales)

Geosmithia microcorthyli
(Asco: Hypocreales)*

Unknown

Raffaelea scolytidis
(Asco: Ophiostomatales)®
Unknown

Unknown

Unknown

(continued)
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Beetle tribe

Ambrosia beetle clade

Mycangium type*

Primary mycangial fungi®

Scolytinae:
Hyorrhynchini
Scolytinae: Ipini

Scolytinae: Scolytini

Scolytinae:
Scolytoplatypodini

Scolytinae:
Xyleborini

Scolytinae: Xyloterini

Sueus

Premnobius

Camptocerus

African Scolytoplatypus

Asian Scolytoplatypus

Remansus mutabilis

Amasa, Cyclorhipidion, Euwallacea,
Xyleborus, and others

Some Euwallacea

Ambrosiodmus, Ambrosiophilus

Xyleborinus, and presumably
Coptodryas, Cryptoxyleborus,
Heteroborips, Microperus,
Taurodemus

Cnestus, Eccoptoplerus,
Hadrodemius, Xylosandrus
Anisandrus

Xyloterinus politus

Indocryphalus pubipennis

Other Indocryphalus

Trypodendron

Unknown
Dual preoral pockets (F)

Genal brush (crescent,
circular, or triangular)

Pronotal disk (D), with
simple hairs

Pronotal disk (D), with
cone-base hairs

Pronotal disk (D), with
hybrid hairs

Dual preoral pockets (F)

Dual preoral pockets (F)

Dual preoral pockets (F)

Elytral notches (G)

Gut (in Xyleborinus)

Mesonotal pouch,
lobed (H)

Mesonotal pouch,
unlobed (I)

Dual preoral pockets (F)

Prothoracic basins (M)

Pleural cavities (fin) (N)

Vertical or horizontal
entrances, unknown
anatomy

Pleural cavities
(horseshoe) (O)

Diatrypella japonica
(Asco: Xylariales)®

Afroraffaelea ambrosiae
(Asco: Ophiotomatales)

Unknown

Wolfgangiella
(Asco: Microascales)

Toshionella
(Asco: Microascales)

Ambrosiella remansi
(Asco: Microascales)

Raffaelea sensu lato
(Asco: Ophiostomatales)

Ambrosia Fusarium
Complex (“AFC”)
(Asco: Hypocreales)

Flavodon subulatus
(Basidio: Polyporales)

Raffaelea sensu lato
(Asco: Ophiostomatales)
(in Xyleborinus)

Raffaelea sulphurea
complex

(Asco: Ophiostomatales)
Ambrosiella

(Asco: Microascales)
Ambrosiella

(Asco: Microascales)

Raffaelea cf. canadensis
RNCS5 (Asco:
Ophiostomatales)

Kaarikia abrahamsonii
(Asco: genus incertae
sedis)

Toshionella

(Asco: Microascales)

Unknown

Phialophoropsis
(Asco: Microascales)

Notes:

“Letter in parentheses refers to mycangium silhouette in figure 7.4.

Asco=Ascomycota; Basidio=Basidiomycota.

‘Based on observations by R. Beaver.

Obligate fungus farming not confirmed.

‘Inferred from gallery dominance; mycangial transport not confirmed.
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et al. 2002; Roberts et al. 2016; chapter 6, this volume). The fourth group of animals to
develop true agriculture are humans (Mueller et al. 2005; chapters 1, 2, 10, and 12, this
volume). Primitive farming may exist in ship-timber beetles (Lymexylidae) and burying
beetles (Silphidae), among other insect groups (Biedermann and Vega 2020).

Ambrosia beetles are also not the only insects that use mycangia to carry fungal sym-
bionts. Nutritional fungal mutualists are carried in mycangia of some bark beetles (Batra
1966; Francke-Grosmann 1967; Six 2003, 2012; Harrington 2005; Hofstetter et al. 2015;
Raffa, Grégoire, and Lindgren 2015; Hulcr and Stelinski 2017; Six and Elser 2020), as
well as in mycangia of ship-timber beetles (Lymexylidae) (Batra and Francke-Grosmann
1961, 1964; Francke-Grosmann 1967) and the lizard beetle Doubledaya bucculenta (Ero-
tylidae: Languriinae) (Toki et al. 2012). Mycangia of wood wasps and horntails (Siricidae
and Xiphydriidae) carry wood-decay fungi (Baker 1963; Francke-Grosmann 1963, 1967,
Talbot 1977) that act as an external gut; the larvae feed only on the liquid fraction of
fungus-digested xylem (Thompson et al. 2014). Non-nutritional fungal symbionts are
carried in the mycangia of several groups of Coleoptera, including Lucanidae stag beetles
(Tanahashi et al. 2010; Tanahashi and Fremlin 2013; Tanahashi and Hawes 2016; Roets
and Oberlander 2020), leaf-rolling weevils (Euops, Attelabidae) (Sawada and Morimoto
1986; Kobayashi et al. 2008; Li et al. 2016), and potentially others (Grebennikov and
Leschen 2010).

What sets ambrosia beetles apart from all of these other organisms is that, with the
exception of a small minority of phloem-feeding bark beetles (as discussed later in this
chapter) and the possible exception of the understudied ship-timber beetles, only ambrosia
beetles rely both on farming reciprocally-obligate fungal cultivars and on using mycangia
to maintain those cultivars.

Brief History of Mycangia

Hartig (1844, 1872a, 1872b) discovered that “ambrosia,” as named by Schmidberger
(1836), was fungal. Hartig assumed that the ambrosia appeared spontancously, but it was
later realized that ambrosia beetles must introduce the fungus to their tunnels (Goethe
1895; Hubbard 1897a, 1897b). The method of transport remained elusive for some time.
Early hypotheses were that the fungi were carried superficially (Strohmeyer 1911) or in
the gut (Schneider-Orelli 1911, 1913), and gut transmission remained the leading theory
until Hadorn (1933) demonstrated that some overwintering female adults had empty guts
but still successfully transmitted ambrosia fungi. Some ambrosia beetles (e.g., Xyleborinus
saxesenii and some Platypodinae) can indeed transport fungal cultivars in their guts, but
these species also have mycangia for fungal transport (Baker 1963; Francke-Grosmann
1967, 1975; Biedermann et al. 2013; Gharabigloozare 2015).

Nunberg (1951) correctly hypothesized that the large organs he discovered in 7rypo-
dendron and other genera, as well as the pits observed by Beeson (1917) in Genyocerus
and the large organ illustrated by Berger and Cholodkovsky (1916) in Scolytoplatypus,
might serve a common purpose: storing and transporting fungal propagules. Francke-
Grosmann (1956a) independently discovered and characterized such organs for the first
time and showed that they did indeed store masses of fungal propagules (Francke-Grosmann
1956a, 1956b, 1958). More mycangia were discovered in the following decade, especially



110 Chase G. Mayers, Thomas C. Harrington, and Peter H. W. Biedermann

by Schedl (1962), as summarized and categorized by Francke-Grosmann (1967). Later
reviews and classifications of mycangia were made by Beaver (1989), Six (2003), and
Huler and Stelinski (2017).

Definition and General Features of Mycangia

Following Francke-Grosmann’s (1956) discovery of the organs, Batra (1963) coined the
term “mycangium,” defined as sac- or cup-shaped cavities on the exterior of ambrosia
beetles that hold growing fungal propagules. Francke-Grosmann had first called them
Hautdriisen or Hohldriisen (loosely translated as cuticular glands or folliculose glands) but
later suggested the term “mycetangium” (Francke-Grosmann 1967). The term “mycetan-
gium” has not been broadly accepted (especially in English) but may be the more correct
term (Vega and Biedermann 2019). The term was eventually broadened over time to
include any physical structure that holds spores, even simple tufts of hairs (Farris and Funk
1965; Livingston and Berryman 1972; Nakashima 1975); Furniss et al. (1987, 692) defined
mycangium as “any repository of the insect cuticle that is adapted for the transport of
fungus.” Six (2003, 101) defined mycangium as “any structure that consistently functions
to transport specific fungi” and proposed a hierarchical classification of mycangia that
first separated them into “pit,” “sac,” or “setal-brush,” mycangia, next into “glandular” or
“nonglandular,” and then into their locations on the body. In more recent times, “mycangium”
has sometimes been restricted to refer only to glandular mycangia (Hulcr et al. 2015; Huler
and Stelinski 2017).

Mycangia vary dramatically in size, shape, and location on the beetles’ bodies (figure
7.2; table 7.1), but they all share the common function of storing fungal propagules and
facilitating their transfer to new trees (Francke-Grosmann 1956a, 1963, 1967; Schneider
1976, 1991; Beaver 1989; Hulcr and Stelinski 2017). Most mycangia are ectodermal
invaginations of the exoskeleton with varying levels of depth and complexity, ranging
from simple pits (figure 7.2A) or shallow bowls lined with hairs (figure 7.2B, L) in the
surface of the exoskeleton to winding cylindrical tubes and folded cavities (figure 7.2D,
E, K) or membranous pouches (figure 7.2F—H) within the body. Typically, each ambrosia
beetle species has only one mycangium type, only one sex (usually the female) has mycan-
gia, and the sex with mycangia initiates gallery construction (Francke-Grosmann 1967),
but there are exceptions to each of these generalities.

Mycangial Glands

As a rule, ambrosia beetle mycangia are associated with an abundance of gland cells. The
glands are embedded in the mycangium wall, nearby tissue, or near the mycangium
opening (Francke-Grosmann 1956a, 1963; Schedl 1962; Batra 1963; Farris and Funk 1965;
Schneider 1976; Beaver 1989). Mycangial gland cell anatomy has been described in detail
for multiple ambrosia beetles (Happ, Happ, and French 1976; Cassier et al. 1996; Schnei-
der and Rudinsky 1969b; Stone et al. 2007). The glands produce secretions that fill the
mycangium lumen and support active fungal growth. These secretions have been referred
to as “clear,” “oily,” “waxy,” and “slightly acidic” (Francke-Grosmann 1956a; Batra 1963;

2 ¢
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Figure 7.2

Different types of mycangia and mycangium imaging techniques. (A) Pronotal pit mycangia of Oxoplatypus
quadridentatus. (B) Setose patch mycangia of Phloeoborus cf. niger. (C) Elytral notch mycangia of Xyleborinus
saxesenii, with overflowing hyphae of ambrosia fungus Raffaelea. (D, E) Prothoracic tube mycangia of Corthylus
punctatissimus. (D) Mycangium visible through exoskeleton. (E) Mycangium 3D model constructed from
Micro-CT scanning. (F-H) Mesonotal pouch mycangium of Xylosandrus amputatus (F, G) and X. germanus (H).
(F) “Draculian method” to expose mycangium (arrow). (G) Dual lobes visible in cross section using Micro-CT.
(H) Excised mycangium/spore mass. (I) Dual preoral pocket mycangia of Premnobius cavipennis. (J) Prothoracic
basin mycangia of Xyloterinus politus. (K) Prothoracic horseshoe cavity mycangia of Trypodendron betulae. (L)
Setose patch mycangium of unidentified Bothrosternini. When present, arrows indicate mycangia. E, G, I by
Micro-CT. J, K by microtome sectioning. A, B, D-G, I provided by Craig Bateman, You Li, and Jiri Hulcr. J, K
provided by Lawrence Abrahamson. L provided by Luana de Souza Covre.

Francke-Grosmann 1963; Schneider 1976; Beaver 1989), but the secretions have not been
fully characterized. Whether they directly feed the fungi or merely produce a favorable
environment for selective fungal growth is unclear. Lipids produced by the gland cells
may protect against desiccation rather than serve as fungal nutrients (Kok 1979; Beaver
1989; Six 2003). The mycangium lumen has been shown to include fatty acids, phospho-
lipids, free sterols, sterol esters, and triglycerides, as well as an abundance of amino acids
such as alanine, valine, and especially proline, but these compounds may or may not be
directly produced and introduced by the gland cells (Abrahamson 1969; Norris 1979).
Some nutrients such as nitrogen may be derived from the breakdown of flight muscles
during and/or after flight (Chapman 1956) or other body reserves and enter the mycangium
from free haemolymph (Abrahamson 1969; Abrahamson and Norris 1970; French and
Roeper 1973). Mycangia are often surrounded by a conspicuously high number of tra-
cheae, at least in the large mycangia of Xylosandrus (Stone et al. 2007), Corthylus (Mayers,
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Bateman, and Harrington 2018), and 7rypodendron (Lehenberger et al. 2019). The tra-
cheae may serve the function of aerating the mycangial glands or mycangium lumen, but
this has not been tested.

As originally proposed by Francke-Grosmann (1966, 1967), mycangial glands may have
evolved from glands that originally served other purposes, such as lubrication or water-
proofing of the exoskeleton. Lubrication glands have been observed near the joints of
different insects (Billen 2009; Billen and Vander Plancken 2014; Nijs and Billen 2015),
and many mycangia are located near joints, particularly mouthparts and coxae. Many
insects (including beetles) have ubiquitous epidermal glands (Kendall 1972; Noirot and
Quennedey 1974; Billen 2009) that are thought to secrete the lipid and protein components
of the waxy, hydrophobic layer on the outside of the exoskeleton (Hughes et al. 2011;
Mitov, Soldan, and Balor 2018). The cytology of epidermal glands (Ko6lsch 2000) is
remarkably similar to that of mycangial glands (Cassier et al. 1996), and epidermal glands
in other beetles have evolved to serve other specialized roles such as adhesion or defense
(Pasteels et al. 1989; Kdlsch 2000). Ambrosia fungi in the Ophiostomatales and Cerato-
cystidaceae (Microascales) are derived from insect-dispersed wood saprophytes with adap-
tations for cuticular transmission via sticky spores (Harrington 2005; Six 2012; Vanderpool,
Bracewell, and McCutcheon 2017; Mayers et al. 2020a). It is intriguing to speculate that
these ancestral fungi were adapted to surviving on the waxy cuticle or consuming com-
ponents secreted by epidermal glands of bark beetles, predisposing them for mycangial
selection. If true, this could help explain the mystery of why ambrosia fungi were sepa-
rately domesticated multiple times within both the Ophiostomatales and Ceratocystidaceae
(Vanderpool, Bracewell, and McCutcheon 2017; Mayers et al. 2020a).

Mycangium Propagules

Ambrosia fungi are sensitive to desiccation (Batra 1963, 1985; Zimmerman 1973; Zimmer-
man and Butin 1973), thus necessitating transport in mycangia. Fungi may enter the mycan-
gium through active or passive methods. In Trypodendron, fungal propagules are transferred
by friction from the gallery walls to the mycangium entrances when young adults first emerge
from pupae (Schneider and Rudinsky 1969a). Schedl (1962), Batra (1966), and Batra and
Batra (1967) reported that callow adults of many species perform distinct rocking movements
to force spores into their mycangia, and Stone et al. (2007) reported similar movements in
Cnestus mutilatus. Kaneko (1967) observed that when Xylosandrus germanus performed
such movements, its large mycangium turned inside-out, collected spores from the gallery
walls, and was then pulled back in with spores attached. This would be impossible for
mycangia of the related Anisandrus, whose mycangia are smaller and have membranes that
are too closely attached to the inside of the beetle’s exoskeleton (Francke-Grosmann 1956a,
1956b). However, these mycangia are accompanied by unique pores on the top of the scutel-
lum adorned with directional hairs that may help fungi reach the mycangium opening as the
beetle articulates (Mayers, Harrington, and Ranger 2017). In Austroplatypus incompertus,
similar hairs on the rim of mycangial pits guide single spores into each pit as the beetle
scrapes the gallery walls (Kent 2008).

All mycangial ambrosia fungi are dimorphic in that they take on different growth
forms in wood and in mycangia (Batra 1963, 1966, Batra and Downing Michie 1963;
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Francke-Grosmann 1967; Beaver 1989; Blackwell 2017). Ambrosia fungi switch to their
mycangial forms shortly after entering the mycangium (Batra 1966; Schneider and
Rudinsky 1969a; Schneider 1976). In contrast to the filamentous (hyphal) gallery form,
mycangial propagules are either (1) true budding yeasts, as in Raffaelea (Francke-
Grosmann 1956a, 1958; Lhoste and Roche 1959; Batra 1967; Gebhardt et al. 2004;
Harrington, Fraedrich, and Aghayeva 2008; Harrington, Aghayeva, and Fraedrich 2010)
and potentially in ambrosial Fusarium (Kasson et al. 2013), or (2) fragmenting, branch-
ing, thallic-arthric hyphae, as in Ceratocystidaceae genera (Harrington et al. 2014;
Mayers et al. 2015, 2017, 2018, 2020a, 2020b) Afroraffaclea (Bateman et al. 2017) and
Flavodon subulatus (Kasson et al. 2013; Jusino et al. 2020). The mycangial propagules
are adapted to multiply and fill mycangia when mycangial gland cells are activated
(Schneider and Rudinsky 1969a). The yeast-phase/hyphal-phase dimorphism is evident
in axenic cultures of Raffaelea, and similar dimorphism has been studied in its relatives
in the Ophiostomatales, such as the human pathogen Sporothrix schenkii and the related
Dutch elm disease pathogens Ophiostoma ulmi and O. novo-ulmi (Berrocal et al. 2012;
Gauthier 2015; Sil and Andrianopoulos 2015; Nigg and Bernier 2016). In these fungi,
switches are due to changes in temperature or cell density (quorum sensing), and dense
concentrations of spores of Raffaelea favor yeast growth over hyphal growth in vitro
(Harrington, unpublished observations). Ambrosia fungi are also thought to respond to
external beetle secretions when growing in the gallery or in culture, triggering lush
sporulation and mounds of edible cells that are difficult to reproduce in culture (Batra
and Downing Michie 1963; French and Roeper 1972). This abundance of edible spores,
visible as conspicuous moist, wet carpets in galleries, is sometimes referred to as the
” “sprout cells,” or described as “yeast-like” but should not be confused
with the mycangial state.

Fungal propagules regularly ooze from mycangium openings by growing and overflow-
ing from the mycangium lumen (Mayers, Harrington, and Ranger 2017; Mayers et al.
2020b; figure 7.2B, C). There are conflicting reports on whether propagules are expelled
actively by internal muscular contractions of the mycangium or by pressing internally with
other body parts (Schedl 1962; Francke-Grosmann 1967; Schneider 1976; Li et al. 2018Db).
Fungal propagules can be expelled from larger mycangia without harming the beetle by
physical manipulation in the laboratory (Skelton et al. 2019; Mayers et al. 2020b; figure
7.2F). In some types of mycangia, bristles or ridges on moving parts near the mycangium
opening are thought to scrape and dispense fungal propagules (Farris 1965; Schneider and
Rudinsky 1969b), and in others conspicuous tufts of hairs near the mycangium opening
may contribute to spore entry and/or exit (Mayers, Harrington, and Ranger 2017). The
propagules of Ceratocystidaceae start to germinate and produce hyphae as soon as they
leave the mycangium, without necessarily contacting wood (Mayers, Harrington, and
Ranger 2017; Mayers et al. 2020b).

“ambrosial state,

The Mycangium Cycle

The combined results of decades of research paints a picture of an evolved “mycangium
cycle” (figure 7.3) in ambrosia beetles that favors the growth and retention of specialized
ambrosia fungi over other fungi, as first posited by Batra (1966), observed in Trrypodendron
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by Schneider and Rudinsky (1969a), explored in detail in multiple species by Schneider
(1975), and experimentally demonstrated by Skelton et al. (2019). Using evidence from a
variety of ambrosia beetles and their fungal symbionts, the generalized stages of the cycle
are as follows:

1. Immediately after emerging from pupae or leaving pupal cradles, the newly matured
beetles acquire ambrosia fungus propagules, often with other fungi and debris, into their
empty mycangia from the gallery walls (Schneider and Rudinsky 1969a, 1969b; Nakashima
1979; Kinuura, Hijii, and Kanamitsu 1991; Kajimura and Hijii 1992; Kinuura 2002).

2. Gland cells lining the mycangium activate at or just before the time beetles depart their
birth gallery (Schneider 1976). When activated, the gland cells grow larger and fill the
mycangium with their secretions (Schneider and Rudinsky 1969a, 1969b; Schneider 1976),
which promote the growth of the primary ambrosia fungi over other fungi (Schneider and
Rudinsky 1969a; Nakashima 1975; Kajimura and Hijii 1992; Skelton et al. 2019).

3. The propagules of the faster-growing ambrosia fungi outcompete other fungi, eventu-
ally filling the lumen with a pure or nearly pure fungal mass that overflows during dispersal
(flight) and while boring through wood (Schneider and Rudinsky 1969a, 1969b; Schneider
1976; Roeper 1988; Kinuura, Hijii, and Kanamitsu 1991; Kinuura 2002).

4. During early gallery construction and egg laying, ambrosia fungi are expelled from
the mycangium either actively or passively, inoculating the walls of the freshly bored
galleries (Francke-Grosmann 1967; Schneider 1976; Kinuura, Hijii, and Kanamitsu
1991; Six 2003). Whether the gland cells deactivate only a few days after gallery foun-
dation or remain active for a prolonged period appears to vary among species (Schneider
1976).

5. Gland cells deactivate and fungal growth diminishes, eventually resulting in an empty
and deteriorated mycangium (Schneider and Rudinsky 1969a). If the beetle overwinters,
the mycangium becomes fallow and other fungi or debris may reside in it (Schneider and
Rudinsky 1969a; Kinuura, Hijii, and Kanamitsu 1991), but a small reserve of the ambrosia
fungus may remain and resume growth to fill the mycangium again after hibernation
(Schneider and Rudinsky 1969a).

The exclusion of “weed” fungi from the mycangium in stage 3 can be inferred by the
pure masses of primary ambrosia fungi that are consistently observed during dispersal and
gallery initiation compared to the mixed mycangium contents before the glands activate
(Kajimura and Hijii 1992). Mycangia support preferential growth of primary ambrosia
fungi over non-ambrosial fungi (Batra 1966) and—at least in Xylosandrus and their
Ambrosiella cultivars—enforce preference for specific ambrosia fungus species over other
related ambrosia fungi (Skelton et al. 2019). The process is not likely due to antifungal
products in the mycangium, though Schneider (1975) did not specifically discount this
possibility. Rather, it is likely due to a process termed “biological screening” (Archetti
et al. 2011), in which the host creates a nutritionally ideal environment that promotes the
growth of the specific mutualist over other symbionts. The mycangium cycle appears to
be generalizeable for well-studied mycangia but remains to be tested for other types—
particularly those smaller and more difficult to study.
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Ambrosia beetle life cycle Ambrosia fungus life cycle
Pupae Mycangial fungus Non-mycangial fungus
Gland cell Gland secretions
Larvae Gallery wall
Adult
Eggs
1. Propagule entry
5. Deterioration 2. Gland activation
4. Inoculation 3. Selective propagation
Figure 7.3

The mycangium cycle. Steps numbered as detailed in the text.

Mycangia Preserve Fungal Cultivars

Insects that depend on beneficial fungal symbionts evolve measures to maintain those
valuable symbionts over time (Biedermann and Vega 2020). Compared with other insects
with fungal mutualists, ambrosia beetles face a number of unique challenges in maintain-
ing their special cultivars. First, ambrosia beetles typically must leave their galleries and
establish fungus farms in new trees every generation, unlike other fungus-farming insects
that maintain long-lived colonies (chapter 5, this volume). Second, ambrosia beetles
coexist with a large diversity of wood microorganisms, including those that are well
adapted for external transmission by bark and ambrosia beetles (Batra 1963; Francke-
Grosmann 1967; Paine, Raffa, and Harrington 1997; Harrington 2005; Six 2012; Bateman
et al. 2016; Skelton et al. 2018). As the beetles tunnel through the phloem to get to the
sapwood, they may pick up additional superficial commensals. Third, the purity of the
microflora of the gallery and mycangium changes over the course of the beetles’ life stages
and seasons (Batra 1963, 1966; Francke-Grosmann 1967; Schneider and Rudinsky 1969a,
1969b; Roeper 1988; Schneider 1991; Kinuura, Hijii, and Kanamitsu 1991; Kajimura and
Hijii 1992; Kinuura 1995, 2002; Yang, Ye, and Zhang 2008; Ibarra-Juarez et al. 2020),
and mycangia can be contaminated by mites, nematodes, and assorted debris (Batra 1966;
Schneider and Rudinsky 1969b). Fourth, the mycangium may include a myriad of non-
ambrosial, auxiliary passengers that travel alongside the ambrosia fungus as mycangium
parasites or have secondarily beneficial roles. Yeasts (Batra 1963; Baker and Kreger-van
Rij 1964; Roeper 1988; further reviewed by Mayers, Bateman, and Harrington 2018),
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filamentous fungi (Batra 1963; Francke-Grosmann 1967; Kinuura 2002; Biedermann et al.
2013; Bateman et al. 2016; Freeman et al. 2016; Lynch et al. 2016), and bacteria (Hulcr
et al. 2012) have all been noted as auxiliary passengers.

In light of these challenges, it is remarkable that during flight and gallery establishment
ambrosia beetle mycangia are almost always full of essentially pure cultures of ambrosia
fungi (Francke-Grosmann 1956a, 1958; Abrahamson et al. 1967; Schneider and Rudinsky
1969a; Nakashima 1979; Gebhardt et al. 2004; Harrington, Aghayeva, and Fraedrich 2010;
Harrington et al. 2014; Mayers et al. 2015, 2020a, 2020b; Mayers, Harrington, and Ranger
2017; Mayers, Bateman, and Harrington 2018) and that many ambrosia beetle lineages
appear to have maintained the same fungal cultivars for many millions of years or cleanly
replaced ancestral cultivars with newly domesticated or horizontally transferred ones
(Farrell et al. 2001; O’Donnell et al. 2015; Vanderpool, Bracewell, and McCutcheon 2017;
Mayers etal. 2020a, 2020b). Mycangia may carry small numbers of other fungi (Nakashima,
Goto, and lizuka 1987; Kinuura, Hijii, and Kanamitsu 1991; Bateman et al. 2016), but as
long as the primary ambrosia fungi dominate the mycangium and the gallery inoculation,
social or individual behaviors (e.g., weeding) by the beetles can minimize the presence of
detrimental interlopers (Francke-Grosmann 1967; Biedermann and Taborsky 2011;
Nuotcla, Biedermann, and Taborsky 2019). The paired mycangia typically observed in
ambrosia beetles may be another advantage. Schneider and Rudinsky (1969b) observed
ambrosia beetles captured in flight that had a nematode infesting one of the mycangia.
Glands in the infested mycangium were deactivated, but the other mycangium had active
glands and a pure mass of ambrosia fungus. Thus, one mycangium can be irreversibly
compromised by a parasite while the other functions normally. This risk mitigation through
mycangium compartmentalization is somewhat analogous to the risk mitigation provided
by sequestered fungus-growing chambers in leaf-cutter ants and separated fungus combs
in fungus-farming termites (Hart and Ratnieks 2001; Aanen et al. 2009; Mueller et al.
2010; Kirkendall, Biedermann, and Jordal 2015) and may also exist in the branching tunnel
systems of many ambrosia beetles.

Undoubtedly, other members of the greater microbiome contribute to the biology of
ambrosia beetles, whether positively, neutrally, or negatively (Baker and Norris 1968;
Haanstad and Norris 1985; Hofstetter et al. 2015; Bateman et al. 2016; Vissa and Hofstetter
2017; Skelton et al. 2018; Ibarra-Juarez et al. 2020), and the ambrosia symbiosis exists
within a complicated network of other interactions with gradients of benefits, specificity,
and relevance. Some of the “auxiliary fungi” (Batra 1985; Mayers et al. 2020a) may
supplement ambrosia beetle nutrition, as do similar fungi that supplement the nutrition of
phloem-feeding bark beetles (Harrington 2005). However, ambrosia beetles have lower
fecundity, survival rates, and smaller adult sizes when they feed on fungi other than their
primary ambrosia fungus (Freeman et al. 2012; Saucedo et al. 2018; Carrillo et al. 2020).
Ambrosia beetles have maintained fungal cultivars for tens of millions of years of coevolu-
tion over a background diversity of other microbes and frequent changes in environment.
This would likely not be possible without mycangia and the mycangium cycle.

Feedbacks among Fungal Cultivars, Mycangia, and Cooperative Farming

There appear to be patterns between mycangia and levels of beetle sociality in that mycan-
gium complexity may balance social complexity. Social evolution in insects is typically
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driven by foraging and collaborative nest defense (Korb and Heinze 2016), yet ambrosia
beetles do neither and are among the most highly social beetles (Kirkendall, Biedermann,
and Jordal 2015). Collaborative cultivar management may drive sociality in ambrosia
beetles (Biedermann and Rohlfs 2017; Nuotcla, Biedermann, and Taborsky 2019). However,
high sociality is found in relatively few ambrosia beetle taxa. Only one species of ambrosia
beetle (Austroplatypus incompertus; Platypodinae) is known to exhibit true obligate euso-
ciality with a single lifetime mother, a worker caste of unmated females, and dispersing
males (Kent and Simpson 1992; Smith et al. 2018; chapter 5, this volume). Other examples
of lower, but still highly social, behavior are in the haplo-diploid Xyleborini. Some species
in Xyleborus and Xyleborinus practice alloparental care and cooperative breeding, with
division of labor, nest-cleaning offspring, and multigenerational interbreeding (Bieder-
mann and Taborsky, 2011; Biedermann, Peer, and Taborsky 2012; Kirkendall, Biedermann,
and Jordal 2015).

In the highly social systems that have been studied, beetles have relatively small and less
selective mycangia and Raffaelea cultivars that are generally associated with a broad range
of beetle lineages. These taxa may rely on cooperative farming behavior (e.g., weeding) to
establish and maintain the dominance of specific fungi over other, auxiliary fungi within
their nests. In contrast, species in the Xvlosandrus complex have relatively large, highly
selective mycangia and specific Ambrosiella symbionts. These Xvlosandrus-type beetles are
subsocial, with no cooperative farming by adults and offspring, though adult daughters often
delay dispersal from the natal nest (Bischoff 2004; Biedermann 2012).

Many other subsocial species have relatively small mycangia and non-Microascales
cultivars, and this may be related to their degree of gregariousness. Some subsocial species
are gregarious (all life stages interact and move freely within large communal galleries;
figure 7.1 A), whereas others are solitary (each offspring develops in its own cradle with
limited contact with the mother beetle; figure 7.1B) (Kirkendall, Biedermann, and Jordal
2015). Typically, inbreeding (sibling-mating) species such as the Xyleborini are gregari-
ous, and outbreeding species are solitary (Biedermann 2012). In the outbreeding and
nongregarious taxa studied in the Corthylini (Gnathotrichus and Monarthrum) and Xylo-
terini (7rypodendron) mycangial glands remain active for prolonged periods of time within
the nest, thus ensuring continuous inoculation of the gallery with the primary fungus,
whereas mycangial gland cells of Xyleborini deteriorate rapidly within the first days after
gallery foundation (Schneider 1976). Gregarious species can control their fungal com-
munities through weeding and have less need for active gland cells during brood develop-
ment (Biedermann and Rolfs 2017).

Mycangia Influence Cultivar Choice and Flexibility and Define
the Ambrosia Symbioses

Hubbard (1897a, 1897b) was the first to realize that different ambrosia beetle genera
farmed different fungi, but he noted that more closely related beetles had more similar
fungi. Roeper (1996, 2011) recognized distinct patterns in mycangium types and the
ambrosia fungi they carry and that larger mycangia tended to carry certain fungi, later
recognized as Ambrosiella sensu lato in the Microascales (Harrington et al. 2014; Mayers
et al. 2015). Mycangia appear to be the most important driver for which fungi are associ-
ated with which beetle lineages (Mayers et al. 2020a, 2020b).



118 Chase G. Mayers, Thomas C. Harrington, and Peter H. W. Biedermann

The best-studied primary ambrosia fungi are found in two orders of Ascomycota. In the
Ophiostomatales, the polyphyletic Raffaelea (Ophiostomatales) includes the ambrosia
fungi of all studied Platypodinae and most of the Scolytinae with relatively small mycangia
(Harrington, Aghayeva, and Fraedrich 2010; Simmons et al. 2016a; Vanderpool, Brace-
well, and McCutcheon 2017). Another Ophiostomatales, Afroraffaelea ambrosiae, is the
ambrosia fungus of Premnobius cavipennis (Bateman et al. 2017). Other genera of the
Ophiostomatales are common associates of bark beetles, and the two or more adaptations
to ambrosia beetle cultivation that have arisen in the Ophiostomatales over the last 100
million years are likely due to convergent domestications that enabled niche shifts to
the nutrient-poor sapwood from the nutrient-rich inner bark (Harrington 2005; Vanderpool,
Bracewell, and McCutcheon 2017). Multiple domestications of ambrosia fungi are also
apparent in the Ceratocystidaceae (Microascales) (Mayers et al. 2020a, 2020b), a family
that is otherwise largely composed of bark beetle associates (De Beer et al. 2014). These
ambrosial lineages probably followed evolutionary histories similar to that of the Ophios-
tomatales ambrosia fungi but appear to be closely tied to the evolution of relatively large
mycangia in at least four tribes of Scolytinae; this, in turn, suggests that the maintenance
of ambrosia fungi in this family requires (for unknown reasons) larger mycangia (Mayers
et al. 2020a, 2020b). The other discovered ambrosia fungi include confirmed mycangial
ambrosia fungi in the ambrosia Fusarium clade (AFC) (Kasson et al. 2013; O’Donnell et
al. 2015; Aoki et al. 2019), Kaarikia abrahamsonii (Mayers et al. 2020b), and the wood
decay basidiomycete Flavodon subulatus (Li et al. 2016, 2017; Kasson et al. 2016;
Simmons et al. 2016b; Jusino et al. 2020) as well as putative ambrosia fungi in Geosmithia
(Kolafik and Kirkendall 2010; Kolafik, Hulcr, and Kirkendall 2015) and Diatrypella
Jjaponica (Li et al. 2020), all of which are farmed by significantly narrower clades of
ambrosia beetles (table 7.1).

Some of the broad ambrosia beetle symbioses appear to have remained remarkably
stable over evolutionary time, such as Raffaelea cultivars and the Platypodinae (Vander-
pool, Bracewell, and McCutcheon 2017), as well as most ambrosial genera of Ceratocys-
tidaceae with their Scolytinae genera (Mayers et al. 2020a). Other symbioses appear to be
examples of recent replacements of ancestral cultivars with newly domesticated cultivars
(O’Donnell et al. 2015). There is evidence that ancient horizontal cultivar exchange
allowed the creation of new ambrosia beetle lineages, which developed new mycangia to
accommodate those cultivars (Vanderpool, Bracewell, and McCutcheon 2017; Mayers et
al. 2020a, 2020b). The dozen or more separately evolved lincages of ambrosia beetles
(Jordal 2015; Johnson et al. 2018, 2020) farm at least five different orders of fungi (table
7.1), with multiple domestication events within some of the fungal orders (Vanderpool,
Bracewell, and McCutcheon 2017; Mayers et al. 2020a). This starkly contrasts with the
single evolutionary origin of fungus farming in ants with their three fungal lineages in a
single order (Schultz and Brady 2008; Branstetter et al. 2017; Mueller et al. 2018; chapter
14, this volume) and termites with their single fungal genus (Aanen et al. 2002; Aanen et
al. 2009; Nobre et al. 2011; chapter 6, this volume).

Ambrosia fungi are not always species-specific in their beetle relations, as can be seen
in numerous examples of Raffaelea (e.g., Gebhardt et al. 2004; Harrington and Fraedrich
2010; Harrington, Aghayeva, and Fraedrich 2010; Bateman et al. 2015; Li et al. 2018a;
Saucedo-Carabez et al. 2018), ambrosia fungi in the Ceratocystidaceae (Lin et al. 2017;
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Mayers, Bateman, and Harrington 2018; Mayers et al. 2020a, 2020b; Skelton et al. 2019),
and the ambrosia Fusarium clade (AFC) (Carrillo et al. 2020). Rather, there are persistent,
broad, mycangium-cultivar associations, and various genera of ambrosia fungi appear to
have adapted to specific types of mycangia. These different mycangia types impose different
levels of selection and symbiont fidelity. For example, the relatively small mycangia that
carry Raffaelea (Ophiostomatales) can generally carry multiple Raffaelea species, even in a
single mycangium (Harrington, Aghayeva, and Fraedrich 2010; Vanderpool, Bracewell, and
McCutcheon 2017). In contrast, the relatively large mycangium types found in some tribes
of Scolytinae appear to be strictly associated with a single genus of Ceratocystidaceae
(Microascales) and carry pure cultures of a single species (Mayers et al. 2015, 2018, 2020a,
2020b), which may be facilitated by mycangium-mediated selection (Skelton et al. 2019).

Ambrosia symbioses can be sorted into ecological categories based on the fungi they farm,
such as Ophiostomatales farmers, Ceratocystidaceae farmers, Fusarium farmers, and Fla-
vodon subulatus farmers (table 7.1). There are likely important differences between these
symbioses due to differences in the biology and ecology of the fungal cultivars. However,
ambrosia fungi are difficult to isolate and identify accurately (Francke-Grossman 1956a,
1967; Baker 1963; Batra 1963, 1967, 1985; Harrington, Aghayeva, and Fraedrich 2010),
about half of the known ambrosia beetle lineages lack clearly identified primary ambrosia
fungi, and some have not had their mycangia characterized in detail (Hulcr and Stelinski
2017). It seems certain that there are additional undiscovered ambrosia symbioses with other
diverse characteristics waiting to be studied. Even in the studied symbioses, ecologies may
differ substantially among beetles that farm related fungi. Conclusions based on a single
beetle-fungus system should be applied carefully to other ambrosia beetles.

Confusing the matter further is the blurred line between ambrosia beetles and their bark
beetle relatives. “Ambrosia beetle” as defined by Hubbard (1897a, 1897b) refers to beetles
that, specifically in contrast to bark beetles and other wood insects, (1) make galleries that
are wholly within wood (i.e., sapwood and/or heartwood), uniform in size, and free of
frass, and (2) do not eat wood but instead feed on fungi that they propagate themselves
on the gallery walls. The term has been used inconsistently ever since, and modern uses
of “ambrosia beetle” increasingly consider (2) while disregarding (1). Therefore, the dis-
tinction between ambrosia beetles and bark beetles is made complicated by widespread
fungus feeding in bark beetles (Harrington 2005; Hulcr and Stelinski 2017; Six 2012,
2020; Six and Elser 2020). Despite practicing phloeophagy (phloem-feeding) in bark,
most bark beetles also (with or without mycangia) obligately or facultatively feed on
mainly ascomycetous and some basidiomycetous fungi as significant or supplemental
components of their diets (Harrington 2005). These bark beetles should not be universally
discounted as having less developed, less specific, or less evolved symbioses than ambro-
sia beetles. Their relationships with fungi exist on a gradient. At one extreme, some species
of Dendroctonus have prothoracic mycangia that are as large and complex as the largest
mycangia of ambrosia beetles (Yuceer et al. 2011; Six 2012; Bracewell and Six 2015) and
possess equally developed gland cells (Barras and Perry 1971; Happ, Happ, and Barras
1971; Six 2003; Yuceer et al. 2011). These mycangia select for both basidiomycete and
ascomycete fungi (which may occur simultaneously in the mycangia), which are fed upon
by the developing beetles, and most are unable to disperse independently (Barras and Perry
1971; Paine and Birch 1983; Harrington 2005; Six and Bracewell 2015; Six and Elser
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2019; Six 2020). If it took place in the sapwood, the Dendroctonus-fungus symbiosis
would certainly be considered an ambrosial symbiosis. Additional types of bark beetle
mycangia are found in other Dendroctonus species (glandular maxillary pouches or pit
mycangia), in species of Dryocoetes and Ips (mandibular pockets), in Tomicus (long
crevice between the elytra), in Pityoborus (shallow depressions and brushes of hairs), and
in Scolytus ventralis (glandular pits). These mycangia all harbor, with various specificities,
a variety of wood-decaying basidiomycetes and/or Ophiostomatales (Beaver 1989; Har-
rington 2005; Six 2012, 2020). Other bark beetles have no discernable mycangia and
transmit fungi only superficially or in the gut, but they still display a range of symbioses
with free-living fungi (Harrington 2005; Six 2020; Six and Elser 2020). In reality, species
of bark and ambrosia beetles likely exist on a gradient between reciprocally obligate
sapwood/heartwood fungus farming (ambrosia beetles) and pure phloem feeding in bark
(bark beetles, though few to none have phloem diets without fungal supplementation) (Six
2012). Their strict separation into distinct groups is probably an artificial one, and a more
nuanced form of nomenclature would be useful to properly classify their ecologies (Hulcr
et al. 2020). Regardless, bark beetles are associated with different fungi and have suffi-
ciently different ecologies to consider ambrosia beetles and the ambrosia symbioses as
separate and distinct from them.

Types of Ambrosia Beetle Mycangia

Mycangia were originally categorized by location on the beetle—for example, mesonotal
mycangium or pronotal mycangium (Francke-Grosmann 1963, 1967). However, these
anatomic terms are too imprecise to differentiate different mycangia that develop in the
same body part, such as the multiple prothoracic and pronotal mycangia (table 7.1).
Recently, we (C.G.M. and T.C.H.) have referred to some of the mycangium types by their
location and a simple noun, as in “mesonotal pouch mycangium” (Mayers et al. 2015,
2017). Similar names are employed here for all known types of mycangia.

Pronotal Pit Mycangia

These mycangia (figures 7.2A, 7.4A, B) are small, scattered pits, pores, or semi-spherical
cavities of the exoskeleton on the top of the pronotum found in many genera of Platypo-
dinae (Beeson 1917; Roche and Lhoste 1960; Lhoste and Roche 1961; Farris and Funk
1965; Francke-Grosmann 1967; Browne 1971; Nakashima 1971, 1972, 1975, 1979, 1982;
Wood 1993; Cassier et al. 1996; Beaver 1998; Beaver and Liu 2007, 2018; Kent 2008,
2010; Moon et al. 2008, 2012; Belhoucine et al. 2013; Beaver and Sanguansub 2015;
Beaver 2016; Li et al. 2018b; Mueller 2019). As described in these references, but
reviewed in detail by Nakashima (1975) and further described in later studies (Beaver
1998; Wood 1993; Beaver and Liu 2007; Beaver and Sanguansub 2015), the number, size,
position, and arrangement of pits vary greatly within genera and even within species
(figure 7.4B). For example, Oxoplatypus quadridentalus has only two large pits that are
each large enough to hold many spores (Li et al. 2018a), whereas Austroplatypus incom-
pertus has as many as 80 tiny pits that each hold a single spore (Kent 2008), and species
of Platypus can have as many as 650 tiny pits (Nakashima 1975). The pit arrangement
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can be asymmetrical (Beaver and Sanguansub 2015) or a mix of dramatically differently
sized pits (Nakashima 1975). Unlike mycangia of other ambrosia beetles, the pits may be
present in both sexes but larger in the female and reduced in the male, or present only in
the female, though the male typically initiates gallery construction (Farris and Funk 1965;
Francke-Grosmann 1967; Kent 2008; Moon et al. 2008; Belhoucine et al. 2013). Pronotal
pit mycangia can be well developed, with gland cells that feed secretions through small
tubules to each pit embedded in the exoskeleton (Lhoste and Roche 1961; Farris and Funk
1965; Cassier et al. 1996; Kent 2008). Sometimes the pits are accompanied by a single
hair that holds the fungal propagules in place (Kent 2008), and some of these hairs are
quite eclaborate, such as the fan-like pit hairs of Diapus quinquespinatus (Nakashima
1975). These pits are clearly distinct from the so-called nonglandular pit mycangia that
are found on many bark and ambrosia beetles and that may or may not have important
roles in fungal transport (Six 2003). Many Platypodinae genera, and individual species
within genera, have no pronotal pits at all (table 7.1), which suggests that pronotal pits
evolved or were lost multiple separate times. Such species probably have other mycangia
or transmission methods. Raffaelea species have been consistently associated with all
studied Platypodinae, including many species of Platypodini (Guerrero 1966; Batra 1967,
Cassier et al. 1996, Harrington, Aghayeva, and Fraedrich 2010; Vanderpool, Bracewell,
and McCutcheon 2017; Li et al. 2018a; Mueller 2019) and only one species of Notoplaty-
pus in Tesserocerini (Mueller 2019), but many genera remain unstudied (table 7.1). Several
genera that lack pronotal pit mycangia previously said to be members of the Platypodinae
by Wood (1993), e.g., Coptonotus, Mecopelmus, Protohylastes, Protoplatypus, Sched-
larius, and Scolytotarsus, are now known not to be platypodines or ambrosia beetles at all
(R. Beaver, pers. comm.).

Cranial Sphere Mycangia

This unique mycangium (figure 7.4C), a space between a spherical body of tissue in the
center of the head and a thin membrane wrapped around it, has been described in only
one species, Crossotarsus niponicus (Platypodinae) (Nakashima 1971, 1975, 1979, 1982).
The space, referred to as an “epistomal cavity” by Hulcr and Stelinski (2017), is connected
broadly to the mouth cavity. Before it flies, the beetle secretes and fills its mouth with a
mucous-like substance to protect the spores inside (Nakashima et al. 1979). Glandular
tissue can be found directly behind the mycangium (Nakashima et al. 1979). Cranial sphere
mycangia might also exist in other Crossotarsus and in the related Doliopygus, which do
not have pronotal pit mycangia (R. Beaver, pers. comm.), but require examination. Raf-
Jfaelea ambrosia fungi have been isolated from another Crossotarsus species (Gebhardt
and Oberwinkler 2005) as well as by Musvuugwa et al. (2015) from a Doliopygus species,
as later identified by B. Jordal (pers. comm.). This suggests that the thick white ambrosia
observed in galleries of C. niponicus (Nakashima, Goto, and lizuka 1987) might also be
Raffaelea.

Dual Preoral Pocket Mycangia

This mycangium type (figures 7.21, 7.4F), previously called “oral mycangia” (Francke-
Grosmann 1967) and sometimes inaccurately called “mandibular mycangia” as discussed
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Figure 7.4

Beetle silhouettes showing representative mycangium types in white. (A) Pronotal pits (Platypus). (B) Pronotal
pit arrangements. From left to right: Oxoplatypus quadridentatus, Platypus cylindrus, Ganyocerus papuanus,
Austroplatypus incompertus, Diapus quinquespinatus (accompanied by pronotal crevices). (C) Cranial sphere
(Crossotarsus niponicus). (D) Pronotal disk (Scolytoplatypus). (E). Setose patch (Phloeoborus). (F). Dual preoral
pockets (Euwallacea). (G) Elytral notches (Xyleborinus). (H) Mesonotal pouch, lobed (Xylosandrus). (I) Mesonotal
pouch, unlobed (Anisandrus). (J) Single oral pocket (Monarthrum bicallosum). (K) Procoxal; dotted black line
represents procoxal cavity (Monarthrum). (L) Prothoracic tubes; dotted black line represents procoxal cavity
(Corthylus). (M) Prothoracic basins (Xvloterinus politus). (N) Pleural cavities (fin type) (Indocryphalus). (O) Pleural
cavities (horseshoe type) (7Trypodendron). Beetle body silhouettes are traced from photographs of whole beetles;
legs are generic illustrations. Black arrows point to the locations of mycangia and generally follow the direction
of propagule entry. Mycangium shapes and locations are approximate.

by Hulcr and Stelinski (2017), are small pockets on both sides of the esophagus near the
mouth (Beaver 1989; Hulcr et al. 2015; Huler and Stelinski 2017). These pockets are found
in many genera of Xyleborini, including Amasa, Ambrosiodmus, Ambrosiophilus, Cyclo-
rhipidion, Euwallacea, and Xyleborus (Fernando 1959; Francke-Grosmann 1963, 1967,
Schedl 1962, 1963; Takagi 1967; Nakashima 1982; Schneider 1987; Hulcr et al. 2007;
Fraedrich et al 2008; Kasson et al. 2013, 2016; Li et al. 2015; Freeman et al. 2016; Hulcr
and Stelinski 2017; Jiang et al. 2019). Similar, but slightly differently positioned, oral
mycangia convergently evolved in Premnobius cavipennis (Ipini) (Schedl 1962; Bateman
et al. 2017) and in both sexes of Xyloterinus politus (Xyloterini) (Abrahamson and Norris
1966). Some Euwallacea have been shown to have two pairs (four total) of preoral pocket
mycangia (Goto 1998; Spahr, Kasson, and Kijimoto 2020). Raffaelea species are the most
common inhabitants of preoral pocket mycangia (Harrington, Aghayeva, and Fraedrich
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2010; Dreaden et al. 2014; Bateman et al. 2015; Simmons et al. 2016a; Mayers et al.
2020b), but exceptions include some Euwallacea species with Fusarium ambrosia fungi
(AFCs) (Freeman et al. 2013; O’Donnell et al. 2015; Kasson et al. 2016; Aoki et al. 2018,
2019), P. cavipennis with Afroraffaelea ambrosiae (Bateman et al. 2017), and Ambrosiodmus/
Ambrosiophilus with Flavodon subulatus (Kasson et al. 2016; Jusino et al. 2020).

Elytral Notch Mycangia

Previously called “elytral mycangia” (Francke-Grosmann 1963), elytral notch mycangia
(figures 7.2C, 7.4G) are small notches in the leading edges of the elytra and are fenced
by protective hairs and lined with gland cells. Elytral notch mycangia have been identified
in the Xyleborinus (Xyleborini) species X. saxesenii, X. gracilis, X. schreineri, and X.
sentosus (Francke-Grosmann 1956a, 1956b, 1967; Schedl 1962; Hulcr et al. 2007; Bie-
dermann, Klepzig, and Taborsky 2011) and inferred in X. attenuatus (Gharabigloozare
2015). They have also been observed in Taurodemus (C. Bateman, unpublished observa-
tion). They are presumably present in other Xyleborinus species, and are apparently present
in other xyleborine genera (Coptodryas, Cryptoxyleborus, Heteroborips, and Microperus)
but not yet studied in detail (Hulcr et al. 2007; Hulcr and Stelinski 2017; Mandelshtam et
al. 2019). The mycangia appear to vary in size, as those of X. gracilis (Schedl 1962) appear
to be much larger than those of X. saxesenii (Francke-Grosmann 1956a, 1956b, 1967). All
studied elytral notch mycangia have carried Raffaelea ambrosia fungi (Biedermann et al.
2013; Bateman et al. 2015; Gharabigloozare 2015; Simmons et al. 2016a). The larger
mycangia of X. gracilis can carry a variety of Raffaelea ambrosia fungi (Harrington,
unpublished data). In contrast, the smaller mycangia of X. saxesenii appear to always carry
a specific species, R. canadensis, but X. saxesenii also has a second ambrosia fungus, R.
sulphurea, which does not form a yeast state in culture and is uniquely gut-transmitted
(Francke-Grosmann 1975; Biedermann et al. 2013; Gharabigloozare 2015).

Mesonotal Pouch Mycangia

These mycangia (figures 7.2F-H, 7.4H, 1), previously called “pro-mesonotal mycangia”
(Francke-Grosmann 1963) or “mesonotal mycangia,” are large, elastic cavities in the
prothorax formed by invaginations of the flexible membrane that connects the top side of
the prothorax to the scutellum (elytra hinge) (Francke-Grosmann 1956a, 1956b, 1967,
Lhoste and Roche 1959; Schedl 1962; Stone et al. 2007; Li et al. 2019). This mycangium
type is found in all genera of the monophyletic Xylosandrus complex except Diuncus
(Johnson et al. 2018; Skelton et al. 2019), and mycangium anatomy differs among them.
In Xylosandrus the mycangium branches into two large lobes (on the left and right) con-
nected by a “mycangium bridge” (figure 7.4H) and the majority of the organ is in front
of the scutellum (Francke-Grosmann 1956a, 1956b, 1958, 1963; Lhoste and Roche 1959;
Schedl 1962; Kaneko 1967; Harrington et al. 2014; Mayers et al. 2015; Li et al. 2019).
The thin, elastic mycangium membrane expands as the beetle matures and the mycangium
fills with growing fungal propagules (Li et al. 2019). The mycangium of Eccoptopterus
similarly has dual lobes (Mayers et al. 2015), but the mycangium bridge and scutellum
are tightly wound into a spiral (Francke-Grosmann 1958, 1963, 1967). The mycangium
of Cnestus also has dual lobes, but the mycangium bridge is placed farther back under the
scutellum and spirals slightly, and the mycangium wall appears stiff and reticulated (Stone
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et al. 2007). In Anisandrus the mycangium is unlobed (figure 7.4I), much smaller, and
attached directly to the bottom of the scutellum (Francke-Grosmann 1956a, 1956b, 1958,
1967; Mayers, Harrington, and Ranger 2017). Gland cells are found on the portions of the
scutellum abutting the mycangium lumen (Francke-Grosmann 1963, 1967), but in Cnestus
mutilatus the gland cells are also interspersed across the entire reticulated wall of the organ
(Stone et al. 2007). The mycangium appears to have been lost or reduced in Diuncus,
likely as a result of specialization on fungus-stealing from nearby galleries of other ambro-
sia beetles (Huler and Cognato 2010; Skelton et al. 2019). Ambrosiella (Ceratocystidaceae)
species are consistently the ambrosia fungi carried in mesonotal pouch mycangia (Mayers
et al. 2015, 2017; Lin et al. 2017; Skelton et al. 2019; Nel et al. 2020).

Single Oral Pocket Mycangia

In contrast to the dual oral pocket mycangia found in many ambrosia beetles, a single oral
pocket (a “pregular” pocket; Hulcr and Stelinski 2017) positioned in the center of the head
(figure 7.4J) was described by Schedl (1962) in Pterocyclon bicallosum (now Monarthrum
bicallosum, Corthylina; Wood and Bright 1992). The tissue below the mycangium is lined
with gland cells (Schedl 1962). Schedl specifically did not find procoxal mycangia in this
species, as he did in other Monarthrum. This unusual report suggests either that there is
unexplored diversity of mycangia in Monarthrum or that M. bicallosum is misplaced in the
genus, which should be investigated further. The ambrosia fungus carried in this mycangium
type is unknown.

Coxal Mycangia

These mycangia (figure 7.4K) are broad enlargements of the coxal cavities (leg sockets)
in which fungus spores persist as a “loosely compressed hemispherical cake” (Farris 1965).
Coxal mycangia are found in the front coxae (procoxae) in the Corthylini genera Grathot-
richus (Farris 1963; Francke-Grosmann 1963, 1967; Schneider and Rudinsky 1969a, 1969b)
and Monarthrum (Schedl 1962; Farris 1965; Francke-Grosmann 1963; Lowe, Giese, and
McManus 1967), where they were previously called “prosternal-subcoxal mycangia”
(Francke-Grosmann 1963), and in both the front and middle (mesocoxae) in some Platy-
podinae (Nakashima 1972, 1975, 1982). In both Corthylini genera, the cavities are lined
with gland cells (Schedl 1962; Farris 1965; Schneider and Rudinsky 1969a, 1969b), and
in Gnathotrichus the glands feed secretions into the cavities via small channels (Schneider
and Rudinsky 1969b). The mycangia are in males of Gnathotrichus but females of Mon-
arthrum, and are more toward the front in Monarthrum (Schneider and Rudinsky 1969b);
that these genera may not be sister clades (Gohli et al. 2017; Johnson et al. 2018; Pistone,
Gohli, and Jordal 2018) implies that the mycangia may have evolved separately. Both
Corthylini genera have Raffaelea ambrosia fungi (Farris 1965; Funk 1970; Batra 1967;
Harrington, Aghayeva, and Fraedrich 2010).

Prothoracic Tube Mycangia

These mycangia (figures 7.2D, E, 7.4L) are long, winding or spiraling, hose-like tubes in
both sides of the prothorax that exit into the front leg sockets of male Corthylus (Schedl
1962; Finnegan 1963; Giese 1967; Nord 1972; Orafiegui and Atkinson 1984; Mayers,
Bateman, and Harrington 2018) and Microcorthylus (Schedl 1962). The mycangium wall
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is intricately reticulated (Finnegan 1963; Mayers, Bateman, and Harrington 2018) and
presumably holds gland cells, but they have not been characterized. Large tubular tracheae
in the vicinity of the mycangia can easily be mistaken for the mycangium itself, but tra-
cheae are ribbed, branching, and flexible rather than reticulated and rigid. The anatomy
and degree of winding of the coiling tube differs among Corthylus species (Mayers,
Bateman, and Harrington 2018), but they probably evolved from less elaborate invagina-
tions of enlarged coxal cavity mycangia similar to those of Grathotrichus, whose mycan-
gia are placed in a similar position and are also found exclusively in males. The ambrosia
fungi of Corthylus, however, are species of Meredithiella (Ceratocystidaceae) (Mayers,
Bateman, and Harrington 2018) rather than the Raffaelea found in the simpler mycangia
of Gnathotrichus.

Prothoracic Basin Mycangia

Xyloterinus politus (Xyloterini) is unique among Scolytinae in having two distinctly dif-
ferent types of mycangia. Both sexes have dual oral pocket mycangia, but females also
have prothoracic basin mycangia (figures 7.2J, 7.4M), which are shallow elongated bowl-
like depressions on the rear, bottom side of the prothorax and are rimmed with protective
fences of hairs (Francke-Grosmann 1963, 1967; Abrahamson and Norris 1966; MacLean
and Giese 1968; Mayers et al. 2020b). These prothoracic basins may be a homologous
and reduced form of the pleural cavity mycangia of other Xyloterini (Mayers et al. 2020b),
but the basins are located on different parts of the prothorax and are shallow basins rather
than true internal cavities. The glandular nature of prothoracic basin mycangia has not
been explored, and active growth was not seen in mycangial propagules of the ambrosia
fungus they carry, Kaarikia abrahamsonii (Abrahamson and Norris 1969; Mayers et al.
2020b), but a distinct matrix forms in the basins that holds the fungal propagules in place
(R. Roeper, pers. comm.).

Pleural Cavity Mycangia

Previously called “prothoracic pleural mycangia” (Francke-Grosmann 1963), pleural
cavity mycangia are cavities in the pleura (left and right sides of the prothorax) of 7rypo-
dendron and Indocryphalus in the Xyloterini. The entrances to these cavities are small
slits fenced with hairs on both sides of the prothorax, and although these slits can be either
vertically or horizontally oriented, referring to the mycangia themselves as “vertical” or
“horizontal” (e.g., Cognato et al. 2015; Johnson et al. 2020) is incorrect since—unlike the
“basin” mycangia of X. politus—the internal orientation of the mycangium does not neces-
sarily correlate with the orientation of its entrance. Two types of pleural cavity mycangia
are known.

“Horseshoe”-type pleural cavity mycangia of Trypodendron (figures 7.2K, 7.40) are
inverted-U-shaped cavities that begin at horizontal slit entrances, rise upward, turn, and
travel downward, generally ending in a tight “crook” (Nunberg 1951; Francke-Grosmann
1956a, 1956b, 1958, 1959; Abrahamson et al. 1967; Schneider and Rudinsky 1969a;
Nakashima 1982; Lehenberger et al. 2019). The cavities in Trypodendron have been called
“tubes,” “tubules,” or “tubular,” but they are not uniformly cylindrical like the mycangia
of Corthylus (Corthylini). The walls of the pleural mycangia are hard and reticulated
(Francke-Grosmann 1956a; Abrahamson et al. 1967) and lined with gland cells (Schneider
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and Rudinsky 1969a). Horseshoe pleural cavity mycangia are found in every studied
species of Trypodendron and vary somewhat in the size and shape of the ascending portion
of the cavity, how extensively the terminal crook curls, and the distance from entrance to
crook (Francke-Grosmann 1956a; Lehenberger et al. 2019). The entrance to the mycangium
opens and closes via movement of the leg muscles (Francke-Grosmann 1963). Trypoden-
dron mycangia exclusively carry Phialophoropsis ambrosia fungi (Lehenberger, Biedermann,
and Benz 2019; Mayers et al. 2020b).

“Fin”-type pleural cavity mycangia (figure 7.4N) are like front pants pockets, hanging
down in a fin-shaped, tapered cavity from wide, thin horizontal entrances. Despite having
entrances in somewhat similar locations (Wood 1957; Beaver 2000; Cognato et al. 2015),
fin-type pleural mycangia are anatomically distinct from and much smaller than the horse-
shoe type pleural mycangia of Trypodendron. The fin pleural cavity mycangium has been
reported only in Indocryphalus pubipennis (Xyloterini), where it carries a Toshionella
ambrosia fungus (Mayers et al. 2020b). Other /ndocryphalus with horizontal mycangium
openings (Cognato et al. 2015) likely have similar mycangium anatomy and ambrosia
fungi. However, Indocryphalus is probably polyphyletic (Gohli et al. 2017; Pistone, Gohli,
and Jordal 2018; Johnson et al. 2020), and species with vertical mycangium openings may
have prothoracic basin mycangia like X. politus or entirely different mycangia and different
mutualists.

Pronotal Disk Mycangia

Found in both genera of the tribe Scolytoplatypodini are large disk- or saucer-shaped
cavities in the top of the prothorax (figure 7.4D), which have a single blowhole-like pore
where the spores enter and exit (Berger and Cholodkovsky 1916; Schedl 1962; Nakashima
1982; Beaver and Gebhardt 2006; Mayers et al. 2020a). The organ is surrounded by a
multitude of gland cells, and the inside of the organ may be filled with cones and/or special
hairs that grow from the inside surface of the cavity and support the organ’s shape, help
guide spores to the exit, and/or help bathe mycangial spores in glandular secretions (Schedl
1962; Mayers et al. 2020a). Tribe Scolytoplatypodini may represent the earliest ambrosia
beetle symbiosis in the Scolytinae, and since both genera share the same mycangium type,
pronotal disk mycangia may have been the first scolytine mycangia to evolve (Jordal 2013;
Pistone, Gohli, and Jordal 2018; Mayers et al. 2020a). The cones and hairs differ signifi-
cantly among the three major lineages of the tribe (Schedl 1962; Mayers et al. 2020a),
which correspond to three different groups of ambrosia fungi in the Ceratocystidaceae
(table 7.1).

Setose Patch Mycangia

A number of unrelated beetles have “setose patch” mycangia (Hulcr and Stelinski 2017)
that are conspicuous yellowish patches of dense setae on both sides of the pronotum
(figures 7.2B, 7.2L, 7.4E). The setae are generally found in shallow, wide depressions and
may serve the purpose of keeping spores inside the depressions rather than collecting
spores that stick to the setae themselves. The setose patch mycangia of Phloeoborus
(figures 7.2B, 7.4E; Hulcr and Stelinski 2017) were first described by Nunberg (1951) as
having glands that fill the depressions with an unknown liquid, and the mycangia can be
observed to overflow with fungal growth (figure 7.2B) presumably supported by these
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secretions. Though they live in xylem, Phloeoborus are not confirmed to be ambrosia
beetles, as they are not thought to feed exclusively on fungi but instead to use fungal
symbionts to make boring easier and to supplement their wood diet (Wood 2007). Setose
patch mycangia in other genera are generally larger (in proportion to the beetle’s size) than
those of Phloeoborus. The setose patch mycangia of female Hypothenemus curtipennis
(Beaver 1976, 1986; Vega, Infante, and Johnson 2015) have been observed to hold enough
fungal propagules to appear white (Beaver 1986). No other species of Hypothenemus (or
the entire tribe Cryphalini) is known to be ambrosial or to have mycangia (Vega, Infante,
and Johnson 2015). Certain species in the genera Bothrosternus, Eupagiocerus, and Cne-
sinus (tribe Bothrosternini) have similar setose patch mycangia (figure 7.2L) (Huler and
Stelinski 2017), but none of these genera is composed solely of ambrosia beetles, and the
ambrosial status of certain species remains ambiguous (Wood 2007). Scolytodes culcitatus
has similar impressions covered in dense hairs on both sides of the pronotum, but besides
S. unipunctatus the genus is otherwise not known to be ambrosial (Jordal and Kirkendall
2019). All of these setose patch mycangia are very similar to those found in Pityoborus bark
beetles (Furniss et al. 1987). It is unclear whether all setose patch mycangia are associated
with glands as in Phloeoborus, and none of the fungi carried by these mycangia have been
characterized.

Other Understudied Mycangia

Unique mycangia are found on the gena (“cheeks” on both sides of the head) of Camp-
tocerus (Scolytini), which are fungus-farmers (Wood 2007). The mycangia come in three
types. “Crescent” types are shallow setae-lined furrows, whereas “circular” and “triangle”
types are patches of setae in the respective shapes (Smith and Cognato 2010; Smith 2013;
Petrov 2017). These mycangia can perhaps be collectively referred to as “genal brush”
mycangia. The three types may correspond with multiple evolutionary origins of fungus-
farming in the genus (Cognato, Smith, and Jordal 2021).

All known females of Dactylipalpus species (Hylesinini) have long transverse crevices
in the front side of the pronotum (Blandford 1896; Nunberg 1951; Wood 1961; Huler and
Stelinski 2017), which were hypothesized to be mycangia by Nunberg (1951) but remain
uninvestigated. The ecology of Dactylipalpus is unknown but is likely the same as
Phloeoborus (R. Beaver, pers. comm.). Several Platypodinae, including species of Diapus,
also have (usually in addition to pronotal pit mycangia) long, deep transverse crevices on
the top of the prothorax (figure 7.4B) (Nunberg 1951; Nakashima 1975, 1982; Beaver 1989,
2002).

Some simple cuticular pits are hypothesized to transport fungi but are known or assumed
to lack glands. Neither the presence of an exoskeleton cavity in a mycophagous beetle nor
the circumstantial presence of fungal spores in such a cavity is adequate evidence for its
utility as a mycangium (Grebennikov and Leschen 2010), and such “nonglandular mycan-
gia” (though few have been proven to lack glands) have sometimes been called “pseudo-
mycangia” (Stone et al. 2007) or excluded as mycangia (Hulcr et al. 2015; Hulcr and
Stelinski 2017). Simple nonglandular pits may transmit fungal propagules in a similar way
to sporothecae in mites or other animals (Moser 1985; Ebermann et al. 2013; Vissa and
Hofstetter 2017), but they are not as likely to allow for selective transmission of special-
ized fungal symbionts without glandular secretions. Some Platypodinae have nonglandular
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pits on the pronotum, especially when the other sex has glandular pronotal pit mycangia
(Lhoste and Roche 1961; Nakashima 1975). Scolytodes unipunctatus, which has a Raf-
faelea ambrosia fungus, has shallow, nonglandular pits and no other known mycangia
(Hulcr, Kolafik, and Kirkendall, 2007; Kolafik and Hulcr 2009). As one of two putative
ambrosia beetles in its genus (Jordal and Kirkendall 2019), its biology needs further study
(Hulcr and Stelinski 2017). Cnestus mutilatus (Stone et al. 2007) and Anisandrus spp.
(Mayers, Harrington, and Ranger 2017) have nonglandular pits in the scutellum that have
been observed to hold ambrosia propagules, but these species also have mesonotal mycan-
gia that carry Ambrosiella symbionts. Corthylus zulmae has pits on the front side of the
coxae near the mycangium entrance that were observed to hold spores (Penagos 2015),
but this species likely also has the prothoracic tube mycangia typical for the genus.

Mycangia have not yet been described for some known or assumed ambrosia beetles
(Hulcer and Stelinski 2017). As discussed above, many Platypodinae species have no known
mycangia. Another example is Sueus (Hyorrhynchini), which, despite having no known
mycangia (Hulcr and Stelinski 2017), display obvious ambrosial habits (Beaver 1984) and
have galleries consistently dominated by the putative ambrosia fungus Diatrypella japonica
(Ascomyocta: Xylariales) (Li et al., 2020). Classically, mycangia were discovered by
careful microtome sectioning (figure 7.2J, K) or hand dissections (figure 7.2F, H), but new
techniques such as noninvasive micro-CT scans and X-ray computed tomography (figure
7.2E, G, I; Bateman et al. 2017; Li et al. 2018b, 2019; Mayers, Bateman, and Harrington
2018; Jiang et al. 2019; Spahr, Kasson, and Kijimoto 2020) will likely aid in identifying
new mycangia.

Mycangia Facilitate the Convergent Evolution of Agriculture

As discussed in the other chapters of this volume, agriculture presents challenges that have
been faced and convergently overcome by other fungus-farming insects and by humans.
Chief among these challenges is crop domestication (chapters 2 and 10, this volume),
which requires changes in the cultivar that benefit the farmer but would reduce the fitness
of the cultivar in its natural environment. Farmers must discourage selfish evolution in
their cultivars, because the development of intracultivar genetic diversity could lead to a
reduction in cultivar benefits and a breakdown of the symbiosis (chapter 4, this volume).
Farmers can avoid selfish evolution by reducing the genetic diversity inherent in the cul-
tivar and/or reducing reproductive independence (i.e., sexual reproduction) in the cultivar
(chapter 5, this volume).

Mycangia allow individual ambrosia beetles to preserve their valuable cultivars and
transport them to new trees. Whether the ancestral associations between ambrosia beetles
and ambrosia fungi began with the fungi hitchhiking on beetle surfaces (transmission-first
model) or the beetles feeding on commensal wood fungi (consumption-first model) (Six
2012), the original pressure for mycangia to evolve was probably simply to improve
fungus transmission. What appears to be an inevitable side effect of this improved trans-
mission is the facilitation of coevolution and, eventually, domestication. In ambrosia
beetles, cultivar selection may be facilitated by mycangia, which enforce vertical trans-
mission and produce genetic bottlenecks in every generation via the mycangium cycle
(figure 7.3). Young adult beetles take a small number of asexual fungal propagules into
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their mycangia from the ambrosia lining their natal galleries (Schneider 1976; Beaver 1989),
and their mycangia are mitotically filled with the same fungal genotype originally intro-
duced to the galleries in the mycangia of their parents. This links the ancestry of ambrosia
beetle farmers and their fungal cultivars through vertical inheritance, which allows for
progressive domestication of the fungi over many generations. Direct kin selection may
occur by favoring dominant cultivar genotypes before galleries are established, even if
rare horizontal transfer of cultivars between colonies has occurred. Direct kin selection in
the mycangium has been demonstrated in the Xylosandrus complex, where mycangia can
select for specific cultivar species when multiple species are present (Skelton et al. 2019).
Indirect evidence for kin selection is seen in the ambrosia fungus lawns that appear to be
clonal in both native and introduced populations of ambrosia beetles (Ito and Kajimura
2017; Van de Peppel, Aanen, and Biedermann 2018), and ambrosia beetles maintain coarse
mycangium-cultivar association patterns on a global scale (Mayers et al. 2015, 2018,
2020a, 2020b; Skelton et al. 2019). Predominantly vertical inheritance with rare horizontal
exchange is also seen in fungus-farming ants (Howe, Schiett, and Boomsma 2019) but
stands in contrast to the frequent horizontal transfer of fungus-farming termite cultivars
(Van de Peppel and Aanen 2020).

Ambrosia fungi were long assumed to be strictly asexual lineages, which would elimi-
nate the risk of sexual recombination and the possible development of selfish fungal
cultivars that threaten the symbiosis. However, sexual states (Mayers, Harrington, and
Ranger 2017, 2020a; Jusino et al. 2020) and genetic evidence for sex (Wuest et al. 2017)
have since been discovered in mycangial ambrosia fungi, and many ambrosia fungi may
practice rare sexual reproduction. Regardless, the sexual states of some ambrosia fungi
may not be able to disperse freely because their sticky-spored sexual states are trapped in
tunnels (Mayers, Harrington, and Ranger 2017; Mayers et al. 2020a) and are not as readily
dispersed as the wind-dispersed sexual spores in the other fungus-farming systems (Aanen
2000). In the case of some Ambrosiella species, the ascospores are enclosed in sexual
fruiting bodies fed upon by the beetles, and the ascospores are likely passed through the
gut for dispersal, rather than dispersed via the mycangia (Mayers, Harrington, and Ranger
2017). An exception is Flavodon subulatus, an ambrosia fungus that produces wind-
dispersed sexual spores on the outside of wood (Jusino et al. 2020), but these spores
disperse separately from asexual mycangium inoculum. Even if sexual reproduction did
rarely lead to mixed genotypes in the galleries of the next generation of beetles, the brood
would again acquire only a few asexual spores of the dominant genotype in the gallery,
and their mycangia would select for the dominant genotypes growing in the mycangium.
Therefore, the risk of sexual reproduction in ambrosia fungi is not as great of a threat as
that posed by sexual reproduction and wind-dispersed sexual spores in the cultivars of
fungus-growing ants and termites.

Humans frequently exchange cultivars horizontally (chapter 10, this volume), but they
convergently learned how to domesticate crops through successive bottlenecks. From the
origin of their agriculture ~10,000 years ago to the modern age, humans have rapidly
domesticated a variety of crops by selecting only a few individuals with desirable traits
to produce subsequent generations (Doebley, Gaut, and Smith 2006). The closest analogue
in human agriculture to fungal domestication by ambrosia beetles is probably the domes-
tication of clonally propagated plants (McKey et al. 2010; chapter 10, this volume). This
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selection of a few individuals to clonally propagate the next crop planting is analogous to
passage through mycangia. Besides selecting for rapid growth and high yield, humans
intelligently select cultivars based on evaluated characteristics such as taste, appearance,
or nutritional value (i.e., artificial selection) over short time scales a fraction of a single
individual’s lifespan, and this allows rapid responses to local environmental conditions
(chapter 5, this volume). In contrast, each ambrosia beetle generation is committed to a
single strain of ambrosia fungus, which started from clonal or practically clonal inoculum
asexually reproducing in the mycangium. Even if meaningful variation in cultivar quality
existed within a single gallery, the beetles likely cannot make meaningful selections for
superior cultivars. Ambrosia beetles are not known to segregate cultivar genotypes within
their galleries, and probability of propagule entry into mycangia is likely based on the type
of sporulation and abundance of spores in the gallery.

The mycangium cycle selects for mycangium growth and the overflow of propagules
from the mycangium, not necessarily superior cultivars. Therefore, although mycangia
enforce coarse phylogenetic congruence between beetle and fungus through adaptations
for mycangial growth (Skelton et al. 2019), there is also natural selection for ambrosia
beetle lineages that successfully carry superior cultivars. Rather than selection within
individual galleries, cultivar variation would exist across populations, with cultivars dif-
fering slightly through genetic drift and imparting slightly different levels of fitness on
their farmers. Ambrosia beetles may have a much less direct influence over their cultivars
than do humans, but mycangia force the clonal propagation that avoids the selfish evolu-
tion of their cultivars. The effectiveness and necessity of mycangia are evidenced by the
numerous times mycangia and fungus farming have evolved, and further by the persistence
of these coevolving partnerships for tens of millions of years.

The multiple beetle lineages that adapted to fungus farming and the separate domestica-
tions of their fungal cultivars make it difficult to derive broad conclusions about the
ambrosia beetle-fungus symbiosis. Rather, the “ambrosia symbiosis” should instead be
considered many distinct ambrosia symbioses (Hulcr and Stelinski 2017), where each
distinct symbiosis (beetle, mycangium, and fungus) is appreciated as a particular system
with unique ecological characteristics. In this respect ambrosia symbioses are more similar
to the many convergently evolved agricultural systems of humans, which involve a wide
variety of unrelated plant lineages, than to the other insect fungiculturalists that are spe-
cialized on only one or a few lineages of fungi. Regardless, one conclusion that can gener-
ally be drawn for all ambrosia beetles is that mycangia are essential drivers of their ecology
and evolution, and mycangia should be appreciated for their role in not only facilitating,
but maintaining, these incredible symbioses.
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8 Agricultural and Proto-Agricultural Symbioses in Ants

Ana JeSovnik and Ted R. Schultz

Across most terrestrial habitats, ants engage in complicated relationships with other organ-
isms. Ants are the only entirely eusocial family of insects: all 13,628 described species of
Formicidae live in organized societies divided into reproductive and worker castes
(Holldobler and Wilson 1990; Bolton 2019). They have profound impacts on their habi-
tats not only through their sheer numbers, but also due to the roles they play in food
webs and nutrient cycling, as well as in the diverse symbioses they form with other organ-
isms. The majority of these relationships—with other animals and with plants, fungi,
and microorganisms—are poorly understood. Some of those that are better researched
are shown to share striking similarities with human interspecies interactions, including
agriculture (Schultz et al. 2005). This, in turn, suggests that agriculture is not a unique
human behavior but that it has instead evolved convergently in very distantly related
organisms (chapters 1 and 2, this volume).

A discussion of the interactions of ants with other organisms could be structured accord-
ing to any number of organizational frameworks. For example, we could categorize such
interactions based on whether they represent parasitism, commensalism, or mutualism.
Here we have chosen to broadly survey multiple, mostly nutritional symbioses of ants,
organized by symbiont taxon, and to call attention to the cases most similar to agricultural
symbioses in humans. For readers interested in more detailed accounts of particular nutri-
tional symbioses in which ants engage, we recommend the many available focused reviews
(Way 1963; Weber 1972a; Pierce et al. 2002; Rico-Gray and Oliveira 2007; Stadler and
Dixon 2008; Mehdiabadi and Schultz 2010; Orivel and Leroy 2011; Voglmayr et al. 2011;
Mayer et al. 2014; Ivens 2015; Chomicki, Janda, and Renner 2017).

To describe the diversity of agricultural or agriculture-like behavior in ants we will use
the definitions outlined in the introduction to this book: Cultivation is a set of practices
that one species (the farmer) may perform to promote the growth of another species (the
cultivated symbiont)—for example, preparing the substrate for growing crops, fertilizing,
tilling, planting, pest control, protecting, and sheltering; these may be carried out on small
scales and in the absence of domestication. Domestication is a genetic change in one
species (the domesticate) in response to the influence of another species (the farmer) that
benefits the farmer but that would reduce the fitness of the domesticate in its original
niche. Agriculture is cultivation on a landscape-altering scale, characterized by economic
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(i.e., obligate) reliance. Although our definition of agriculture does not require domestica-
tion, in human agriculture domestication preceded agriculture in most cases (Fuller et al.
2014; chapter 10, this volume), and, in nonhuman agriculture, most cases involve a one-
way or a two-way obligate mutualism between the farming species and a domesticated
symbiont. Various ecological interactions, such as central-place foraging, niche construc-
tion, and incidental cultivation, have been suggested as consistent precursors to agriculture
(Smith 2011a, 2011b; Allaby et al. 2015; chapter 14, this volume). Here we will use the
umbrella term proto-agriculture to refer to such preagricultural ecologies and behaviors.

Ants and Other Animals

Many distantly related groups of ant species have independently evolved relationships
with insects that feed on plant sap (figure 8.1A—C), mostly homopterans such as aphids
and scale insects (Way 1963; Holldobler and Wilson 1990). These sap-sucking insects
provide ants with an excreted liquid called #oneydew, which is rich in sugars and amino
acids. Ants, in turn, provide sap-sucking insects with protection from predators and para-
sites, sanitation by removing honeydew from the insects’ bodies, and, in some systems,
transport and/or shelter. The majority of ant species that tend sap-feeding insects belong to
the ant subfamilies Formicinae, Dolichoderinae, and Myrmicinae. The insects that engage in
such symbioses with ants occur in the homopteran families Aphidae, Cercopidae, Cicadel-
lidae, Coccidae, Fulgoridae, Membracidae, Pseudococcidae, and Psyllidae, but also in other
insect groups such as the lepidopteran families Lycaenidae and Riodinidae (Schultz and
McGlynn 2000; Fiedler 2001). About 1,000 of the 4,000 known aphid species, family Aphi-
didae (figure 8.1A), are tended by ants (Bristow 1991; Ivens 2015), and at least 483 species
(out of approximately 6,000 total) in the lepidopteran family Lycaenidae (figure 8.1B) are
associated with ants (Pierce et al. 2002).

Ant-homopteran mutualisms range from facultative—that is, occurring optionally in
response to circumstances—to obligate, in which one or both partners cannot survive
outside of the symbiosis. The majority of homopteran-tending ant species are facultative
mutualists, with an omnivorous diet that also includes, in addition to honeydew, animal
prey, plant nectar, and plant seeds. The proportion of honeydew in ant diets varies greatly
between species, from minor in otherwise mainly predatory species such as Dacefon
armigerum, to over 80% in, for example, the red wood ants of the Formica rufa species
group (Holldobler and Wilson 1990; Offenberg 2001; Cannon and Fell 2002; Paris and
Espadaler 2009; Dejean et al. 2012; Seifert 2018). It also varies within species and within
colonies, depending on seasonal or other changes in the availability of other food sources.
Further, in addition to deriving nutrition from honeydew, when prey is scarce, the ants
consume some of their sap-feeding insect symbionts as an additional protein source
(Pontin 1958; Ivens 2015). When tended by ants, some species of ant-associated aphids
express different behavioral and physiological traits, such as increased feeding rates and
changes in the composition of the honeydew, relative to their phenotypes when unattended
by ants (Banks and Nixon 1958; Yao and Akimoto 2001; Stadler and Dixon 2005; Ivens
2015). The dependence in ant-homopteran associations is asymmetric; ant-tended insects
are more likely to be obligate symbionts than are their ant hosts, which are more likely to
be facultative symbionts (Stadler and Dixon 2008). The distributions of obligate ant-tended
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mutualists are restricted not by the presence of their host plants but by the presence of the
tending ant species (Hopkins and Thacker 1999). One of the largest species of aphids,
Stomaphis quercus, lives only on oak trees within the foraging territory of the highly ter-
ritorial European ant species Lasius fuliginosus, its obligate ant host (Goidanich 1957,
Hopkins et al. 1999; Depa, Mroz, and Szawaryn 2012). The protection provided by
actively tending ants accords well with the definition of cultivation discussed earlier. The
morphological, behavioral, and physiological traits present in some ant-tended insects
accord with the definition of domestication, as does the facultative/obligate ant/homop-
teran asymmetry of many of the mutualisms. As per our definition, fully developed agri-
culture requires a critical level of reliance on the part of the farmer. Because in most of
the ant/homopteran systems the homopterans are not the only source of the ants’ nutrition,
they probably qualify as cultivation rather than as fully developed agriculture.

There are some notable exceptions. At least 12 ant species in the Dolichoderus cuspidatus
species group, a clade of closely related species widely distributed in tropical Southeast
Asia, engage in obligate symbioses with at least 35 different mealybug species from the
tribe Allomyrmococcini (Homoptera: Pseudococcidae) (Dill and Maschwitz 1994). All of
the ant species in this group depend on the honeydew produced by mealybugs and display
a collection of behavioral traits that have earned them the name “migrating herdsmen”
(Maschwitz and Hinel 1985). Mealybugs feed on the sap of very young plant parts, so once
they have exhausted local resources the ants carry them to a new part of the plant or to a
new tree, and they also keep them in their nests during the night. To be able to quickly
migrate to new locations and to avoid wasting energy on nest construction, D. cuspidatus—
group ants create temporary nests (so-called bivouacs) formed by their bodies, keeping
the ant brood and the mealybug domesticates in the center. Some other ant species such
as army ants form similar bivouacs, but ants of the D. cuspidatus species group are the
only ant species that have evolved a mobile-nesting behavior as an adaptation to the
requirements of their nutritional mutualists. In addition to highly efficient colony reloca-
tion, D. cuspidatus—group ants have evolved other behaviors and morphological features
that facilitate mealybug transport, and, unlike most other ants, they reproduce by budding,
in which a young daughter queen and a subset of the workers in her mother’s colony depart
to begin a new colony, instead of through mating flights (Dill and Maschwitz 1994). In
the D. cuspidatus group, budding necessarily includes carrying along part of the colony’s
mealybug herd. Experimental evidence strongly indicates that the mealybugs in this system
have evolved behavioral and morphological traits adapted for ant tending and that they
are unable to survive without their ant hosts, per our definition of domestication. The adapta-
tions of the host ants further indicate that they obligately rely on the relationship with their
mealybugs, per our definition of agriculture.

Additional examples of obligate nutritional mutualism exist in other ant-homopteran
symbioses. Ants from the genus Acropyga and some species of the ant genus Lasius (e.g.,
Lasius flavus) live in highly specialized and mutually obligate nutritional symbioses with
root mealybugs and root aphids, respectively (Flanders 1957; Way 1963; Pontin 1978;
LaPolla, Cover, and Mueller 2002; Schneider and LaPolla 2011; Seifert 2018). An Acro-
pyga daughter queen departs on her mating flight carrying a mealybug symbiont in her
mandibles (figure 8.1C) to serve as the “seed” individual for a clonally produced herd that
will provide the root-honeydew-derived nutrition for the queen’s new ant colony (Silvestri
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1924; Wheeler 1935). As in the case of Dolichoderus cuspidatus and their mealybugs,
these symmetrically obligate ant-homopteran associations involve traits associated with
cultivation, domestication, and agriculture.

Ant-Lepidoptera associations, which include mostly lepidopteran larvae or pupae in the
families Lycaenidae and Riodinidae, share similarities with ant-homopteran associations.
They vary from facultative to obligate for the Lepidoptera but are facultative for the ants,
and they depend on nutritious liquids produced by specialized organs of the lepidopteran
larvae. In exchange for this nutrition, ants protect the larvae from predators and parasitoids
(Holldobler and Wilson 1990; Fiedler 2001, 2012; Pierce et al. 2002). Ant-tended lycaenid
and riodinid larvae have thick cuticles and specialized acoustical structures that produce
sounds, which enable them to exploit the ant social communication system and to attract
the ants (DeVries 1991; Fiedler 2012; Tartally et al. 2019). A small percentage of ant-
Lepidoptera associations have shifted from mutualism to parasitism in a direction opposite
to that found in ant-homopteran associations. In these instances parasitic lepidopteran
larvae are carried back to the nest, where they feed on ant brood or are fed by worker ants
through trophallaxis (Fiedler, Holldobler, and Seufert 1996; Pierce et al. 2002; Fiedler
2012; Tartally et al. 2019). The nutritious secretions provided by the lepidopteran larvae
never comprise the main food resource of the ants, which also depend on plant nectar and
homopteran honeydew (Fiedler 2001). Thus, although lepidopteran larvae are clearly
genetically modified for life with ants and are thus domesticated, ant-lepidopteran associa-
tions better fit the definition of cultivation than of true agriculture.

Thousands of other animals, so-called myrmecophiles, are adapted to the predictable
ecological niches created by ant colonies, inhabiting their nests in a spectrum of facultative
to obligate symbioses (Holldobler and Wilson 1990; Navarrete-Heredia 2001; Parmentier,
Dekoninck, and Wenseleers 2014). In the majority of cases, rather than benefiting their ant
hosts, myrmecophiles are parasites or commensals, so that, although many have evolved
complex adaptations for life with ants, these mutualisms in general are best described as
proto-agricultural.

Ants and Plants

Ants participate in a diverse array of symbiotic relationships with plants, ranging from diffuse
to highly specific (Rico-Gray and Oliveira 2007; New 2017). Foremost among ant-plant
associations is the dispersal of seeds by ants (myrmecochory), which occurs in some 11,000
species of plants (Lengyel et al. 2010). In the second-most diverse category of ant-plant
associations, plants provide shelter and food and ants provide protection against herbivores
and competing plants. Nearly 700 species in 50 different families of vascular plants have
evolved “domatia,” preformed cavities within plant stems, thorns, leaf petioles, and leaf
pouches in which ants build their nests (Nelsen, Ree, and Moreau 2018). Classic ant-plant
systems include, in the Neotropics, Pseudomyrmex ants and Acacia plants (figure 8.1D)
(Janzen 1966, 1967) and Azteca ants and Cecropia plants (Janzen 1969) and in the Paleo-
tropics, Crematogaster ants and Acacia plants in Africa (Stanton and Palmer 2011) and
Crematogaster ants and Macaranga plants in Asia (Heil et al. 1998, 2001; Feldhaar et al.
2003). In all these examples, the plant provides the nesting site in the form of hollow struc-
tures and produces food in the form of either or both extrafloral nectaries and specialized,
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Ants and Other Insects Ants and Plants Ants and Fungi

Figure 8.1

Ants and other insects: (A) two workers of the ant species Formica aerata tending aphids on a willow branch,
California, USA; (B) the ant Formica francoeuri tending a larva of the Great Copper Butterfly (Lycaena
xanthoides), California, USA; (C) the queen of the ant species Acropyga goeldii carrying a mealybug in her
mandibles, Minas Geiras, Brazil. Ants and plants: (D) worker of the ant species Pseudomyrmex peperi on an
Acacia plant with swollen, hollow thorns that serve as ant nesting sites, Cayo6o District, Belize; (E) a worker of
the ant species Pseudomyrmex peperi harvesting a lipid-rich Beltian body from the leaf tips of an Acacia plant,
Armenia, Belize; (F) a Myrmecodia ant plant that is commonly inhabited by Philidris ants, Queensland, Australia.
Ants and fungi: (G) a carton nest of the ant species Lasius fuliginosus inside of a tree trunk, eastern Austria;
(H) nest of the ant species Tetraponera aethiops in a twig of Barteria fistulosa, with a patch of black fungus of
the order Chaetothyriales, Southwest Region, Cameroon; (I) the fungus-farming ant Apterostigma collare on its
fungus garden, Costa Rica. Photos reproduced with permission from: Alex Wild (A-F, I), Birgit C. Schlick-
Steiner & Florian M. Steiner (G), Rumsais Blatrix (H).

protein- and/or lipid-rich food bodies: Beltian bodies in Acacia (figure 8.1E), Mullerian
bodies in Cecropia, and Beccarian bodies in Macaranga (Bischof et al. 2013; New 2017).
The plant-inhabiting ants are fiercely aggressive and protect their host plants from arthropod
and large vertebrate herbivores, including elephants in the African savannas (Goheen and
Palmer 2010). They also monitor the area surrounding their host plant and kill competing
plants (Janzen 1969; Schupp 1986) and fungal pathogens (Letourneau 1998). Some evi-
dence suggests that Azteca ants also provide Cecropia with a source of nitrogen (Sagers,
Ginger, and Evans 2000). The domatia-inhabiting ants therefore exhibit behaviors associ-
ated with cultivation, as they protect, weed, and to some extent manure their plants.
However, in the majority of cases they do not play a role in the propagation or dispersal
of domatia-bearing host plants, and in many cases they do not obligately depend on the
plant for nutrition because they also actively prey on insects. The majority of these ant-
plant symbioses may be characterized as shelter and defense mutualisms, although nutri-
tion plays a significant role in a subset of such associations.
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Another category of ant-plant relationships is that of arboreally nesting ants and epi-
phytic plants, known as ant gardens (AGs) (Ule 1901; Janzen 1974; Orivel and Leroy
2011). We will refer to both the plants and the ants in these association as AG plants and
AG ants, consistent with the existing literature (Orivel and Leroy 2011). In both Neotropi-
cal and Paleotropical forests, diverse epiphyte species grow in arboreal ant nests con-
structed from soil or carton (a fibrous, paper-like material constructed by ants from plant
material, soil, wood, and other sources). Approximately 137 species of epiphytes associate
to some degree with ants, but here we will briefly discuss only the smaller number of
plants involved in obligate associations with AG ants (i.e., those that are never found free-
living outside of the symbiosis) because those associations share the most traits with
human agriculture (Orivel and Leroy 2011). A more detailed discussion of plant-farming
by ants is provided by Chomicki (chapter 9, this volume). The greatest number of species
known to be obligate AG ants occur in the genera Philidris, Camponotus, and Cremato-
gaster, but many also occur in Pheidole, Diacamma, Azteca, Odontomachus, and Pachy-
condyla (Orivel and Leroy 2011; Chomicki, Janda, and Renner 2017). True ant garden
epiphytes (figure 8.1F), with seeds that are consistently collected by ants and planted in
their carton nests, belong to at least 14 plant families, but are most concentrated in the
families Rubiaceae, Apocynaceae, Asclepiadaceae, and Gesneriaceae (Orivel and Leroy
2011; Chomicki, Janda, and Renner 2017). AG ants recognize the seeds of their obligate
plant symbionts by chemical cues (Youngsteadt et al. 2008, 2010; Chomicki and Renner
2016b), collect them, incorporate them into their nests shortly after nest foundation, and
continue to collect and plant new seeds throughout the life of the colony, constantly main-
taining and expanding the garden. The plants provide shelter: in Neotropical ant gardens,
the roots serve as a scaffold for the carton or soil nest, whereas in Australasia and Southeast
Asia the ants nest inside the plant in enclosed nesting spaces, or domatia, formed from
the hypocotyl (Chomicki et al. 2019; chapter 9, this volume). AG plants provide protection
from abiotic factors such as rain and wind and food in the form of fruits, nectaries, and
elaiosome-bearing seeds. In most cases these do not constitute the major portion of the
ant diet, because the ants also forage for other food (Orivel and Leroy 2011). In addition
to dispersing them, ants actively protect their AG plants from herbivores and provide them
with nutrients. Canopy-inhabiting plants are particularly nutrient-deprived relative to
ground-living plants, especially in the seedling phase. The ant nest, containing soil, ver-
tebrate feces, ant feces, and various other organic materials, provides a continuous source
of nutrients for the plants (so-called myrmecotrophy).

Obligate AG symbioses possess many of the traits of cultivation, but for most cases
data are insufficient for drawing conclusions about whether domestication has occurred.
One of the best-studied examples, however, convincingly demonstrates the domestication
of a clade of plants by an ant species (Chomicki and Renner 2016a, 2016b; Chomicki et
al. 2019, 2020; chapter 9, this volume). In this system, from Fiji, colonies of a single
species of ant, Philidris nagasau, cultivate a clade of six closely related plant species in
the genus Squamellaria, sometimes incorporating up to three species at a time into their
ant gardens. Research has established the obligate dispersal and active planting of seeds
by ants, fertilization of plants by ant fecal droplets, protection from herbivores, crop yield
optimization by growing plants in full sun, and dependency of ants on the plants’ fruits
for food (Chomicki et al. 2020). Both symbionts (ants and plants) have evolved phenotypic
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traits unique to the symbiosis (e.g., loss of carton-nest building in the ants, specialized
root structures that enable rapid development of the first domatia in the plants). This has
led researchers to consider this a case of co-evolution. By the definition used in this book,
such genetic change constitutes domestication. In Fiji, AGs can become very large, con-
taining over 50 individual Squamellaria plants, a productivity comparable to that of early
human agriculture (Chomicki et al. 2016b, 2020).

A different type of ant “garden” results from the association of the Amazon ant species
Myrmelachista schumanni and several ground-living myrmecophytic plants, most notably
Duroia hirsuta (family Rubiaceae) (Morawetz, Henzl, and Wallnofer 1992; Renner and
Ricklefs 1998; Frederickson, Greene, and Gordon 2005; Salas-Lopez, Talaga, and Lalagiic
2016). Myrmelachista ants nest in domatia within D. hirsuta and systematically kill all
other plants in the vicinity by injecting them with formic acid (Frederickson, Greene, and
Gordon 2005). By killing competing plants, Myrmelachista ants promote the growth and
spread of their host plant, which in turn expands the number of nesting sites for their colo-
nies. Such colonies can become very large and contain up to 3 million workers and 15,000
queens distributed across monocultural stands of up to 600 Duroia trees (Frederickson,
Greene, and Gordon 2005). Such stands are known colloquially as “devil’s gardens” and
are believed by local people to be inhabited by evil forest spirits. Until recently, devil’s
gardens were attributed solely to allelopathic compounds produced by the Duroia plants
(Campbell, Richardson, and Rosas 1989; Pfannes and Baier 2002). It has alternatively
been suggested that, rather than produced by D. hirsuta, the “domatia” are in fact the
products of galling by the M. schumanni ants (Edwards et al. 2009).

A similar system is that of the ant Pseudomyrmex triplarinus and the host plant Triplaris
americana (Polygonaceae), which provides the ants with domatia but no nutrition such as
extafloral nectaries. The P. triplarinus ants, which feed on homopteran honeydew, remove
seeds and prune seedlings, producing cleared areas around their host plants (Larrea-
Alcazar and Simonetti 2007). Given that there is a cost of increased herbivory in both
systems (Pfannes and Baier 2002; Frederickson and Gordon 2007), that there are no plant-
generated food rewards, and that the D. hirsuta “domatia” may instead be ant-induced
galls, it remains unclear whether or not the plants in these systems receive any net benefits
or are domesticated. Given this uncertainty, “devil’s gardens” may be interpreted as cul-
tivation rather than agriculture.

Ants and Fungi

Symbiotic associations between ants and fungi are far less frequent than the associations
of ants with animals and plants. As far as is known, ants rarely feed on fungi (Orr and
Charles 1994; Tobin 1994; Epps and Penick 2018) or disperse them (Schultz and McGlynn
2000), although fascinating and poorly investigated exceptions exist (Witte and Maschwitz
2008; Von Beeren, Mair, and Witte 2014). Indeed, ants, which live mostly in the soil, limit
their exposure to fungi via antibiotic secretions from the metapleural, mandibular, and
other glands and via behaviors such as self- and allogrooming. In spite of this general
avoidance of fungi, ant-fungus symbioses include some of the most remarkable examples
of agriculture in ants.
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Carton-Nest Builders

Similar to shelter-providing symbioses seen in most ant gardens, some carton-building ant
species use fungal hyphae for structural reinforcement of carton nests (figure 8.1G) (Holl-
dobler and Wilson 1990; Schlick-Steiner et al. 2008; Mayer et al. 2014) and carton gal-
leries that are used as prey traps (Dejean et al. 2005; Mayer and Voglmayr 2009). One
such example is the European ant species Lasius fuliginosus, which lives in symbiosis
with a fungus that is found only in ant nests and is most commonly referred to as Clado-
sporium myrmecophilum (Maschwitz and Holldobler 1970; Holldobler and Wilson 1990;
Seifert 2018). Interestingly, genetic data from Eastern Austria suggests that Lasius fuligi-
nosus and three other Lasius species can host in their colonies at least two fungal species
at the same time and that a total of four fungal species are associated with L. fuliginosus
nests (Schlick-Steiner et al. 2008). The carton nests are built in soil cavities and tree trunks
from chewed-up particles of wood, soil, and plant matter mixed with ant saliva, excretions,
and aphid honeydew (figure 8.1G). The fungal hyphae grow inside of the walls of the
carton nest, providing scaffolding and reinforcement for the sponge-like carton galleries.
Ants manure the walls with their fecal droplets and with collected honeydew, providing
nutrition for the fungus. They also continuously crop the fungus to prevent it from over-
growing the nest. At least one of the fungal species they grow is transmitted vertically:
when virgin daughter ant queens fly out to mate and start new colonies, they carry a small
fungal inoculum from the parental nest inside their infrabuccal pockets (Holldobler and
Wilson 1990; Schlick-Steiner et al. 2008). Because ants disperse, inoculate, manure,
provide nutrients for, and crop the fungus, we consider the Lasius-wall fungus mutualism
to represent an obvious example of cultivation, and, because the fungus is obligately
dependent on the ants (and, apparently, the ants are also dependent on the fungus), the
association fulfills our definition of domestication. It does not constitute a nutritional
agricultural symbiosis, but instead is akin to human non-nutritional, “material-goods”
agricultures such as the cultivation of bottle gourds, lumber, and cotton. The symbioses
between carton-building ants and fungi can also be viewed as an extension of the ant-aphid
farming mutualism. The honeydew collected from tended aphids is used as a food source
both for the ants and for the ants’ structural symbiont, the fungus.

Black-Yeast Growers

Few ant-fungus nutritional agricultural systems are known. One broad category, the
product of multiple independent evolutionary origins, involves domatia-bearing plants,
domatia-inhabiting ants, and ascomycete “black yeast” fungi from the order Chaetothyri-
ales (figure 8.1H). The most well-known example was first observed more than a century
ago (Miehe 1911; Bailey 1920), but properly described and recognized as a nutritional
mutualism only recently (Defossez et al. 2009, 2011; Blatrix et al. 2012). In this system,
the African ant species Petalomyrmex phylax participates in a mutualism with the domatia-
forming plant Leonardoxa africana. A small patch of black-yeast fungus grows on the
inner surface of most domatia, where it is apparently nourished by the ants with feces and
arthropod parts. The ants, in turn, use the black yeast as a food source, at least for their
larvae (Blatrix et al. 2012). Similar domatia-inhabiting black-yeast fungal species are now
known to associate with at least 19 plant and 10 ant genera, and these associations have
apparently arisen independently in at least three geographically distinct plant-ant linages,
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including a subset of Neotropical Cecropia-Azteca symbioses, in which the fungi are
transmitted vertically by Azteca foundress queens (Voglmayr et al., 2011; Blatrix et al.,
2012, 2013; Mayer et al., 2014; Nepel et al., 2016; Mayer et al. 2018). Each domatia-
inhabiting black-yeast species seems to be specific to a particular ant-plant symbiosis
(Defossez et al. 2011; Voglmayr et al. 2011). This potentially widespread and complex
system clearly needs to be further studied, especially the nutrient flow between ants, fungi,
and plants. The current limited data indicate that the Petalomyrmex-Leonardoxa and Azteca-
Cecropia systems involve most of the traits of cultivation, domestication, and agriculture
(Voglmayr et al. 2011; Mayer et al. 2018).

The Fungus Farmers

The best known fungus-farming ants are the 245 extant species belonging to a single
Neotropical clade, subtribe Attina (so-called attine ants) (Schultz and Brady 2008; Brans-
tetter et al. 2017; chapter 14, this volume). All attine-ant species are obligate fungus-
farmers, unable to live without their fungus gardens (figure 8.11). The cultivated fungi
(phylum Basidiomycota, order Agaricales, families Pterulaceae and Agaricaceae) are
grown in monocultures inside ant nests, in most species in underground nest chambers,
on substrates of organic materials collected by the ants (Moller 1893; Weber 1972b;
Mehdiabadi and Schultz 2010). Attine ants disperse their fungal crops; when leaving from
the maternal nest to mate and start a new colony, daughter queens carry in their infrabuccal
pocket a fungal pellet from the maternal garden. Attine ants also nourish their fungal
cultivars, manure them with their fecal droplets, weed out microbial pathogens, and prac-
tice biochemical pest control by culturing antibiotic-producing bacteria in specialized
crypts on their bodies (Weber 1972b; Bass and Cherrett 1996; Currie and Stuart 2001; Li
et al. 2018). Attine-ant agriculture can be broadly divided into “lower” and “higher” ant
agricultural systems. In lower ant agriculture, the fungal cultivars are facultative symbionts
that can apparently live freely without the ants. Although it remains possible that lower-
attine fungi possess adaptations for life with ants, this is a poorly explored area of inquiry,
and so, in the case of lower ant agriculture, there is currently no evidence for domestication
of fungi by ants (Mueller et al. 1998; Schultz and Brady 2008). In higher ant agriculture,
practiced by 110 species of attine ants, the fungal cultivars are obligate symbionts, never
found outside of the symbiosis (Mehdiabadi and Schultz 2010). Higher-attine fungi possess
clear adaptations for life with ants: they are all polyploid, they consistently produce nutri-
tious food bodies called “gongylidia” that are preferentially eaten by the ants, and they
are significantly different from lower-attine fungi in expressed enzyme and amino acid
profiles (Mo6ller 1893; De Fine Licht and Boomsma 2014; Kooij et al. 2014, 2015). Higher-
attine agriculture possesses all of the traits of domestication and agriculture (Schultz et al.
2005). The scale of agriculture practiced by the leaf-cutting ants, a subset of the higher-
attine ants, is comparable to human industrial-scale agriculture (chapter 14, this volume),
and, in terms of number of agricultural adaptations, more complex (chapter 1, this volume).

Leaf-cutting ants, unlike all other fungus-farming ants, have evolved the ability to cut
and process fresh vegetation (living leaves, flowers, and grasses) as a fungal substrate.
This ability has enabled leaf-cutter ant colonies to evolve into “superorganisms,” consist-
ing of 5 million or more individuals and dominating New World grassland and forest
ecosystems (Schultz and Brady 2008). A mature nest of a leaf-cutting Atta species is the



152 Ana JeSovnik and Ted R. Schultz

ecological equivalent of a large vertebrate herbivore in terms of biomass, life span, and
consumption: a medium-sized colony collects almost one ton of leaves per year (Wirth
et al. 1997, 2003; Holldobler and Wilson 2010). Atta nests can be up to 7 meters deep and
include more than 7,000 garden chambers, separate waste-disposal chambers, and a ven-
tilation system (Moreira et al. 2004; Forti et al. 2017). Leaf-cutter nests alter the chemical
and physical properties of the soil, contribute substantially to carbon turnover in Neotropi-
cal ecosystems, and represent an important resource for many other symbiotic species
(Navarrete-Heredia 2001; Ballari, Farji-Brener, and Tadey 2007; Farji-Brener and Weren-
kraut 2017). As in human industrial-scale agriculture, leaf-cutter agriculture is achieved
through finely scaled division of labor, accomplished through a highly polymorphic
worker-caste task force in which the largest individuals (the “soldier” caste) weigh 200
times more than the smallest individuals (the gardener-nurses) (Wilson 1980; Hart and
Ratnieks 2001; Garrett et al. 2016).

Remarkably, in at least some higher-attine ant species, it appears that higher agriculture
has produced an agricultural surplus that ants can “trade” for other goods, similar to
exchanges in human societies and to the earlier example in which the ant species Lasius
fuliginosus uses surplus honeydew collected from aphids to nourish its structurally benefi-
cial fungal symbiont. Relative to when it is not supporting a commensal ant symbiont,
when it is hosting a colony of the socially parasitic, non-fungus-growing ant Megalomyr-
mex symmetochus, a colony of the higher-attine ant species Sericomyrmex amabilis
increases the productivity of its fungus gardens by foraging for higher-protein substrates
(Shik et al. 2018). Most of the time, Megalomyrmex symmetochus parasitizes the S. ama-
bilis nest, feeding on its fungus garden and brood (Adams et al. 2000). Sericomyrmex
amabilis is not very effective at colony defense, whereas M. symmetochus, which pos-
sesses volatile alkaloid venom, is very efficient at defense. When the S. amabilis colony
is attacked by other ants, particularly by the raiding “agro-predatory” species Gnamptog-
enys hartmani, M. symmetochus defends the nest and usually rescues the colony from
complete devastation (Adams et al. 2013). The ability of Sericomyrmex amabilis to
upregulate the nutritional content of its fungus garden provides it with excess agricultural
goods that are used to compensate M. symmetochus, which can behave as a simple social
parasite or an efficient mercenary defender, depending on context.

Conclusion

Ants are one of the nine phylogenetic lineages of animals that have independently evolved
similar sets of agricultural behavioral traits, although with varying levels of complexity
(chapter 1, this volume). The specific ant behaviors that have converged on human prac-
tices of cultivation, domestication, and agriculture have been discussed throughout this
chapter. In general, ants most commonly display behaviors comparable to human cultiva-
tion practices, such as fertilizing, planting, protecting, harvesting, and sheltering, while
examples of convergence on domestication and agriculture are less common. In terms of
kingdoms of life, ants frequently associate with animals and plants, and those associations
range from facultative cultivation, such as tending homopteran insects or weeding and
manuring epiphytic plants, to obligate dependence on domesticates, such as the ant Doli-
choderus cuspidatus converging on the behavior of human nomadic herdsman, which
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migrate because of their cattle, and Philidris nagasau ants planting their obligate crop
plants closer to the sun, convergent with various human practices to maximize crop yield.
The known agricultural symbioses of ants and fungi, less common than those with plants,
are apparently obligate for the ant species engaged in them. They also share similarities
with human agriculture: Lasius fuliginosus obligately cultivates its fungus for a structural
rather than a nutritional purpose, similar to human cultivation of wood as a building mate-
rial, while the fungus-farming attine ants independently evolved planting, substrate prepa-
ration, manuring, weeding, harvesting, and elaborate division of labor, as well as economic
(i.e., obligate) reliance on their crop.

To conclude this review of the diversity of ant symbioses and the degree of convergence
with human agricultural practices, we wish to consider if there are any lessons to be learned
from ant-farming systems in the light of the urgent agricultural crisis currently experienced
by humans. Unsustainable human agricultural practices on a global scale have altered
planetary-level ecological processes through land-use change, carbon release, chemical
pollution, biodiversity loss, and soil erosion (Skinner et al. 1997; Stoate et al. 2001;
German, Thompson, and Benton 2017; IPBES 2019). Because of our reliance on industrial-
scale monocultures, our crops are genetically less diverse and subsequently less resilient
to unpredictable random catastrophic events (Dunn 2017; Nabhan et al. 2012). In our
comparisons of traits of ant and human agriculture, an obvious lack of convergence exists
in some of the traits relevant to agricultural sustainability. For example, colonies of Atta
leaf-cutter ants, which harvest large amounts of plant material (e.g., 132 kg of biomass/
ha/year), rarely exhaust local resources of native vegetation (Cherrett 1968; Wirth et al.
2003; Herz, Thompson, and Benton 2007), have positive impacts on the productivity of
their local environments, and occupy keystone positions in local ecologies (Farji-Brener
and Illes 2000; Farji-Brener and Werenkraut 2015). Also, despite growing a single fungal
clone in a monoculture, vulnerable to the specialized, coevolved parasitic fungus Escovo-
psis, attine ants practice efficient pest management (Currie 2006; Mehdiabadi et al. 2010;
chapter 11, this volume) by growing antibiotic-producing bacteria in specialized structures
on their cuticles (Li et al. 2018). As a consequence of 60 million years of coevolution with
their crops, crop pathogens, and antibiotic-producing bacteria, ants have developed effi-
cient methods of biocontrol that do not adversely affect the sustainability of the system
(Pathak, Kett, and Marvasi 2019).

Fungus farming in ants originated shortly after the end-of-Cretaceous mass-extinction-
event known as the KT boundary (Branstetter et al. 2017). This was a period in earth
history when organisms that depended on photosynthesis and those that depended on those
organisms were threatened with extinction (Janzen 1995). Because fungi are saprobes,
which can grow on dead plant and animal matter, this was also a period when fungivory
and associating with fungi provided a stable food source for the ancestors of attine ants.
From environmentally catastrophic conditions and in the midst of mass extinction, fungus-
farming attine ants emerged as an ecologically successful radiation.

For human agriculture to survive analogous climate-related changes, we likewise need
to find ways to diversify our resources and use them sustainably, rather than continuing
to rely on those that are likely to be highly sensitive to climate change and associated
natural disasters and that are dependent on large quantities of chemical pesticides and
fertilizers (Dunn 2017; Poux and Aubert 2018). Our current approach to agriculture is
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much less resilient than those of the various ant farmers considered in this review. A shift
to sustainable agricultural practices such as organic, conservation, or regenerative agricul-
ture will require radical changes to present agricultural policies, a strong emphasis on
conservation of wild relatives of cultivated plants and on the genetic diversity of existing
cultivars, a shift in human diet, and mainstreaming of biodiversity-oriented policies into
nonagricultural sectors (IPBES 2019). As the authors of this review find ants to be a
continuous source of inspiration, we hope that the diversity and complexity of the most
successful organisms on earth will inspire the reader to reconsider the ways of the ants
(King Solomon, Proverbs 6:6), to discover in their study the motivation for much-needed
change, and to continue to look for new solutions in nature.
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9 Plant Farming by Ants: Convergence and Divergence
in the Evolution of Agriculture

Guillaume Chomicki

Diverse forms of cultivation have evolved across the tree of life in systems as varied as
the cultivation of bacteria by crabs (Thurber et al. 2011), amoebae (Brock et al. 2011),
and fungi (Pion et al. 2013); the cultivation of algae by three-toed sloths (Pauli et al. 2014)
and damselfish (Hata and Kato 2006); and the cultivation of fungi by snails (Silliman and
Newell 2003). In contrast to these cultivation mutualisms, which can involve some form
of planting or cultivation such as weeding and harvesting of “crops,” true agriculture
involves a unique set of behaviors and traits that occur sequentially in which a “farmer”
farms a “crop” species. Four key steps define true agriculture—namely habitual planting,
cultivation, harvest, and dependence of the farmer on the crop (Mueller et al. 2005).
Outside of humans, agriculture is restricted to social insects (ants, termites, beetles) cul-
tivating fungi (Farrell et al. 2001; Aanen et al. 2002; Mueller et al. 2005; Schultz and
Brady 2008) and ants cultivating plants (Chomicki and Renner 2016a). The iconic fungus-
farming agricultural symbioses have been studied for decades, with a focus on their evolu-
tion (Mueller et al. 1998; Farrell et al. 2001; Aanen et al. 2002; Mueller and Gerardo 2002;
Schultz and Brady 2008), stability (Poulsen and Boomsma 2005; Aanen et al. 2009),
cultivation behavior (Van Bael et al. 2009; Fernandez-Marin et al. 2009; Biedermann et
al. 2009; Katariya et al. 2017), genomics (Poulsen et al. 2014; Nygaard et al. 2016; Van-
derpool, Bracewell, and McCutcheon 2018), and control of fungal parasites (Currie et al.
2003, 2006; Li et al. 2018). Plant farming by ants was discovered only in 2016, and hence
relatively little is known about this agricultural system. In this chapter, I describe what is
known about the evolution and ecology of plant farming by ants, highlighting convergen-
ces and divergences with fungus farming.

The Different Forms of Plant Cultivation by Ants

Ant/Plant Symbioses: No Cultivation

About 700 plant species in 159 genera and 50 families and some 113 ant species in 29
genera and five subfamilies engage in sometimes very specialized ant-plant symbioses
(Chomicki and Renner 2015). Those symbioses are primarily defensive, in which the plant
provides a nesting structure—termed a “domatium”—in which the ants nest in return for
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protection against herbivores. The plant host sometimes provides food rewards, as in the
case of the iconic Central American Acacia (Vachellia)-Pseudomyrmex symbioses or the
Neotropical Cecropia-Azteca mutualism (Chomicki, Ward, and Renner 2015; Gutiérrez-
Valencia et al. 2017). In some symbioses, such as the one between central American Piper
and Pheidole bicornis ants, the ants provide both defense and nutrients to their plant host
(Fischer et al. 2003). In all these cases, even the most specialized systems that involve
ants obligately nesting in plants, both partners disperse independently, and the symbiosis
reassembles at each generation (horizontal transmission). Hence, these are not farming
mutualisms.

Ant Gardens: Cultivation Mutualisms but Not True Agricultures

In 1901, Ule described a new type of mutualism from the New World in which arboreal
ants plant seeds in their carton nests—nests built in trees mainly with plant parts and ant
secretions—in rainforest canopies (figure 9.1A, B, arrows). These mutualisms, termed “ant
gardens” (AGs), involve a form of cultivation in which arboreal ants use epiphytic plants
to stabilize their nests. These gardens typically involve diffuse associations between
several ant species and several plant species (Davidson 1988; figure 9.1A). Cases in which
two ant species participate in a mutualism, called “parabiosis,” and cultivate the same ant
garden often involve species of the ant genera Camponotus and Crematogaster (figure
9.1A; Orivel, Errard, and Dejean 1997). The main function of the AG plants is to maintain
a sturdy nest structure (Kaufmann 2002). Some AG plant species also provide extrafloral
nectaries (EFNs), small nectar glands outside flowers. EFNs serve in so-called indirect
plant defense, in which ants are attracted to EFNs and deter herbivores in return for this
reward. EFNs occur in over 3,000 plant species (Weber and Keeler 2013), typically alone
but sometimes in the context of AG plants or ant-plant symbioses. Neotropical AGs are
cultivation mutualisms but not true agricultures. Habitual planting and cultivation are
fulfilled, although neither partner is likely to be obligately dependent on the other. Unless
the AG plants have extrafloral nectaries, there is no harvest, and the farmer has no obligate
dependence on the crop. Thus, AG mutualisms are not true agricultures. AGs of another
type were later described in Southeast Asia and encompass a wide range of both ant and
plant species (figure 9.1B; Kaufmann 2002; Kaufmann and Maschwitz 2006). Like Neo-
tropical AGs, Southeast Asian AGs involve habitual planting and cultivation and some-
times harvest, but all these are likely facultative, as is dependence. This means that such
AG-forming ants have flexible diets and behaviors. For example, in several ant species,
including Philidris cordata, forming AGs (i.e., habitual planting) is facultative. The condi-
tions driving AG-forming behavior, and whether this is a trait that varies at the colony
level, are unknown. In this case the four defining steps of agriculture are not fulfilled (table
9.1). The main difference between Neotropical and Southeast Asian AGs is that the latter
frequently involve plants with derived structures for ant nesting (domatia), such as Myr-
mecodia and Hydnophytum (Rubiaceae), Dischidia (Apocynaceae), or Lecanopteris (Poly-
podiaceae) (figure 9.1B). In both Neotropical and Southeast Asian AGs, ants build carton
nests that serve as substrates for AG plants. Because Southeast Asian AGs involve plant
assemblages, often including species with domatia, the colony lives both in the carton nest
and in the domatia, although the major part of the colony (including the queen) is typically
found in the carton nest (Davidson and Epstein 1989).
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Figure 9.1

The different forms of plant cultivation by ants. (A) Neotropical AG at Petit Saut, Sinnamary (Lat. 5.053, Long.
—52.976), French Guiana, between several unrelated plant species (dechmea mertensii [Bromeliaceae], Codonanthe
calcarata [Gesneriaceae], and Philodendron sp. [Araceae]) cultivated by the two parabiotic ant species (Camponotus
femoratus and Crematogaster levior); arrow points to a carton nest. (B) South-East Asian AG, here in Papua New
Guinea, involving a mix of plants with domatia (here Myrmecodia tuberosa) and without (here Dischidia
nummularia); arrows point to carton nest. (C) The ant-plant agricultural symbiosis between Philidris nagasau and
Squamellaria; this farming ant colony contains dozens of Squamellaria crops, here S. major and S. thekii, overlooking
a bay in Taveuni, Fiji. Photos: A: Jérome Orivel, B: Milan Janda, C: Guillaume Chomicki.

The Fijian Farming Symbiosis between Squamellaria and Philidris nagasau Is the
Only True Ant/Plant Agriculture Demonstrated to Date

The Fijian symbiosis between the plant Squamellaria (Hydnophytinae, Rubiaceae) and the
ant Philidris nagasau drastically differs from Neotropical and Southeast Asian AGs. The
four defining characteristics of farming are met, and the association is strictly obligate for
both the farming ant and plant crop partners (Chomicki and Renner 2016a, 2019). The
farming ant Philidris nagasau obligately nests in Squamellaria domatia—a dependence
driven by the evolutionary loss of the carton nest-building behavior (Chomicki and Renner
2016a). It also differs from AGs in scale: a single “farm” frequently involves dozens of
Squamellaria plant crops (figure 9.1C). Is the Fijian mutualism between Squamellaria and
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Table 9.1
The diversity of plant cultivation mutualisms by ants

Fijian Squamellaria/
Neotropical ant gardens Southeast Asian ant gardens  Philidris nagasau

Habitual planting Yes Yes Yes

Cultivation Yes, but no monitoring Yes, but monitoring Yes, continuous monitoring
probably rare of seeds and seedlings

Harvest In general no In general no Yes, continuous

Dependence of Facultative Facultative Obligate

farmer

Nest structure Carton nest stabilized Carton nest stabilized by Squamellaria domatia

by plant roots plant roots + domatia of exclusively

some AG plants
Queen nesting Carton nest Carton nest Domatium

Philidris nagasau the only true plant-farming agricultural system in ants? So far, true agri-
culture has been demonstrated only in this system. But this plant clade—the Hydnophytinae—
contains over 100 species, and three lineages other than Sguamellaria have been
independently colonized by Philidris or related dolichoderine ants, creating highly special-
ized cultivation symbioses (Chomicki and Renner 2017; Chomicki et al. 2020). These
symbioses are concentrated in New Guinea (both Indonesian Papua and Papua New Guinea),
in many cases in highly inaccessible locations, and have thus been very little studied. It is
thus likely that other true agricultures have evolved in the Hydnophytinae.

Biology of the Fijian Farming Symbiosis

It has recently been shown that nonhuman agriculture is not restricted to fungus farming,
but also involves plant farming by the ant Philidris nagasau (subfamily Dolichoderinae)
of Squamellaria species in Fiji (Chomicki and Renner 2016a; figures 9.2, 9.3). This ant
species forms large “farms” with dozens of Squamellaria plants cultivated high up in the
canopy (figure 9.1C). The ants collect seeds in the fruits before they are fully ripe (which
in turn prevents their removal by birds) and plant them in pockets under tree bark (figures
9.2A, 9.3). They plant up to 10 seeds and a small group of workers stays under the bark
with the seeds, presumably to prevent seed predation. To emerge from their germination
sites under the tree bark, the seedlings have evolved an elongated “foot” of the hypocotyl
(the part of the stem below the cotyledons), which delays domatium development until
the seedling has escaped from the bark (Chomicki and Renner 2016a). The ant planting
behavior and plant escape traits likely result from adaptive coevolution. Once the seedling
has an ~1.5 cm large domatium with its first entrance hole, ant workers enter the seedling and
actively fertilize it by defecation (figures 9.2B, C, 9.3; Chomicki and Renner 2016a).
Fertilization by ants in Squamellaria continues throughout the life of the plant and occurs
exclusively on hyper-absorptive structures inside the domatia called the “warts” (figures
9.2D, 9.3), similar to the fertilization by Philidris ants of other specialized Hydnophytinae
such as Myrmecodia species (Huxley 1978). Sexually mature farmed Squamellaria produce
food rewards consisting of nectaries in old flowers from which the corolla has dropped
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Figure 9.2

Tllustration of the agricultural symbiosis between Philidris nagasau ants and Squamellaria. (A) P. nagasau
worker dispersing a Squamellaria seed. (B) Squamellaria “nursery” where a site has been planted with seeds
and two seedlings are emerging. Note the hole in the bark where a worker emerges; bark removal revealed that
many seeds were present, guarded by P. nagasau workers. (C) P. nagasau worker visiting the small (1.5 cm in
diameter) domatia of a Squamellaria seedling to fertilize it. (D) Longitudinal section through a large Squamellaria
wilsonii plant crop, revealing two types of inner wall surfaces: the warted walls (left inset) where ants defecate
and the smooth walls (right inset) where ants live and rear their brood. (E) Squamellaria crops (here S. wilsonir)
produce food rewards that consist of old flowers from which the white corollas have fallen; in these post-anthetic
nectaries, sugar is concealed, and the farming ants have to bite through the thick epidermis to obtain it, which
prevents exploitation by opportunistic ants (Chomicki et al. 2016). Photos: Guillaume Chomicki.

(so-called post-anthetic nectaries), which conceal a sugar- and amino acid—rich sap (figures
9.2E, 9.3; Chomicki et al. 2016a). The planting of several generations of plants makes it
possible for Philidris nagasau to avoid the reestablishment of the symbiosis, a critical step
in other ant-plant symbioses involving bird-dispersed trees or shrubs that need to be
located in every new ant generation by foundress queens.

Comparative Ecology of Plant and Fungus Farming in Social Insects
and Humans

A tabulation of 15 agricultural behavioral traits in insects and humans reveals that five
trait states are shared by all fungal and plant agricultures, two are shared by plant farming
by ants and a subset of fungus-farming agricultures, one is shared by plant farming by
ants and humans, two are unique, and seven are yet unknown in plant farming by ants
(table 9.2).
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Smooth wall
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services

Plant to ant rewards
Food reward

production

1 Food rewards
2 Nesting space
Ant to plant services
3 Seed protection
Seed dispersal
Fertilization by defecation
n Antiherbivore defense

Figure 9.3

Rewards and services exchanged between Squamellaria and Philidris nagasau mapped onto plant ontogeny. In
the domatium longitudinal section, white-dotted cavities point to warty surfaces where fertilization by defecation
occurs and blackish cavities show smooth surfaces where farming ants rear their brood and live. Adapted from
Chomicki and Renner (2019).

These diverse agricultures share a number of fundamental characteristics. All farmers
engineer crop growth conditions to increase their productivity. In plant farming by ants,
this involves the preferential planting of Squamellaria crops in full sun, which maximizes
crop yield at the expense of lower nitrogen in their plants’ diets (Chomicki et al. 2020).
It also includes a tight nutrient recycling system wherein the farming ant Philidris nagasau
continuously and exclusively defecates on hyper-absorptive warts (Chomicki and Renner
2019). Similarly, fecal manure is regularly applied in attine-ant fungiculture (De Fine Licht
et al. 2013), and predigested material is continuously added to the combs in termite fungi-
culture (Johnson 1981). Sustainable harvesting of the crop for food is also common to all
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Table 9.2
Comparative ecology of plant and fungus farming

Fungus farming Plant farming
Macrotermitine ~ Xyleborine
Agricultural behavior Attine ants termites ambrosia beetles  Philidris nagasau ~ Humans
Dependency on crop Obligate Obligate Obligate Facultative Facultative
for food
Dependency on crop Absent Absent Absent Obligate Absent
for nesting
Engineering of optimal ~ Present Present Present Present Present
crop growth
Planting of crop on Present Present Present Absent Present
improved substrate
Continuous monitoring  Present Present Present Unknown Absent
of growth and disease
status of all crops
Sustainable harvesting  Present Present Present Present Present
of crop for food
Protection of crop from  Present Present Present Present Present
disease and consumers
Weeding of alien Present Present Unknown Unknown Present
organisms invading
the garden
Use of chemical Present Unknown Unknown Unknown Present
herbicides to combat
pests
Use of microbial Present Unknown Unknown Unknown Present
symbionts for nutrient
procurement for the
crop
Use of disease- Present Unknown Unknown Unknown Absent
suppressant microbes
for biological pest
control
Sociality Eusocial Eusocial Subsocial or Eusocial Social
communal®

Task partitioning in Present Unknown Present Unknown Present
agricultural processes
Application of Unknown, but Unknown Unknown Unknown Present
artificial selection for ants exert
crop improvement symbiont choice
Learning and cultural Absent Absent Absent Absent Present

transmission of
agricultural innovations

Note: *One ambrosia beetle is eusocial; all other species seem to be subsocial or communal.

Source: Comparison of fungus farming and human farming are adapted from Mueller et al. (2005).
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agricultures. However, only in fungus farming is harvesting correlated with a specialized
diet, such that farmers obligately feed on the fungal crops they farm. In contrast, both ants
that farm plants and humans who farm plants and animals can feed on other resources and
are thus not obligately reliant on farming for food (Chomicki et al. 2020). Crop protection
from disease and competing consumers in fungus farming and herbivores in plant farming
takes place in all agriculture systems. In fungus farming, crop protection typically involves
a combination of monitoring, mechanical and chemical application, and, in the case of
attine ants, reliance on specific symbiotic bacteria (reviewed by Mueller et al. 2005). In
plant farming by ants, it involves defense against herbivores driven by food rewards
(Chomicki et al. 2020). Philidris nagasau farming ants likely also play a role in disease
protection of the plant, but this is not yet understood. Ant-exclusion experiments of farmed
versus nonfarmed closely related Squamellaria species revealed that farmed species
without ants suffered high pathogen attacks and rapidly died from these pathogens (Cho-
micki and Renner 2019). This suggests that ants play a role in reducing the pathogen load,
either through chemicals or via microbial associates. That the experimental exclusion of
the farming ants from the crops led to a high mortality apparently driven by pathogens
suggest that the ant farmers may provide an obligate anti-pathogen defense role to the
crop. Such an obligate dependence might have evolved via the evolutionary loss of defense
genes in plants, compensated by the farmer anti-pathogen defense role.

Two linked aspects are unique to Fijian ant-plant agriculture. While all farmers—both
fungus farmers and human plant farmers—improve the substrate in which they plant their
crops, Philidris nagasau plants Squamellaria seeds in soilless pockets under tree bark. In
contrast, other AG ants form a nutrient-rich carton nest in which they grow their plants (see
above). In response to being sown in these harsh, sunken sites, Squamellaria crops have
evolved a specific coevolved trait—an elongated hypocotyl—which allows them to escape
these deep pockets before forming their domatia (Chomicki and Renner 2016a). The second
aspect unique to this Fijian agriculture is that the crop provides a nesting structure to the
farmer on which it is obligately dependent. This is because Philidris nagasau ants have lost
nest-building behavior over evolutionary time (Chomicki and Renner 2016a).

Because plant farming by ants was discovered only in 2016, much of the biology
remains unknown. In particular, as discussed above, there is indirect evidence that farming
ants provide a pathogen-suppressing function (Chomicki and Renner 2019), but how this
occurs is unknown. Similarly, it is unknown whether Philidris nagasau removes alien
vegetation. Squamellaria “farms” tend to be found on trees with low epiphyte and vine
covers (G. Chomicki, pers. obs.), but active physical weeding has not been observed. Task
partitioning is also unknown. How Philidris domesticated Squamellaria and whether it
performs artificial selection are unknown, although Squamellaria species differ in abun-
dance, even sometimes within the same ant colony, in which P. nagasau may farm up to
three separate Squamellaria species at once (Chomicki and Renner 2016a), possibly
reflecting preferences for certain plant species.

Comparative Analysis of the Evolution of Agricultures

Similar to agriculture in attine ants and macrotermitine termites, current data pinpoint a
single origin of agriculture in Philidris ants (Chomicki and Renner 2016a; Chomicki,
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Janda, and Renner 2017). On the plant crop side, the Fijian farming ant Philidris nagasau
has domesticated a single plant lineage (Squamellaria). However, three additional plant
lineages (genus Myrmecodia, subclades of Anthorrhiza and of Myrmephytum) form highly
specialized symbioses in which they are cultivated by other dolichoderine ants (mostly
other Philidris species). Their occurrence in remote areas of New Guinea has precluded
in-depth studies so far. Philidris nagasau—Squamellaria agriculture is restricted to two
islands of the Fijian archipelago: Vanua Levu and Taveuni. Dated phylogenies of both the
ant and plant clades converge to an age of 3—4 million years for the origin of this agriculture
(Chomicki and Renner 2016a, 2016b; Chomicki, Janda, and Renner 2017). Taveuni island is
only circa. 800,000 years old while Vanua Levu is thought to date to about 4 million years
old, suggesting an origin of plant agriculture in the rainforests of Vanua Levu (Chomicki,
Janda, and Renner 2017).

The mode of crop transmission is a critical step in any agriculture. Because crops typi-
cally contain traits that result from domestication, they are typically vertically transmitted
from one generation to the next (table 9.3; Mueller et al. 2005). Macrotermitine termites
are the outlier, in that most termite species acquire their crops horizontally (from the
environment) via wind-mediated spore dispersal. However, termites ensure a high related-
ness of fungal crops by propagating single variants (Aanen et al. 2009). The situation in
the plant-farming ants is quite unique. On the one hand, overlapping Squamelleria crop
generations—where the newer generations are offspring of older plants from the same
colony—are found within the same ant colony, and crops are dispersed exclusively by
farming ants. On the other hand, as far as we know, reproductive ants have no role in the
crop’s reproduction; rather, workers only disperse and propagate the crops by sowing
seeds. This implies that new colonies likely emerge by “budding” or “splitting.” This could
happen when Philidris nagasau ants from a single colony spanning several trees become
separated by a tree fall. Colonies are monogynous, but there is a high number of female
alates that can potentially become queens if the plant with the queen becomes isolated.
Fine-scale mapping of a mature colony has revealed that all plant crops within one colony
are connected by ant trails, but that those trails are structured hierarchically and centered
on the oldest plant—that is, the plant with the domatium that contains the queen (Chomicki
and Renner 2016a). We can speculate that both the large number of female alates and the
presence of a single type of worker performing all farming tasks can readily promote
autonomous new colonies when physical isolation occurs. As in many human plant crops,
Squamellaria crop reproduction occurs sexually, via the ant farmer sowing seeds. Sexual
reproduction is also dominant in the cultivated fungi of termites, but in that case spore
dispersal is mediated by wind rather than by the farmer. In contrast, attine ants and ambro-
sia beetles disperse their crops mostly asexually (table 9.3; Mueller et al. 2005).

At the genus level, clade-clade correspondence occurs between interacting farmers and
crops in the attine ants, xyleborine beetles, and farming ants but not in fungus-farming
termites (table 9.3; Mueller et al. 2005; Chomicki, Janda, and Renner 2017). This reflects
the predominance of vertical versus lateral crop transfer. Another interesting trait of
plant-farming agriculture that differs from fungus-farming but is shared with human
farming is variable cultivation by monoculture, with polyculture also frequent. This
contrasts with fungus farming where crop monoculture is constant. As in human plant
farming, monoculture occurs in plant farming by ants. However, mixed cultivation of up



Table 9.3

Crop ecology and evolution in ant, termite, beetle, and human agriculture

Crop ecology
& evolution

Fungus farming

Plant farming

Attine ants

Macrotermitine
termites

Xyleborine
ambrosia beetles

Philidris nagasau

Humans

Number of inferred

evolutionary
origins of
agricultural
behavior

Estimated date and
region of origin of
agricultural
behavior

Number of crop
clades cultivated

Vertical crop
transmission
(from generation
to generation)

Specialization on
crops at higher
phylogenetic level

Specialization at
level of farmer
species

Lateral exchange
of cultivars within
the same farmer
species (within
the same farmer
generation)
Cultivar exchange
between farmer
species

Genetic exchange
between domesti-
cated and wild
crop populations

Crop monoculture

Crop sexuality

Single origin

45-65 mya in
Amazonian
rainforests

Multiple
cultivar clades:
one in
Pterulaceae;

at least three
additional ones
in Lepiotaceae

Present

Clade-clade
correspondence

Present

Present

Present

Variable

Present

Variable, but
sexual
recombination
is rare

Single origin

24-34 mya
in African
rainforests

Single cultivar
clade
(Termitomyces)

Variable (most
lineages acquire
cultivars
horizontally via
spore wind
dispersal)
Clade-clade
correspondence

Present

Unknown

Present

Absent

Present

Variable, but
most cultivars
are propagated
sexually from
spores

Single origin in
Xyleborini; six
independent
origins in
ambrosia
beetles

3040 mya

in xyleborine
beetles; region
of origin
unknown

21-60 mya

in the other six
ambrosia beetle
lineages
Multiple
cultivar clades
Ambrosiella and
Raffaellea;
several origins
within
Ophiostoma and
Ceratocystis

Present

No strict
clade-clade
correspondence

Present

Unknown

Rare

Absent

Present
Variable, but
sexual
reproduction is
probably rare

Single origin; but four
crop lineages colonized
(demonstration of true
agriculture only in one)

3—4 million years old
in Fijian rainforests
(Vanua Levu island)

Single clade in Fiji
(Squamellaria); three
related additional
clades likely in New
Guinea and SE Asia

Present (see text)

Clade-clade
correspondence

Unknown

Unknown

Not applicable

Absent

Variable

Sexual reproduction
exclusively

Multiple
independent
origins

~12,000 years
old, various
places

Multiple
lineages and
geographic
origins

Present

Not applicable

Absent

Present

Not applicable

Absent

Variable

Variable, many
are propagated
sexually

(e.g., most
vegetables) but
others clonally
(e.g., fruit trees
by grafting)

Source: Comparisons of fungus farming and human farming are adapted from Mueller et al. (2005).
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to three Squamellaria species also occurs (Chomicki and Renner 2016a). Statistically,
monoculture is dominant, but it is not clear whether it reflects local crop species abun-
dance or farmer preferences (which are likely linked since farming ants are the only
dispersing vectors of farmed Squamellaria species). The two most common species
(Squamelleria imberbis on Vanua Levu and its sister species S. wilsonii on Taveuni island)
have higher altitudinal ranges, linked to their C3 photosynthesis metabolism, while
crassulacean-acid metabolism (CAM; a photosynthetic metabolism by which plants open
their stomata for gas exchange only at night to save water) species have thick succulent
leaves and are restricted to lower elevations where climate is drier (Chomicki and Renner
2016b; Chomicki et al. 2020).

Can Plant Farming by Ants Be Useful for Understanding
Human Agriculture?

A timely question is whether we can learn from these insect agricultural systems to
improve the sustainability of our own farming practices. One major insight from the study
of insect farming is the role of bacterial associates in disease resistance. Studies of insect
farming, and in particular of attine ants, have been a key motivation for studying the
microbiomes of crop plants. Studies have shown how human farmers can select microbi-
omes that improve their crop’s health and nutrition—hence productivity in just a few steps
(Scheuring and Yu 2012; Mueller and Sachs 2015).

A unique aspect of ant-plant agriculture is that it takes place in a typically nutrient-
limited environment—the forest canopy. Philidris nagasau ants preferentially plant
Squamellaria in full sun, which maximizes crop yield, food rewards, and defense (since
defense is mediated by food rewards). This suggests that ants will eat more food
rewards (carbon-based diet), spend less time hunting insects, and thus have a diet with
less nitrogen. As a result, full-sun cultivation leads to less nitrogen-rich fertilization of
the plants (Chomicki et al. 2020). This tradeoff between nutrition and defense (i.e.,
with the best defense coinciding with the poorest nutrition, when the crop’s productivity
in terms of food rewards is maximal) is balanced because of the tight nitrogen (and
phosphorus) recycling system. Farming ants defecate exclusively on hyper-absorptive
warts inside the domatia and so there is no nutrient loss in the system (Chomicki and
Renner 2019).

Genetic engineering approaches to increasing nitrogen use efficiency have met with
limited success (Schroeder et al. 2013; chapter 3, this volume). One reason is that plants
can modify their nitrogen uptake efficiency mechanisms in response to the available
nitrogen level (Noguero and Lacombe 2016). Here, farming ants have practiced a form
of “precision agriculture” for millions of years, wherein they actively and exclusively
provide nitrogen-rich feces to warts, which have evolved an extreme nitrogen uptake rate
(Chomicki and Renner 2019). This unique combination of extreme nitrogen uptake effi-
ciency with high nitrogen concentration in fecal fertilizer raises new possibilities in the
race to genetically engineer plants with increased nitrogen uptake efficiency. We are
currently investigating the genes up-regulated in the hyper-absorptive warts, and promis-
ing candidates will be studied further.
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Conclusion

The agriculture practiced by Fijian farming ants shares a number of traits with both fungus-
farming in other insects and human agriculture. Habitual planting, optimization of the best
growth conditions to maximize crop yield, continuous fertilization of the crops, constant
defense against pests (here insect herbivores), sustainable harvesting, and dependence are
the key features that are convergent across these systems. Yet there are also a number of
divergences—features that are unique to this agriculture. Philidris nagasau ant farmers do
not improve the substrate in which they plant their crops due to an evolutionary adaptation
to the sowing mode. The crops provide a highly complex nesting site for the farmer on
which the farmer obligately depends for survival, but the dependence of the farmer on the
crop as food is only facultative. Because of its recent discovery, much about ant-plant
agriculture remains unknown. In particular, the potential role of ants in disease suppression
in the plants, and whether this involves symbiotic microbes, remains to be investigated.
The extreme recycling of nitrogen in the ant-plant agricultural system, accomplished by
nitrogen hyper-absorption by specialized tissues, might be transferable to human crops
and improve their yields.
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1 O Coevolution in the Arable Battlefield: Pathways to Crop
Domestication, Cultural Practices, and Parasitic
Domesticoids

Dorian Q. Fuller and Tim Denham

This chapter is about domestication of various plants by Homo sapiens, the novel ecosys-
tems that such domestication processes created, and other taxa that benefited from these
anthropic environments. The coevolution of symbioses of different phyla is by no means
unique to the domesticatory relationships of humans and their crops. Indeed, “agriculture”
by ants, termites, and beetles are far more ancient in evolutionary terms and widespread
across phyla and habitats (Mueller et al. 2005; McGhee 2011; see also chapters 1, 2, and 14,
this volume). The parallels between humans and some insects raise fundamental questions
about what is meant by terms such as “cultivation,” “domestication,” and “agriculture.” For
anthropologists and archaeologists these terms are often taken to be self-explanatory. Cultiva-
tion is something that people do—namely, learned cultural behaviors and labor investments
whereby people plant crops in prepared plots of land. Domestication refers to the resultant
changes, genetic and/or morphological, in the targeted plant taxa that become adapted to
cultivation and provide a yield that is economic, often caloric, for the human cultivators.
Agriculture is often distinguished based on scale, whether in terms of the degree of depen-
dence on cultivated food for diet or in terms of the level of investment in agricultural activi-
ties, which is associated with the importance of cultivated food both to the human economy
and ecology and as an obligate part of sustaining human communities and populations.
Agricultural societies require cultivation to persist, whereas cultivation and use of domesti-
cates may be undertaken on a variable scale by economies that could still be largely reliant
on fishing, hunting, and/or gathering. Economies with a smaller reliance on cultivation,
including many in which domestication traits were evolving in the crops, have often been
recognized as distinctive and variously termed “intermediate economies” practicing “pre-
domestication cultivation” (Hillman 1975; Harris 1989, 2012), low-level food production
(Smith 2001), or food production with/without domesticates (Harris 1996; Fuller et al. 2018).
In the general terms laid out by Mueller et al (2005), agriculture as we define it here requires
“nutritional dependency” and the reorientation of social life to the production of food,
whereas habitual planting, improvement of growth conditions, and harvesting without nutri-
tional dependency constitutes nonagricultural cultivation.

One of the striking features of agriculture is that it has evolved in parallel in different
places and at different times, offering the opportunity to consider commonalities in process
and causal variables. Mueller et al (2005) concluded that there were seven separate origins
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of agriculture among beetles, as well as one each among termites (in the Old World) and
ants (in the New World). Similarly, among humans, agriculture developed independently
at least 14 times, and perhaps as many as 23 times—in different regions, in different
cultural traditions, and based on different crop plants (Purugganan and Fuller 2009; Larson
et al. 2014; Denham et al. 2020). Our updated understanding of these geographically and
culturally separate origins of crop domestication and agriculture are mapped in figure 10.1,
which distinguishes centers focused on the cereal domestication pathway (figure 10.1A)
and the vegecultural pathway (figure 10.1B).

In comparative terms three things are striking about the human development of agricul-
ture that we wish to explore here. First, the nature of crop types and practices of reproduc-
tion vary and are linked to different forms of domestication. We can therefore break
human-plant domesticatory relationships into a series of alternative domestication path-
ways. There is a coherent set of convergent traits for species within each pathway, but
there are differences in the kinds of domestication traits between each pathway. Here we
explore these pathways for the evolution of grain crops; the weeds of grain crops, some
of which were selected as secondary domesticates; vegecultural crops (roots, tubers, and
so on); and fruit trees. Each of these pathways has its own distinctive syndrome of domes-
tication traits and tends to be associated with different kinds of agricultural system.

Second, human agriculture has tended to be diverse and diversifying in the sense that
the number of plant species that have coevolved with humans to become domesticates has
increased over time. We highlight this in the sections below with regional examples of
diversification trajectories. This contrasts with insect agricultures, which tend to be an
obligate mutualism between a specific insect species and a specific fungal crop (Mueller
et al. 2005; chapter 5, this volume; chapter 14, this volume). In humans the range of crop
species has progressively increased, and we suggest that this is driven by processes of
cultural evolution that continued to increase productivity in order to support long-term
population growth and increasing sociocultural complexity (Ellis et al. 2013, 2018). Even
in cases where human agriculture may have begun with just a single crop, which is plau-
sibly the case with early rice farming in the Yangtze basin (Fuller et al. 2014), agriculture
subsequently diversified to include many more crops and various domesticate types (e.g.,
melons, peaches, soybeans, water chestnuts, and so on). This diversifying tendency may
be unique to human forms of agriculture.

Third, the nature of evolutionary transmission among humans is primarily through
cultural information rather than genetics, and this has allowed for a potentially more rapid
process. The character of cultural transmission has probably fostered the many pathways
to domestication and the long-term diversification of agricultural systems.

Defining the Arable Habitat: Target Crops and Weedy Taxa

Before exploring some of the archacological cases of agricultural evolution, we will clarify
how we understand the cultivated ecosystem of arable habitat. We take the arable habitat
to refer to those areas of land that have been prepared and planted. Preparations normally
include removal of some or most preexisting vegetation, through practices such as cutting,
uprooting, digging, or burning, followed by some preparation of soil (tillage). The target
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species of cultivation—namely, the crop—is then planted; planting may be by seed or
vegetative organ (cuttings, tubers), and these alternative reproductive systems lead to dif-
ferent patterns in terms of domestication process and domestication traits, as we turn to
below. In part, domestication is characterized by convergent evolution, in what botanists
have long discussed in terms of a “domestication syndrome” (Harlan, De Wet, and Price
1973; Hammer 1984; Harlan 1995; Fuller 2007; Denham et al. 2020). However, as we
explore in this chapter, the symptoms that recur across different crops and that distinguish
them from their wild relatives tend to differ based on the mode of reproduction and what
we term here alternative domestication pathways. In particular we consider four alternative
pathways: a seed crop or cereal pathway; a secondary cereal pathway, in which weeds are
turned into crops; a vegetative pathway; and, a long-lived perennial, or tree fruit, pathway.
Recent years have seen archaeological progress in documenting examples for each of these
pathways.

The arable habitat, however, is never restricted to the crop, but also provides a habitat
for competing taxa, or what would commonly be termed “agricultural weeds.” Because
these weeds compete with the crop for resources (soil nutrients, water, light) and success
of the weeds tends to decrease the yields of crops, they can be regarded as parasitic upon
the symbiotic relationship that is cultivation. Because weedy taxa have also been evolving
adaptations to make them more successful as weeds of cultivation, they often possess some
adaptations that overlap with those of the target crops. For this reason it has been suggested
that they could be considered parasitic domesticoids (Fuller and Stevens 2017), inasmuch
as they have evolved some traits that are shared with and similar to domesticated crops,
but that aid them in parasitizing the resources of the cultivation symbiosis. It has long
been noted that some agricultural weeds are today unknown from nonagricultural habitats,
which indicates that these so-called obligate weeds have ancestrally evolved from species
that originally occupied other habitats and have subsequently been extirpated from such
habitats or those habitats have been replaced by anthropogenic habitats. Such obligate
weeds are best known from those that evolved early in Southwest Asia as part of cereal
agriculture there (Zohary 1950; Willcox 2012; Fuller and Stevens 2019a), but similar
cohorts of weeds can doubtless be recognized in other regions too. Many of these weeds
spread with agriculture to much greater geographical ranges than they had ever occupied
as wild species, with some weeds becoming more globally widespread than many crops
(Holm et al. 1977). The adaptations that many of these weeds possess often parallel crops
in terms of changes in seed size, dormancy and germination, or growth habit.

The arable field has been regarded as a botanical battleground, where crops and their
human cultivators wage an ongoing war with weeds (Jones 1988; Fuller and Stevens
2019a). A key adaptation on the human side of the battle occurs through sociocultural
rather than genetic evolution. Human agricultural practices—in terms of various forms of
tillage, soil preparation, intercropping, irrigation, weeding, and, in more recent centuries,
the use of chemical herbicides—all represent innovations acquired and spread as cultural
information in a process that has helped to push some weedy competitors out of the field
and increase productivity. However, this battle is never won; as some weeds are pushed
out of the segetal (growing within cultivated fields) and relegated to the ruderal (disturbed
ground along paths and settlement margins), other weeds take their place. There are no
weed-free cultivation systems. Take the example of rainfed rice compared to irrigated rice:
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studies in traditional Indian fields recorded an average of 31 weed taxa in dry rice, com-
pared with 13 in wet rice; wet rice has fewer weeds and is much more productive, yet it
is not weed-free (Weisskopf et al. 2014). In any given region the long-term history of
arable flora is a product of ongoing cultural evolution in agricultural practice, including
the introductions of new crops and weeds via trade (Poschlod 2015a, 2015b; Pokorna et al.
2018; Stevens and Fuller 2019).

Other organisms, notably various animals, compete with humans for the calories derived
from cultivation by infesting stores of harvested crops. Zoologists often refer to these as
“commensal organisms,” although they should probably also be classed as parasitic
domesticoids. These animal species compete for calories with human cultivators and in
essence parasitize the symbiotic relationship of cultivation, while also evolving adapta-
tions that tie them to the human ecology of cultivators, much like domestication traits.
This category includes several small animals that dwell in human settlements and feed
largely on grain stores or incidental waste from grain stores, such as house mice (Mus
musculus) (Fuller and Stevens 2017; Weissbrod et al. 2017; Cucchi et al. 2020). In many
cases, such as flightless grain weevils (e.g., Sitophilus granarius, S. oryzae; see Plarre
2013) and particular mouse subspecies (Mus musculus domesticus; see Cucchi et al. 2020),
these taxa are reliant on human settlement habitats and human-mediated dispersal. Along
with the coevolution of weeds in early fields of cultivation, various animal taxa coevolved
to take advantage of human settlements and caloric stores of crops. Thus in addition to
the botanical battleground that was the cultivated field, there was an ongoing battlefront
in settlements focused on granaries. The diversifications of dogs and domestic cats gener-
ated allies for this conflict. The above discussion highlights how human agricultural
ecosystems continually acquired and renewed taxonomic diversity.

Archaeological Evidence for Domestication of Seed Annuals:
The Cereal Pathway to Agriculture

The best studied cases of agricultural origins involve cereals, or similar grain crops such
as pulses. Much of the human world today is reliant on the production of cereal crops,
especially a few key species (wheat, rice, maize, barley, and sorghum) that feed the most
people. These crops also supported many of the earliest urban human settlements and have
attracted the most archaeological attention. In some ways these are also much easier crops
to study: the ability to be stored as hard dried seeds results in better archaeological pres-
ervation (usually through charring), and seeds are therefore readily recovered archacologically
when sampling for small organics, such as through flotation, is carried out. The greater
wealth of evidence for grain crop domestication does not mean that its understanding is
without controversy. One can find debate between those who assume that cereal domes-
tication was exceedingly rare and thus posit centric models (e.g., Lev-Yadun, Gopher, and
Abbo 2000; Abbo, Lev-Yadun, and Gopher al. 2011, 2014), and those who take a non-
centric view that domestication took place numerous times in parallel (e.g., Willcox 2005;
Fuller, Willcox, and Allaby 2012; Fuller et al. 2014). It is also the case that those who
prefer a centric hypothesis tend to see domestication as a kind of “discovery” driven by
human conceptualization of the domesticated as distinct from the wild, whereas multi-
centric views tend to emphasize the operation of what Darwin (1868) termed “unconscious
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selection,” meaning that domestication features evolved as the unintended evolutionary
outcomes of human activities (Zohary 2004). We accept that the multi-centric and uncon-
scious selection processes are more likely and are supported by the majority of archacolo-
gists specializing in the emergence and transformation of early agriculture.

The domestication processes of these cereals result in parallel evolution of a domestica-
tion syndrome (Harlan, De Wet, and Price 1973; Hammer 1984; Fuller 2007). Domestica-
tion represents selection and fixation of genes and morphological adaptations of plants
that were either absent or rare variants in preexisting wild populations. These traits evolved
over a period of time, which we can define as a domestication episode, whereby popula-
tions of plants became genetically modified from their wild predecessors and gained
adaptations to cultivation and human harvesting. These characteristics can be related to
different aspects of cultivation in terms of what causes them to evolve. On the one hand
there are traits that offer competitive advantages for the establishment of seedlings in
cleared soil conditions within a cultivated field; on the other hand there are features that
relate to human harvesting, thereby connecting cereal reproduction to dispersal by the
farmer. Current archacological data suggest that domestication traits evolved in crops over
extended periods of time ranging between 2,000 and 4,000 years (see Fuller et al. 2014,
2018). This protracted domestication episode of a few millennia is often referred to as
“pre-domestication cultivation” and represents a key period for understanding the origins
of agriculture (Harris 1989; Hillman and Davies 1990; Willcox 2005, 2012). Recent work
in Southwest Asia suggests that the domestication episode took place between 9500 and
7000 BC for a few species of wheat (Triticum monococcum, T. dicoccon, T. timopheevi),
barley (Hordeum vulgare), lentil (Lens culinaris), pea (Pisum sativum), chickpea (Cicer
arietinum), broadbean (Vicia faba), and flax (Linum usitatissimum) (Zohary, Hopf, and
Weiss 2012; Fuller et al. 2018). Recent work in southern China suggests that the domes-
tication of rice (Oryza sativa) occurred between ~7000 BC and 4000 BC (Fuller et al.
2014; Stevens and Fuller 2017) and might have also involved Trapa natans water chestnuts
(Guo et al. 2017). Although there are still relatively few crop domestications that are fully
documented through time series of archaeological data, some studies have increased evi-
dence for parts of the sequences of change in several crops, such as indigenous seed crops
of North America (Smith and Yarnell 2009; Fuller et al. 2014), sorghum (Sorghum bicolor)
in Sudan (Winchell et al. 2018; Barron et al. 2020), various Indian Leguminosae (Murphy
and Fuller 2017; Fuller et al. 2019), and Andean Chenopodium spp. (Langlie et al. 2011;
Fritz et al. 2017), to name a few. What these examples have in common are both the
protracted time period of change in the morphologies of these crops and the recurrence of
morphological changes across species.

Key changes that relate to soil conditions include a trend toward increasing seed size
and loss of germination inhibition. Crops tend to germinate as soon as they are wet and
planted, in contrast to wild forms that often germinate after certain conditions have passed,
such as in response to day length or temperature or after the seed coat is physically
damaged. Loss of inhibition can be expected to be selected for under cultivation as seeds
that do not germinate will not contribute to the harvest. Seed size increases are thought to
relate to increasingly fit seedlings, which are better able to establish themselves quickly
in the cleared ground of fields (Fuller 2007). Seed size change is readily studied from
archaeological seed remains through the compilation of measurements (figure 10.2).
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Although preservation through charring may change seed size, usually leading to shrink-
age, this is expected to have similar effects across different archaeological samples, allow-
ing comparisons between archaeobotanical assemblages to chart general trends. What is
striking is that evidence for grain size increase in cereal crops is focused on the early
millennia of domestication, with little significant or directional change afterward. Even
modern breeding tends to work within the bounds of the size ranges established during
early domestication in grains and grain legumes: the largest of modern wheat or rice grains
are not significantly different from those at the end of the Neolithic (Gegas et al. 2010;
Okamoto et al. 2012; Lu et al. 2013; Fuller et al. 2014, 2017).

A key change that related to cycles of human harvesting and sowing from stored harvests
is the loss of natural seed dispersal, such as through the dehiscence of spikelets, or the
“shattering” of cereal ears or panicles. This is often regarded as the single most important
domestication trait (Zohary 1969; Harlan, De Wet, and Price 1973; Harlan 1995; Abbo,
Lev-Yadun, and Gopher 2014). It makes a species highly dependent upon the human
farmer for survival and means that instead of shedding seeds when they are mature, a plant
retains them. Those retained seeds must be separated by processing (threshing)—thus, by
the addition of human labor. Some of these seeds are further processed for human con-
sumption while others are kept as a seed stock, to be dispersed later by farmers to create
further crop generations. Over the era of domestication in Southwest Asia, human groups
invested increasing effort in creating bespoke harvesting tools in the form of sickles, and
thus technological evolution tracks the evolution of morphological change in wheats and
barleys (Maeda et al. 2016). In the case of Chinese rice, specialized harvesting tools—
hand-held knives or sickles—appeared around 3000 BC after nonshattering morphologies
had already been fixed for some time (Fuller 2007; Stevens and Fuller 2017).

Other changes that are part of the domestication syndrome are either less necessary or
harder to recover in the archaeological evidence (Fuller 2007). An increasing reliance on
human harvesting also tended to lead to the reduction in seed dispersal aids. Plants often
have a range of structures that aid seed dispersal, including hairs, barbs, and awns, and in
grasses even the general shape of the spikelet. Thus domesticated wheat spikelets are less
hairy, have shorter or no awns, and are plump, whereas in the wild they are heavily haired,
barbed, and aerodynamic in shape. Awnless wheat, rice, and other cereals exist under cultiva-
tion and are absent from wild populations. While these changes can be regarded as having
come about by the removal of natural selection for effective dispersal, allowing for less
metabolic “expenditure” on these structures, there is often still much variation in the degree
to which some of these structures are retained in some domesticated populations.

Another recurrent change is a shift to a more compact growth habit and increased apical
dominance. Harlan (1995, 199) refers to this as the “sunflower effect.” Domesticated
cereals in general have shifts from their wild progenitors, sometimes involving suppression
of tillers (basal secondary stalks) or axillary branches higher up, but also often selecting
for even maturation across different branches. For example, in maize, foxtail millet, and pearl
millet (Zea mays, Setaria italica, Pennisetum glaucum), the domesticated form tends to
have suppression of any lateral branches or tillers, whereas in wheat, barley, and rice lateral
branching is reduced and tillers have been selected to mature more evenly (Doust 2007).
These branching patterns are not only determined by genetic combinations, but also
respond to environmental cues, conditions of soil, and shading. From the farmer’s point
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of view, being able to pack more erect crops together in a field will increase potential
production per unit of land, but it comes at a potential price because each individual plant
has less soil space and therefore less “real estate” from which to derive soil nutrients and
water (see also, chapters 3 and 4, this volume). Apical dominance may have evolved only
after cultivation was established along with fertilizing practices. This in turn means that
erect and more productive early crops required more human labor inputs in terms of soil
maintenance, the so-called soil nutrient trap (Fuller, Allaby, and Stevens 2010).

While domestication evolved in the context of cultivation, the final shift to agriculture
represented an economic reorientation in which time put into cultivation and its products
became far more central to human societies. Where detailed data are available, wild foods
remained important and even staples alongside cereals undergoing domestication, includ-
ing in Southwest Asia, where wheat and barley were domesticated (Arranz-Otaegui et al.
2016; Fuller et al. 2018), and in the Yangtze basin in China, where rice was domesticated
(e.g., Fuller and Qin 2010). Thus one of the correlates of domestication was a process of
investing more in production of crops and divesting from efforts in hunting and gathering.
In summarizing our conceptualization of the cereal pathway to agriculture (figure 10.3),
we can think of this as a spectrum of stages that tend to move from wild plant exploitation
through intermediate economies involving pre-domestication cultivation to agriculture,
when the economy (human food web) is focused primarily on the cultivation of genetically
transformed taxa. During the intermediate stages we can document the dynamic evolution
of the target species in terms of those alleles that confer the adaptations of the domestica-
tion syndrome.
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Figure 10.3

The schematic representation of a typical cereal/seed crop domestication trajectory and correlated changes in
human economy and technology. This diagram revises and incorporates previous schema (e.g., Harris 1989;
Fuller 2007; Fuller et al. 2018).
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Diversification in Agriculture: Global and Regional Trends

Once cereals and associated seed crops were domesticated and regional agricultural
systems were established, a number of tendencies for change in both the human and crop
components of these systems can be recognized. Populations of humans practicing agri-
culture tended to grow in population density and eventually to disperse outward to addi-
tional territory (Bellwood 2005; Shennan 2018). The extent of local population growth
and rate at which agriculturalists expanded by migrations varied, depending on factors
such as the potential carrying capacity of the agricultural systems in question (Fuller,
Champion, and Stevens 2019; Qin and Fuller 2019) and interaction with existing popula-
tions in adjacent regions (Donohue and Denham 2010). In some cases the expansion of
agriculture into new geographical zones presented challenges, as crops were moved well
beyond the ecological parameters that their wild ancestors had been adapted to. Some
crops were less adaptable, leading to some loss of crop diversity farther away from places
of origin. This was noticeable during the European Neolithic where western and northern
areas had much reduced crop diversity, with crops such as lentil, chickpea, and einkorn
wheat becoming progressively rarer (McClatchie et al. 2014; Fuller and Lucas 2017).
Among the challenges that had to be overcome were changes in seasonal temperature and
the distribution of rainfall, which led in many cases to adaptive changes in the sensitivity
of photoperiodicity (Lister et al. 2009; Fuller and Lucas 2017; Liu et al. 2017).

Some declines in crop diversity during initial dispersal were, however, ultimately coun-
teracted by large patterns of increasing crop diversity. The increase in crop diversity can
be seen at two different scales. At a global scale and over the long term, the total number
of grain/seed crops that people around the world domesticated increased, especially as
crops were domesticated in more regions (figure 10.4). Thus while domestications of the
Early Holocene, from 10,000 to 7,000 years BP, were dominated by Southwest Asian grain
domesticates, those between 5,000 and 2,000 years BP involved many more geographical
regions, from Africa and the Americas to South and East Asia. But another aspect of
diversification is that the number of crops grown in any particular region and documented
on a typical site from that region tended to increase over time. Based on a large database
of crop presence and absence across the Old World (Stevens et al. 2016), it is possible
to see how the average number of crops on a site and the maximum number of crops
known in a region tend to increase over time (figure 10.5). Southwest Asia is an excep-
tion because there seems to have been a loss of diversity during early agriculture, after
which diversity again increased. By contrast, data from China and sub-Saharan Africa
show clear rising trends of crop taxa counts after 5000 BC. These differences highlight
how the evolution of agriculture was never a single fixed adaptation; rather, it has con-
tinually evolved.

Secondary Cereal Domesticates: Crops from Weeds

Another source of new diversity was the expansion of the crop repertoire through addi-
tional, secondary crops evolved from weeds. As long as there has been cultivation, there
have been weeds of cultivation. Some of those weeds have been extremely successful at
adapting to anthropic environments, especially as agriculture was dispersed to an ever-greater
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Figure 10.4
Long-term diversification in global seed crop repertoire (Old World data after Fuller, Champion, and Stevens
2019; New World data after Larson et al. 2014).

geographical range, and they increasingly challenged preexisting crops with variations in
climate and soil. In some circumstances weeds outcompeted crops, and it was from among
those highly successful weeds that some additional crops were domesticated. Following
Vavilov (1926 [1992]), these can be defined as secondary cereals and include well-known
species such as rye (Secale cereale) and various cultivated oats (4vena sativa, A. byzan-
tina, A. chinensis, A. abyssinica). To this list can be added some of the millets of India, such
as kodo millet (Paspalum scrobiculatum) (Fuller 2020) and probably some of the small
millets (fonios) of western Africa (Digitaria exilis, D. iburua, Brachiaria deflexa) (Cham-
pion and Fuller 2018). Some pseudo-cereals (Chenopodium spp, Amaranthus spp.) and
buckwheats (Fagopyrum spp.) may have evolved by this pathway, but in general these
taxa are much less well documented. This is likely the major pathway for many fodder
crops—species grown to provide food for domesticated livestock, such as alfalfa (Medi-
cago sativa), common vetch (Vicia sativa), and red clover (Trifolium pratense var. sativa);,
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Figure 10.5

Trends toward increased crop diversity by region. Counts of crop species are averaged across sites within each
region in millennium bins. Error bars indicate the standard deviation above the mean; maximum outlier values
are also indicated. Total site counts: Western Asia= 143, China="73, sub-Saharan Africa=41.

many domesticated oats are also grown mainly as fodder (e.g., Avena strigosa, A. byzan-
tina). All of these domesticates come from species that had already become well-adapted
segetal weeds in arable habitats (figure 10.6). Where genetic evidence is available, it sug-
gests multiple domestications from geographically differentiated populations across the
wild or weedy range, as reported for M. sativa (Muller et al. 2003, 2006) and likely for
V. sativa (Erskine, Smartt, and Muehlbauer 1994; Potokina et al. 2002; Zohary, Hopf, and
Weiss 2012).

Weeds can be thought of as having undergone partial domestication, as they became
adapted to life in the cultivated field (as segetal weeds) (Baucom and Holt 2009). In some
cases weeds have evolved crop mimicry in which their vegetative growth makes them
more or less indistinguishable from crops (Barrett 1983; Fuller and Stevens 2019a). One
source of particularly troublesome weeds are crops themselves, which have undergone
de-domestication or feralization by re-evolving some aspects of wild adaptations (such as
seed dispersal), but otherwise retaining adaptations of cultivation (e.g., Sukopp and Sukopp
1993; Londo and Schaal 2007; Thurber et al. 2010; Xia et al. 2011; Qi et al. 2015; Huang
et al. 2017). Most major cereal crops, such as rice, barley, and sorghum, have weedy forms
that are widespread in global agriculture, creating “crop-weed complexes” (Harlan and De
Wet 1965; see also Barnaud et al. 2009; Viguiera, Olsen, and Caicedo 2013). In these cases
segetal weeds have evolved as the feral forms of crops.

A simplified schema of thinking about how crops and weeds have mutually evolved is
given in figure 10.6. Arrows indicate potential evolutionary (phylogenetic) relationships
between taxa, and these are distributed across a grid demarcated by degrees of anthropic
habitat modification and by degree of genomic divergence from ancestral, preagricultural,
wild forms. Weeds can be divided between those that persist within active cultivation
systems (i.e., segetals) versus those that persist in human disturbed ground, or “weeds of
waste” (i.e., ruderals). Ruderals and segetals are closely entwined because species may
switch between these kinds of habitats depending on the nature of cultivation practices. It
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A schema of the potential evolutionary trajectories and phylogenetic relationships between crops, weeds, and
wild relatives. These are charted in terms of degrees of habitat transformation by humans and in terms of degrees
of genomic change (number of adaptative alleles) from hypothetical preagricultural wild populations.

is important to note that many species encountered as ruderals today were segetals in the
past. This is a consequence of the ongoing coevolutionary battle between cultivators and
weeds (Jones 1988; Poschlod 2015a, 2015b; Pokorna et al. 2018; Stevens and Fuller 2019).

The domestication syndrome in most secondary domesticates is the same as that
described for the cereal pathway above, including increased seed size, reduced dormancy,
changes in growth habit, and loss of natural seed dispersal. Some of these changes, such
as in dormancy and growth habit, can be expected to have evolved in weeds. While minor
changes in seed size and even a minor presence of nonshattering could arise in some
weeds, a major increase in grain size and the loss of natural seed dispersal evolved rapidly
among secondary domesticates once they became target cultivars. The domestications of
many weed taxa are not as well documented as those of primary cereals. Nevertheless,
with the oats, rye, and common vetch in Europe, domestication occurred just before or
during the Iron Age (1000-1 BC) (Zohary, Hopf, and Weiss 2012). Cultivation of fodder
crops of alfalfa date back to perhaps 400 BC in the Mediterranean (Rovira and Alonso
2018) and at least AD 100 in Chinese Central Asia (Chen et al. 2020), while Vicia sativa
was certainly grown in Roman times 2,000 years ago (Erskine, Smartt, and Muehlbauer
1994; Zohary, Hopf, and Weiss 2012). Kodo millet (Paspalum scrobiculatum) domestica-
tion in India can be attributed to a similar period (Fuller 2020). The domestication episodes
for these species took place during periods of well-developed and diversified agriculture,
involving farmers with long-established cultural traditions of agronomy, in which crop
diversity was an established strategy for coping with environmental variability. Conse-
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quently, these secondary taxa evolved domestication traits much more rapidly than earlier
cereal domesticates. It is also possible that conscious selection akin to artificial selection
in modern times was involved in these processes (artificial selection as distinct from
unconscious selection was defined by Darwin [1868]).

Vegetative Domestication of Root Crops

Although not as well documented as for cereals, the domestication of root crops has been
almost as significant for subsistence in the past, especially in the wet tropics, mountainous
regions, wetlands, and some deserts (Harris 1972). Early farming emerged in several
regions based, at least in part, on the vegetative propagation of root crops that today are
globally significant, most notably manioc (Manihot esculenta), potato (S. tuberosum), and
sweet potato ([pomoea batatas) in the Americas (Ugent and Peterson 1988; Piperno and
Pearsall 1998); and aroids (Araceae) and yams (Dioscorea spp.) in the Indo-Pacific region
extending from eastern India to New Guinea (Burkill 1935; Li 1970; Yen 1973). Thus,
understanding vegetative propagation provides a truly global perspective on the long-term
history of human selection and domestication of plants, practices of cultivation, and forms
of agriculture.

The vegetative domestication pathway is primarily, although often not exclusively,
asexual; that is, it is clonal and occurs through the planting of reproductively viable plant
parts, such as fragments of underground storage organs, divided root mass, and vine/stem
cuttings. In most root crops, the vegetative plant part harvested, stored, and then replanted
is also the part eaten—whether corms in taro (Colocasia esculenta), thizomes in ginger
(Zingiber officinale), root tubers in manioc (Cassava manihot), or stolon tubers in potato
(Solanum tuberosum) and yams (Dioscorea spp.). In other cases, vegetative reproduction
can be enabled by another plant part, such as stem/vine slips in sweet potato ([pomoea
batatas).

Sexual reproduction still occurs in some cultivars, whereby new, spontaneously emer-
gent sexually reproduced phenotypes are adventitiously incorporated into vegetatively
propagated stock. Such practices were important generators of high varietal differentiation
in manioc and sweet potato, as well as other root crops. Even in some vegetatively propa-
gated crops that are considered almost exclusively asexual today, sexual reproduction is
implicated in the early stages of domestication, such as in greater yam (Dioscorea alata;
Lebot 2009). For most root crops, with the exception of some tap roots (e.g., carrots,
Daucus carota) and bulbs (e.g., onions, A/lium spp.), the primary practice of intervening
in plant reproduction is vegetative, and prolonged clonal cultivation seems to have reduced
sexual reproductive capacity in some crops (Denham et al. 2020).

Long-term domesticatory relationships can be envisaged for root crops that encompass
plant management at the least intensive end of the spectrum to mechanized monoculture
at the most intensive end (Harris 1972; Hather 1996). For instance, many nonfarming,
foraging groups around the world practice vegetative propagation behaviors such as
tending favored plants and replanting viable plant parts during gathering of tubers (Barton
and Denham 2018). Over time, human-mediated selective pressures would have gradually
increased as a result of preferential plant management and resource intensification through
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burning, disturbance, and replanting, as well as adventitious growth from discarded and
misplaced plant-parts around camps. These practices include both conscious and uncon-
scious selective pressures on plants, yet they are conceptually distinct from other forms
of cultivation because they do not involve planting in prepared plots or fields.

At some point in the domestication history of a crop, people started to transplant viable
plant-parts of preferred phenotypes into prepared plots to cultivate them and eventually
began to disperse them under cultivation (figure 10.7). A general loss of sex in clonal
plants under cultivation, namely, a general lowering of sexual reproductive capacity, was
stimulated through various mechanisms: some likely inadvertent (unconscious selection),
such as movement into new environments (i.e., altitudes and latitudes) where sexual
reproduction was not possible; some more conscious, such as preferential selection of
sterile forms; and some highly deliberate, such as harvesting before flowering and seed-set.
Thus, numerous practices worked to suppress sexual reproduction, with subsequent selec-
tion being driven primarily by clonal variation under cultivation.

Clonal propagation exerted greater selective pressure on field crops and allowed a higher
degree of control over preferred phenotypes than sexual reproduction. However, in most
vegetative crops the degrees to which domestication represents “morphogenetic” fixation,
or a plastic response to growth environment, including cultivation practices, are unclear
(Denham et al. 2020). It can be argued that plastic adaptation to growth environments in
vegetatively propagated crops drives phenotypic variation, in contrast to sexually repro-
duced crops in which phenotypes are less plastic and more tightly regulated genetically.
Nonetheless, even though plasticity may be more visible in clonally reproduced crops there
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The schematic representation of a typical vegeculture domestication trajectory for a root crop with triploid
cultivars, such as taro (Colocasia esculenta). Exploitation of wild plants (dotted line) eventually led to the
cultivation of morphologically wild plants, called cultiwilds (dashed line), with the subsequent generation and
cultivation of diploid cultivars (solid line), from which triploid cultivars emerged, dispersed, and became the
dominant cultivar groups (dotted-dashed line).
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is still underlying genetic variation resulting from somaclonal mutations, introgression for
sexually viable plants, and other phenomena.

Cultivation practices are intended to create growth environments that favor larger edible
underground storage organs by increasing the friability of soils, maintaining soil water
content, and reducing competition from other vegetation. Other practices are designed to
foster specific phenotypic responses, whether sequential harvesting to prolong timing of
production (e.g., many root crops), density of planting for apical dominance (e.g., manioc
and some yams), or watering to reduce toxins (e.g., manioc). For many vegetatively propa-
gated plants, though, it is hard to clearly determine domestication traits because either the
wild progenitor is unknown, such as for greater yam (D. alata) and sweet potato, or little
is known about the plant ecology, genetics, and cultivation history of related wild species.

Furthermore, most vegetative crops have low archaeobotanical visibility, principally
because the key plant-parts exhibiting potential domestication traits are either soft tissues
that preserve only rarely in burned, desiccated, or waterlogged form or are preserved as less
diagnostic phytoliths and starch grains. Furthermore, much of the phenotypic variation in
plant macrofossils, such as archaecological parenchyma, and in microfossils, such as phyto-
liths and starch grains, are poorly understood in terms of establishing domestication traits
relative to wild populations. To exacerbate matters, these techniques are not routinely applied
during archaeological investigations, aside from some noteworthy exceptions (for example,
Piperno and Pearsall 1998; Mindzie et al. 2001; Denham et al. 2003; Iriarte et al. 2004).

Furthermore, in comparison with many cereals, the phylohistories and geodomestication
pathways for most vegetatively propagated root crops are poorly characterized or are only
beginning to be clarified genetically, as is the case for manioc (Wang et al. 2014), potato
(Hardigan et al. 2017), sweet potato (Roullier et al. 2013a; Mufioz-Rodriguez et al. 2018),
taro (Chair et al. 2016), and some yams (Malapa et al. 2005; Scarcelli et al. 2019). However,
caution is needed when relying on genetic data from modern populations to infer plant domes-
tication and dispersal histories. In recent times, as in the deep past, specific lineages have
come to dominate cultivated assemblages following successive waves of dispersal and wide-
spread adoption, resulting in the near-wholesale replacement or marginalization of preexisting
genetic lineages (e.g., Roullier et al. 2013b). Limitations of the archacobotanical and genetic
data hinder a detailed reconstruction of the domestication histories for most root crops.

Taro (Colocasia esculenta) is a widespread aroid, exploited primarily for an under-
ground corm, although its leaves are also cooked as a vegetable. Its natural range is poorly
determined and potentially extends from the Indian subcontinent, mainland and island
Southeast Asia, northward to East Asia and eastward to New Guinea—northern Australia,
with multiple domestications potentially occurring within this range. Yams (Dioscorea
spp.) are a pantropical genus utilized primarily for underground, edible tubers. Yam species
were independently domesticated in tropical climates of the Americas, Africa, India, and
Southeast Asia—New Guinea, where they are regionally significant subsistence crops. In
the Island Southeast Asian—New Guinea region, archaeobotanical finds of several yam
species (D. alata, D. esculenta, D. bulbifera) and taro, as well as other aroids (i.e, Alocasia
spp. and Amorphophallus spp.), have been documented at Pleistocene- and Holocene-aged
sites, yet few of these finds occur in contexts associated with agriculture. Exceptions
include starch grain residues of yam and taro, as well as aroid seeds, from early and mid-
Holocene contexts at Kuk Swamp in the highlands of New Guinea (Fullagar et al. 20006).
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These findings do not indicate that these root crops were domesticated at Kuk; rather,
archaeobotanical association with archaeological evidence of cultivation, pedological indica-
tions of digging, and palacoecological evidence of montane forest disturbance suggest that
they were cultivated there. Much more recent finds of taro corms, along with banana (Musa
sp.) skin peelings and sugarcane (Saccharum officinarum) stem sections from archaeological
contexts associated with the Islamic port at Quseir al-Qadim in Egypt, indicate westward
movement of these plants to the Red Sea by at least AD 1040-1160 (Van der Veen and
Morales 2011), although all three crops were likely introduced to Africa and the Mediter-
ranean much earlier (Murdock 1960; Perrier et al. 2011; Grimaldi et al. 2018).

In a similar vein, the domestication histories of several major root crops in the Americas
are relatively poorly documented archaeobotanically. Although mixed, food-producing econ-
omies have been proposed for the Americas during the early and mid-Holocene (Iriarte
2007), there are no clear signatures of domestication in the archacobotanical record of veg-
etatively propagated crops for this period. Two globally significant crops, potato (Solanum
tuberosum) and sweet potato (lpomoea batatas), are discussed below as exemplars.

Potato (Solanum tuberosum) originally formed part of regionally important root crop
assemblages in the Central Andes, where they were all vegetatively propagated and of
variable importance at different altitudes, including oca (Oxalis tuberosa), ulluco (Ullucus
tuberosus), and mashua (Tropaeolum tuberosum) (National Research Council 1989).
Potato spread significantly only after its post-Columbian introduction to Europe. Desic-
cated macro-remains of potato (S. tuberosum) were excavated from 10,000-year-old con-
texts in Chilca Canyon, coastal Peru (Engel 1970), as well as from multiple sites dating
from 4,250 to 3,500 years ago in the Casma Valley, coastal Peru (Ugent, Pozorski, and
Pozorski 1982; Ugent and Peterson 1988). Although these finds are at a remove from the
inferred loci of domestication in the Peruvian Andes, their significance varies: the early
Holocene remains may not constitute dispersal under cultivation, especially since there
are no comparable finds for several thousand years, whereas those dating to ~4,250-3,500
years ago are clearly part of a mixed farming economy.

Sweet potato (Ilpomoea batatas) may have undergone two domestications in the Ameri-
cas: a northern domestication in Central America/the Caribbean generated the camote and
batata cultivar groups, and a southern domestication centered on Peru and Ecuador gener-
ated the kumara cultivar groups (Roullier et al. 2013a). It is an orphaned crop, which has
no known wild progenitor. Sweet potato was widely cultivated up to mid-latitudes in
North, Central, and South America, as well as in the Caribbean during pre-Columbian
times. Sweet potato had also dispersed widely through Eastern and Central Polynesia from
at least ~AD 1200-1300, eventually reaching the Hawaiian archipelago, Easter Island, and
New Zealand—most probably due to human agency (Yen 1974; Roullier et al. 2013b),
although natural seed dispersal cannot be completely discounted (Mufioz-Rodriguez et al.
2018). Archaeobotanical evidence for sweet potato is rare; the earliest comprises desic-
cated tubers dating to ~4,250 years ago in the Casma Valley, coastal Peru (Ugent, Pozorski,
and Pozorski 1981).

The practices, locations, and timings for the domestication of most vegetatively propa-
gated root crops are poorly known. Comparable geodomestication pathways for other types
of vegetatively propagated field crops, such as bananas (Musa cvs.; Perrier et al. 2011)
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and sugarcane (Saccharum officinarum) (Grivet et al. 2004), are variable in terms of the
coverage and consilience of archaeobotanical and genetic evidence. Furthermore, there
appears to be considerable variation among clonal plants in the degree to which observed
phenotypic change may be considered plastic (i.e., that which is environmentally induced)
or nonplastic (i.e., that which is under direct genetic control).

As in grain-based agriculture, vegetative systems also attract weeds, which have gener-
ated parasitic domesticoids, although these are less well studied. In vegecultural systems
in Southern Ethiopia, for example, weeding is a routine practice to reduce competition
from perennial monocots such as Cynodon grasses and Cyperus rotundatus sedges, which
compete with younger Ensete ventricosum (Ethiopian banana) cultivars (Tsegaye and
Struik 2002). Among the common weeds in Southern Ethiopian fields and gardens are
several Araceae species, which are tolerated as their tubers can be processed for edible
starch, and in some cases they have come to be cultivated as crops in their own right, as in
the case of Arisaema schimperianum, Amorphophallus abyssinicus, and Sauromatum
nubicum (Westphal 1975; Engels and Goettsch 1991). Vegetative agriculture in Island South-
cast Asia and the Pacific also features several species that span the spectrum from weed to
crop. Examples include the kudzu vine (Pueraria montana, syn. P. lobata) and Polynesian
arrowroot (Tacca leontopetaloides), both of which are widespread as weeds (Holm et al.
1979), although occasionally they are intentionally planted. Nevertheless these taxa may
sometimes be processed for the starchy tubers or for medicine (Barrau 1958; Kirch 1978;
Spenneman 1994) and were translocated with the spread of agriculture in the Pacific. It has
been speculated that kudzu was originally a major crop and later became a feral weed (Barrau
1965). Kudzu is native to parts of mainland East and Southeast Asia, as well as some islands
(Philippines), but it is now ubiquitous in anthropogenic habitats in Melanesia and is known
as an invasive clonal weed elsewhere in Polynesia, North America, and Australia (Van der
Maesen 2002; Bodner and Hymowitz 2002). Polynesian arrowroot is thought to be native
to sandy coastal habitats in Island Southeast Asia and was introduced to the isolated island
of Palau around 3,000-2,000 years ago (Farley et al. 2018).

Despite limitations of record and the confounding effects of plasticity, some general
trends in the character of vegetative crop plant domestication have been elicited (Denham
et al. 2020). There seem to be convergent tendencies to lessen sexual reproductive capacity
and increase the size of the edible portion. Other traits seem to be more plastic, including
yield, ease of harvesting, timing of fruit production, some aspects of plant architecture,
and some defensive adaptations.

Whereas in sexually reproduced crops phenotypic and genotypic transformations associ-
ated with early domestication are often portrayed as occurring in lockstep, the considerable
variation exhibited by vegetatively propagated plants probably represents phenotypic
plasticity resulting from active and recurrent practical management of the plant and its
growth environment by people. In some ways, the domestication of sexually reproduced
cereals and legumes is articulated primarily in terms of Darwinian adaptation to anthropic
environments and human selection under cultivation, whereas vegetatively propagated plants
exhibit a greater degree of plastic adaptation to growth environments, in a Lamarckian-type
mechanism to drive phenotypic variation.
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Archaeobotanical Evidence for Domestication of Long-Lived Perennials

A fourth category of domestication pathway is represented by most fruit and nut trees and
long-lived vines. These taxa are woody perennials that have long generation times (5, 10,
or 15 years) and lower productivity per year than most annual crops. This is thought to
make it harder for them to undergo selection, in contrast to large populations of each annual
generation (Zohary, Hopf, and Weiss 2012). An added factor affecting productivity is that
most fruit trees have high interannual variability in production, with off years of low
productivity (Goldschmidt 2013), which fall on the spectrum of mast-fruiting patterns
known for many nuts (Vander Wall 2001). Added complications are that most of these
species have insect pollination and therefore regular cross-pollination, in contrast to the
high selfing rate in most cereals or other annual crops. Selfing should make it easier to
fix favored traits in cereals than would be the case in tree crops (Zohary 2004). Since
ancient times most reproduction has been by vegetative means, that is, cloning from cut-
tings, which is a common practice in orchards and vineyards today. Vegetative cuttings
have the advantage of preserving favored traits and reproducing varieties (Zohary and
Spiegel-Roy 1975; Zohary, Hopf, and Weiss 2012) and involve a high degree of conscious
selection because people deliberately favor phenotypes. The diversity represented by
varieties must have originated from cycles of sexual reproduction, as well as the occasional
case of somatic mutation—which is well-known in citrus fruits, for example. Our current
understanding is that after initial domestication involving sexual reproduction and planting
from seed, cloning and vegetative plant propagation became the predominant mode of
cultivation; grafting developed later (figure 10.8).
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Archaeobotanical evidence, however, has made clear that initial cultural uses and
domestication must have involved a predominance of reproduction for seed for some mil-
lennia (Weiss 2015; Fuller 2018). This is indicated by evidence across several crops, from
several different world regions, for directional change in seed size, in particular increasing
seed/endocarp length, which is linked to larger fruit sizes with a higher proportion of edible
flesh (Liphschitz and Bonani 2001; Zheng, Crawford, and Chen 2014; Dighton et al. 2017;
Fuller 2018; Bonhomme et al. 2020). This is well documented in several Mediterranean
fruits (grapes, olives, dates), as well as in East Asian peaches, Japanese chestnuts, Pacific
nuts such as Canarium, Indian mangos, and Mesoamerican avocados, which demonstrates
convergent evolution across different cultural traditions and phylogenetically distant taxa
(Fuller 2018). It is unclear to what extent this selection for larger fruits might have involved
a conscious element on the part of cultivators, but it can be estimated that the rate of
phenotypic change, when corrected for generation length, was at least as fast and often
faster than evolutionary rates recorded in early seed crops (Fuller 2018). Alongside selec-
tion for increased seed size is contemporaneous evidence for the translocation of cultivated
fruit trees beyond their regions of origin, with a major period of range expansion coincid-
ing with the era of most marked morphological change in seed/fruit size. This can be
illustrated with current data from peaches domesticated in China (figure 10.9) and date
palms from western Asia (figure 10.10). Of interest is that after a period of largely direc-
tional change in seed morphology, such changes stop and then further variation can be
documented between regions and assemblages. This is likely to coincide with the domi-
nance of vegetative propagation of particular varieties of these fruits.

Some generalizations can be offered about how tree fruit impacted human ecology and
the organization of land use. Where such crops were added to agricultural traditions that

Figure 10.9

Peach (dmygdalus persicus) as an example of perennial tree fruit domestication. The map above shows the
distribution of archaeological evidence of peaches, illustrating the gradual geographical expansion. Graph at lower
left illustrates average and standard deviations of measured stone length plotted against median age estimate,
highlighting a domestication episode of morphological change (after Fuller 2018; Fuller and Stevens 2019b).
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Figure 10.10

Date palm (Phoenix dactylifera) as an example of perennial tree fruit domestication. The map above shows the
distribution of archaeological evidence of dates, illustrating the gradual geographical expansion. Graph at lower
left illustrates average and standard deviations of measured stone length plotted against median age estimate,
highlighting a domestication episode of morphological change (after Fuller 2018; Flowers et al. 2019, dataset
S1; Fuller and Stevens 2019b).

were already based on seed crops, the addition of tree fruits expanded agriculture not just
in diversity but in the nature of temporal cycles, regional flows in foodstuffs, and special-
ization in production (Renfrew 1972; Sherratt 1999; McCorriston 2009). Unlike annual
cereals, these tree-fruits required many years of labor investment before providing returns.
This implies changes in temporality—namely, longer time horizons in cycles of planting
and return—as well as in social systems—namely, establishment of land tenure over longer
periods (of decades or generations). Taken together these have been characterized as
moving from earlier “sustainability agriculture” of the Neolithic toward an “investment
agriculture” of the Metal Ages (Fuller and Stevens 2019b). With large scale production,
surpluses of tree fruit production contributed to increasing trade, because they became
commodities of dried fruits, nuts, wine, or olive oils, and as such played key roles in
expanding the geographical range over which agricultural producers and consumers were
interlinked.

Discussion: Temporalities of Practice and Transmission

If domestication is defined as the management of captive plants and animals, regardless of whether
those plants and animals are modified due to domestication by humans, then the earliest detectable
changes in the archaeological record provide only minimum dates of origin. In other words, the
historical origin of a particular human-domesticate symbiosis is necessarily older than the earliest
detectable morphological markers detected in the archaeological record. (Schultz et al. 2005, 164)
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Archaeology enables reconstruction of several different pathways of plant domestication,
including for cereals, secondary cereals (derived from weeds), vegetatively propagated
root crops, and fruit trees. Other possible domestication pathways include ecosystem
engineering—sometimes referred to as “landscape domestication” (Yen 1989; Terrell
et al. 2003)—and fiber crops, selected for their raw material use, such as cotton (Viot 2019),
jute, and several others. Similarly, multiple pathways to domestication have been proposed
for domestic animals, principally commensal, directed, and prey pathways (Zeder 2012;
Larson and Fuller 2014).

Despite inherent limitations, archaeology has enabled the domestication of several plant
species, especially several cereals and legumes, to be reconstructed fairly accurately in terms
of the relative timings for the emergence and fixation of domestication traits such as nonshat-
tering and larger grain sizes (Fuller et al. 2014, 2018). For most other types of plant enmeshed
in different domestication pathways, archaeological traces are scant. Instead, archaeological
inferences often rely on a combination of archaeological, pedological, and palacoecological
evidence for inferring the character of cultivation systems in the past; these provide often
indirect evidence for inferring plant domestication drawing on botanical, ecological, and
genetic information about present-day domesticates and their wild progenitors, but without
the direct evidence of preserved morphological change. There are, though, several key
aspects of human-plant domesticatory relationship that emerge.

Foremost, early forms of plant exploitation, movement, and cultivation were designed
to favor specific phenotypes, which gradually and inadvertently led to the accumulation
of specific genetic lineages at the expense of others. Plants that were adapted to human
environments benefited, whether disturbed environments in and around settlements, within
managed landscapes, or within small-scale cultivated plots. Through time, selection for
favored phenotypes inadvertently led to the accumulation of domestication traits within
managed subpopulations relative to the wild population as a whole. Human suppression
of other herbivores may also have shifted selection away from some plant defenses, espe-
cially where human harvesting led to increased seed dispersal.

However, a stepped change in selective pressure can be envisaged in which people culti-
vated increasingly curated propagules, whereby seed and vegetative parts were increasingly
derived only from cultivated stock within anthropic landscapes that were increasingly
denuded of wild plants. The genetic isolation of cultivated stock due to a reduction or absence
of cultivated—wild plant interbreeding—as well as through vegetative propagation and move-
ment beyond the natural range—would have greatly accelerated the genotypic divergence
of cultivated plants from the wild progenitor population. In other words, these conditions
would have greatly accelerated the emergence of domestication traits.

The period of pre-domestication cultivation, during which domestication traits emerged
and rose toward fixation, can be estimated to take anywhere from 1,000 to 4,000 years in
studied seed crops. Recent estimates of the strength of selection for domestication traits
near the start of these domestication pathways suggest that there was an even earlier lead-
in with some very weak symbiotic selection (Allaby et al. 2017). Indeed, it is estimated
that human-plant symbioses began anywhere from 4,000 to 10,000 years prior to clear
evidence for cultivation. These time spans can be contrasted with the period of ~30 million
years between the time when attine ants evolved cultivation behaviors and when higher
attines coevolved with obligate domesticated fungi (McGhee 2011, 225; Schultz et al.
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2005). Unlike among insect agriculturalists, no speciation took place among the cultivating
hominins (chapters 12 and 14, this volume), although cultivation may have played a key
role in the social and cultural differentiation of human groups. In addition, many of the
same human groups also domesticated livestock during the same periods as plant domes-
tication (Larson et al. 2014), and while this is also paralleled in ant-aphid mutualisms,
these involved very divergent Formicinae ants (McGhee 2011, 226; chapter 8, this volume).

Although early forms of seed-based cultivation (for cereals and legumes) and vegetative
propagation (root crops, as well as bananas and cane grasses) were deliberate interventions
in plant reproduction and growth, the domesticatory consequences of these practices were,
at least initially, cumulative and unintentional. However, later forms of secondary cereal
domestications, and some fruit tree domestications, were more rapid and undertaken by
communities already practicing other forms of cultivation; here, people would have been
more aware of the longer-term consequences of their actions in terms of making plants more
amenable to exploitation and use. In the case of woody fruiting species, these were initially
cultivated sexually with some subsequent clonal propagation and later grafting of preferred
fruit varieties onto hardy root stock. Only beginning with these later, diversification domes-
tications (secondary seed crops, fruit trees) does anything approaching artificial selection
(as opposed to unconscious selection) begin to play a role in human agriculture.

Sauer (1952), among others, speculated that vegetative forms of propagation preceded
seed-based cultivation. Currently, there is no robust archaeological evidence to support
this claim. Rather, people in different parts of the world engaged in different forms of
cultivation, which led to seed-based and vegetative domestication pathways. Currently this
appears to relate more to environmental differences between biomes and available plant
foods: vegetative cultivation is more associated with wetter, tropical environments or moun-
tain zones, whereas early seed-based cultivation is found in semi-arid open ecosystems—
including tropical savannahs and temperate steppes.

Certainly, in parts of the world where vegetative propagation is the dominant mode of
cultivation, people incorporate into their plots cuttings from varieties grown in neighboring
communities as well as those from wild/feral plants (Denham 2018). Over time, these pro-
cesses can lead to the wholesale replacement of cultivated lineages, as documented for the
sweet potato in Polynesia (Roullier et al. 2013b) and postulated for taro in New Guinea
(Denham 2018). Furthermore, flowering, pollination, and seed-set are often deliberately
suppressed under vegetative cultivation to increase yield, maintain starch or sugar contents,
obtain preferred taste, and so on, as well as to restrict sexual reproduction and retain preferred
phenotypes (Denham 2018). These human practices are cognate with many of those under-
taken by fungus-growing ants (Mueller et al. 2005; Schultz et al. 2005; chapter 14, this
volume). Ants vegetatively propagate fungus and periodically translocate and incorporate
wild fungi into cultivated stock within their nests, as well as domesticated fungi from other
nests. These practices lead to the wholesale replacement of fungal lineages over time. Also
comparably to human practices, ants engage in a range of cultivation and harvesting practices
to suppress fruiting and sexual reproduction in fungi in order to maintain preferred fungal
production and limit gene flow among cultivated and wild fungal populations.

Early forms of human-plant domesticatory relationship can be conceived as mutualistic:
they benefited both species. Over time, as environments of cultivation became increasingly
anthropic and wild populations became increasingly sparse, this relationship became one
of asymmetrical control with people as proactive partner and plants as reactive partner.
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Cultivated plants became increasingly reliant on people for reproduction (i.e., in regard to
gathering of nonshattering seed heads, processing, storage, and sowing) and growth (i.e.,
in specially prepared ground within demarcated plots or fields, often improved in terms
of moisture and nutrient availability and protected from pests and competitor species).
Only with modern agribusiness and genetically engineered seed stock has the relationship
changed further toward enslavement—a characteristic most starkly seen in modern factory
farming of animals.

The coevolution of humans and domesticates, however, was achieved through two very
different forms of evolutionary transmission. Changes in the plants ultimately occurred in
their genomes as they acquired adaptations either fixed through vegetative cloning or
through the fixation of recessive alleles for many seed crops. Human adaptation mainly
took the form of cultural information, practices, technologies, and traditions—memes in
the broad sense, which were both handed down through human generations and had the
potential to be transmitted laterally between unrelated human individuals and across cul-
tures (see, e.g., Shennan 2002). As noted by Schultz (chapter 14, this volume), this makes
humans facultative farmers, not obligate ones. The lateral transmission process of cul-
ture—of farming practices—contributed to regional trends towards increasing diversity of
domesticated species tied into the human agricultural systems. A parallel in insects is the
widespread evidence of lateral transmission of fungal cultivars across species (Mueller
et al. 2005), but a contrast is the fungal monocultures that characterize many ant, termite,
and beetle crops. The evolution of farming in insects took millions of years and involved
adaptive speciation, whereas human facultative farmers could adapt much more rapidly in
part through testing and choosing among a diversity of crops at any one time.

The increasing biodiversity of human agriculture over the long term is evident on local,
continental, and global scales. However, a reversal away from agricultural diversity has
occurred in many regions, mostly over the past century, as the human-domesticate relation-
ship has shifted towards high-throughput monoculture at the expense of species or varietal
diversity (Perfecto, Vandermeer, and Wright 2009). This is paralleled by the move to
enslavement that can be taken to characterize many industrial animal farms, and perhaps
commercial crop varieties with “genetic use restriction technologies” (Lombardo 2014).
It is in this more recent phase, since the twentieth century, that humans have begun to use
chemical herbicides to control weeds among their crops. By contrast many ants evolved
the use of chemical control of weeds among their farmed fungi as an essential part of their
cultivation symbioses (Mueller et al. 2005; chapter 11, this volume). Thus despite remark-
able parallels, the various pathways of evolution of human agricultural systems and those
of insects have been quite different. In this chapter we have outlined four alternative
pathways of crop domestication by people, all of which have shared a tendency to con-
tribute to increasing crop diversity over time and increasing lateral transmission across
cultures, although these tendencies may have been reversed in the late industrial era.
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1 1 Convergent Adaptation and Specialization of Eukaryotic
Pathogens across Agricultural Systems

Nicole M. Gerardo

Domestication of crops provides an opportunity for pathogens to exploit novel, abundant
hosts. Pathogens specializing on human crops have repeatedly emerged over the history
of human agriculture. Similarly, pathogens have tracked domestication of the fungal crops
of ants (Caldera et al. 2009). Like pathogens in nondomesticated systems, agricultural
pathogens often face selection pressures to overcome host defenses, and such adaptation
may lead to increased specialization (Flor 1956; Burdon 1987; Thompson and Burdon
1992). Specialization may lock pathogens into narrow host ranges, such that as host crops
diverge from one another, either through intentional or unintentional selection by their
domesticators, pathogens also diverge, potentially leading to patterns of co-divergence
between the pathogens and their hosts. Alternatively, despite specialization, pathogens may
make occasional host jumps, switching to hosts distantly related to the original host, which
can lead to the emergence of novel disease.

Here, I highlight four key issues in the study of crop pathogen evolution and specializa-
tion and the approaches used to address those questions, focusing on fungal and oomycete
pathogens in human and ant agriculture. These include (1) using experimental and molecu-
lar approaches to compare pathogens in domesticated and nondomesticated systems in
order to determine the origins of crop pathogens; (2) elucidating the relationships between
pathogen strains that utilize different crops to gain insights into the degree and evolution
of pathogen specialization; (3) leveraging genomics and genetics to elucidate the mecha-
nisms underlying pathogen specialization; and (4) studying how, like their crop hosts,
pathogens evolve in response to agricultural practices. In many cases, we have more
advanced understanding of human crop pathogens, but the study of ant crop pathogens
provides a unique opportunity to study crop pathogen evolution over a much longer time
scale.

The Diversity of Eukaryotic Pathogens Attacking Human and Ant Crops

Over the last 12,000 years, humans have domesticated a broad array of plant and fungal
crops. All of these crops are parasitized by pathogens. The impact of pathogens on crop
yield and crop quality has profoundly shaped human agriculture. Over the history of agri-
culture, humans have abandoned some crop varieties because of high pathogen burdens
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(Heslop-Harrison and Schwarzacher 2007). Humans also have minimized disease through
selection for crop resistance and through use of management strategies and chemical
fungicides to minimize pathogen spread and pathogen damage.

The pathogens of human crops are as diverse as the crops themselves. In many agricul-
tural systems, fungal and oomycete pathogens cause the most disease burden. Some of
these pathogen species are described as being specialized (e.g., Blumeria spp., Puccinia
spp., Ustilago spp.; table 11.1) (Ledn-Ramirez et al. 2004; Dracatos et al. 2018), with each
species attacking only one or a few host species, or, at a finer scale, with strains within a
species being able to attack only certain genotypes of a given host species. Other pathogen
species are considered to have broad host ranges (e.g., Botrytis cinerea, Fusarium oxys-
porum, Phakopsora pachyrhizi, Rhizoctonia solani; table 11.1) (Goellner et al. 2010; Dean
et al. 2012; Hane et al. 2014), though within these species there may be fine-scale speci-
ficity due to genotypic interactions and local adaptation to both abiotic and biotic factors
as well. Pathogens also differ in their level of virulence and economic impact.

Humans are not the only farmers. Agriculture, defined here as large-scale dispersal, seeding,
and management of food propagules that are sustainably harvested, is a feature of other animal
systems as well (introduction, this volume). Nonhuman agriculture is dominated by domes-
tication of microbial crops (though see chapter 9, this volume). Slime molds cultivate bacteria
(Brock et al. 2011). Snails cultivate fungi (Silliman and Newell 2003), as do ants, termites,
and beetles (Mueller et al. 2005). While crop pathogens have not been identified in many of
these systems, identification of a specialized fungal pathogen in the fungus-farming ant system
has made the system a model for studying host-pathogen evolution. The primary pathogens
in the ant system are fungi in the genus Escovopsis.

Fungus-growing ants have evolved for 50 million years into more than 245 species in
over 19 genera of obligate farmers that propagate their cultivated fungi primarily vertically
between the nests of mothers and daughters (Schultz and Brady 2008). Like human popu-
lations specialized at growing particular crops, most species of ants grow a narrow range
of fungal cultivars (Mueller et al. 2018). Escovopsis spp. parasites attack and consume the
fungal cultivars, which can lead to rapid colony decline (Reynolds and Currie 2004; Currie
2001). Different Escovopsis spp. attack different fungal crops (Currie et al. 2003; Gerardo
et al. 2004; Gerardo, Mueller, and Currie 2006; Pagnocca, Masiulionis, and Rodrigues
2012; Custodio and Rodrigues 2019). To manage Escovopsis infections, ants actively
eliminate infected portions of garden (Currie and Stuart 2001) and use antibiotic-producing
bacteria that suppress fungal infection (Currie et al. 1999; Poulsen et al. 2009).

Human and ant agricultural systems exhibit many similarities as they relate to disease
transmission and management (figure 11.1). For example, in both human and ant agricul-
ture, crops are typically grown as monocultures of single species (Mueller et al. 2010;
McDonald and Stukenbrock 2016), which leads to high host density relative to density of
nondomesticated hosts (chapter 4, this volume). This may facilitate transmission within
fields (human agriculture) and within colonies (ant agriculture). At the same time, these
field and colony patches may be spatially separated from one another, which could lead
to pathogen extinction at local scales or pathogen adaptation to local hosts and conditions
(i.e., local adaptation) (Croll and McDonald 2017). Furthermore, pathogens of both human
and ant agriculture must contend with an array of defense strategies, including utilization
of behavioral and chemical defenses. Crop rotation, for example, is a behavior employed
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Table 11.1

Key fungal and oomycete pathogens of human crops
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Pathogen

Host crop(s)

Disease

Notes on specialization

Blumeria graminis®

Botrytis cinerea”

Colletotrichum spp.”

Fusarium
graminearum”

Fusarium oxysporum"

Melampsora lini*

Mycosphaerella
graminicola (syn.

Zymoseptoria tritici)"

Phakopsora
pachyrhizi®

Phytophthora
infestans®

Puccinia spp.

Pyricularia
graminis-tritici”

cereal crops and other

grasses

broad host range,
including grapes

broad host range,
including bananas,
cassava, and many
stored fruits

cereals, maize

broad host range,
including bananas

flax, linseed

wheat

broad host range,
including soybean
and many legumes

potato, tomato

cereals

wheat

powdery mildew

gray mold, noble rot

anthracnose spots and
blights, post harvest
blights

fusarium head blight

fusarium wilt

flax rust

Septoria tritici blotch
(STB)

Asian soybean rust

late blight, tomato
blight

rust

wheat blast

Genetic analyses indicate that
strains cluster according to host
range, suggesting specialization
of groups within the species
(Wyand and Brown 2003).

While there is some evidence
of adaptation to alternative
agricultural host plants, strains
have very broad host ranges and
show little evidence of
specificity (Bardin et al. 2018).

The phenomenon of cultivar
specificity was first recognized
in C. lindemuthianum.

Infection across host species
indicates little evidence for
specificity (Kuhnem et al. 2015).

While the species is considered
to have a broad host range,
individual isolates are highly
specialized.

M. lini serves as a model for
studying gene-for-gene
specificity in pathogen-plant
relationships (Flor 1956).
While M. graminicola is specific
to wheat, other Mycosphaerella
spp. infect other grasses.
Comparative genomics and
genetic manipulations have
elucidated some aspects of host
specialization (Poppe et al.
2015; Stukenbrock et al. 2011).

It is not clear whether this species’
broad host range is due to unusual
plasticity for a rust fungus or
whether there are underlying
intraspecific populations that
differ in virulence and host
specificity (Ono, Buriticd, and
Hennen 1992).

P, infestans is closely related to
other species with different host
ranges.

Strains are host specific, though
they can infect alternative hosts
at certain stages.

P. graminis-tritici is part of a
species complex that can cause
disease on a variety of grasses.
There is debate as to whether
this should or should not be split
from P. oryzae (Gladieux et al.
2018; Valent et al. 2019).

(continued)
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Table 11.1
(continued)
Pathogen Host crop(s) Disease Notes on specialization
Pyricularia oryzae rice rice blast P. oryzae is part of a species
(syn. Magnaporthe complex that can cause disease
oryzae)* on a variety of grasses, though
the name P. oryzae is sometimes
used only for those that infect
rice. Several genes have been
identified that may underlie host
specificity (Yoshida et al. 2016).
Rhizoctonia solani® broad host range, damping off, seed rot,  Some groups of strains may be
including cereals, root rot, black scurf more specific than others (Keijer
beans, and brassica and other diseases et al. 1997).
Ustilago maydis" corn corn smut While host species-specific in

nature, U. maydis can infect a
broad range of hosts under lab
conditions (Leon-Ramirez et al.
2004).

Notes: List of eukaryotic pathogens based on previous surveys of plant mycologists to identify fungal pathogens
of plants that are of economic concern or that serve as models for studying fungal disease (Dean et al. 2012).
Additional fungal and oomycete pathogens of human crops mentioned in the text have been added.

Ffungal pathogen, oomycete pathogen.

A Human B Ant
farmers farmers
Antifungal Cultivated Antifungal Cultivated
defense rice defense fungus
Fungal pathogen Fungal pathogen
(Pyricularia) (Escovopsis)
Figure 11.1

Parallels between farmer-crop-pathogen interactions. (A) The role of pathogens in shaping human agriculture is
exemplified by infection of rice by the fungal pathogen Pyricularia oryzae (syn. Magnaporthe oryzae). Human
farmers (top) actively cultivate rice (right) in large monoculture fields. P. oryzae (bottom) infects rice, causing
rice blast. To combat the disease, humans use an array of defense strategies, including chemical fungicides (left).
(B) Leaf-cutting ants (top) cut fresh vegetation to feed to their cultivated fungus (right), which is grown in
monoculture within ant colonies. The cultivated fungus is attacked by fungal pathogens in the genus Escovopsis
(bottom). To combat infection, the ants deploy an array of defenses, including the use of antimicrobials produced
by bacteria that grows on the ants’ cuticles (white patch under the ant’s head, left). Ant photographs: Alex Wild.
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by humans to minimize pathogen build-up in fields. While ants do not switch crops readily
(Mueller, Poulin, and Adams 2004), they can invest heavily in weeding their gardens to
remove pathogens (Currie and Stuart 2001). Humans utilize a suite of defensive chemicals
(e.g., fungicides) to combat pathogens at great expense, and ants utilize bacteria that
produce antifungals to inhibit their gardens’ pathogens (Kelly and Ward 2018). Humans
also both consciously and unconsciously select for crops with higher resistance. While
there is no direct evidence that ants do the same, there has been ample time over the mil-
lions of years of ant-cultivar-Escovopsis association for the ants to at least occasionally
propagate more resistant crop strains. These parallels could lead to convergent processes
of pathogen evolution in these systems.

Studying the Origins of Crop Pathogens

There are several potential mechanisms by which pathogens may begin to utilize crops as
hosts. These include host range expansion (i.e., beginning to utilize a new host while
retaining the ability to utilize current hosts), host shifts (i.e., switching to utilize a new
host closely related to the current host), host jumps (i.e., switching to utilize a new host
distantly related to the current host), and adaptation to a pathogenic lifestyle from a free-
living, commensal, or mutualistic form (figure 11.2). Host range expansion, host shifts,
and host jumps require contacting novel hosts, which can be facilitated by migration. In
human agriculture, for example, migration and colonization have played an important role
in the establishment of novel pathogens (Goodwin, Cohen, and Fry 2006). Whether a
pathogen begins to associate with a crop due to range expansion, host shift, or host jump,
the ancestral host could be either a nondomesticated or a domesticated species.

Determination of the origins of a pathogen relies on comparative analyses across pathogen
species or strains isolated from alternative hosts. In some cases, patterns will be clear, high-
lighting relationships between pathogens that suggest the origins of novel infections. Dating
methods can provide insight into when a pathogen emerged in an agricultural system. Phy-
logenetic analyses of Pyricularia spp. (syn. Magnaporthe spp.) strains isolated from a variety
of grass species, for example, indicate that P. oryzae, a virulent pathogen of rice, originated
from a host jump from millet to rice. It then made several host shifts from rice to grassy
weeds associated with farming (Couch et al. 2005). Similarly, phylogenetic relationships of
isolates of Phytophthora infestans, the causal agent of the Irish Potato Famine, are consistent
with a hypothesis that the virulent pathogen spread from Mexico, where diverse potato
varieties are grown. Of note is that there is substantially more genetic variation in the
Mexican Phytophthora population, which suggests that the pathogen went through a series
of bottlenecks as it spread globally (Goodwin, Cohen, and Fry 2006).

Experimental infections can also suggest something about pathogen origins. Pyricularia
graminis-tritici is an emerging pathogen of global concern. In Brazil and surrounding
countries in South America, it has consistently caused wheat losses of 40—100% since first
being reported in 1985 (McDonald and Stukenbrock 2016; Ceresini et al. 2018). It has
also been reported in Bangladesh, where it has also caused devastating crop losses (Islam
et al. 2016). While it was suspected that the pathogen originated by a host shift of Pyricularia
found on rice to wheat, experiments demonstrated that Pyricularia graminis-tritici strains
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Origins of crop pathogens. Novel agricultural pathogens can arise from a number of sources. Common routes
(top) include pathogens that evolve to use a novel host that is closely related to the original host. This can occur
through host shifts, when populations or variants of the pathogen evolve to use the novel host and lose the ability
to infect the original host, or host range expansion, when pathogens evolve to become more generalist, being able
to infect both the original and novel host. Less common are host jumps (bottom), where pathogens evolve to infect
novel hosts distantly related to the original host, or host range expansion, where pathogen host range evolves to
include distantly related hosts. While not commonly observed, there is the potential for free-living (non-host
associated) (right) and commensal and mutualistic microbes (left) to evolve into host-associated pathogens.
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are not virulent on rice; this suggests that they instead originated from strains infecting a
different grass host (Urashima, Igarashi, and Kato 1993; Castroagudin et al. 2016).

For Escovopsis spp., the only known pathogens of ant-cultivated fungi, the first phylo-
genetic analyses based on samples of Escovopsis and cultivars associated with a subset of
ant species demonstrated phylogenetic congruence between the ants, their cultivars, and
Escovopsis (Currie et al. 2003). This is consistent with a process of strict specialization
and host fidelity such that pathogen species, once they emerge, rarely switch to new hosts
through host jumps. Deeper sampling, however, indicates that the evolutionary history of
the pathogen has included at least occasional jumps to distantly related hosts (Gerardo,
Mueller, and Currie 2006; Meirelles et al. 2015).

For many human crop pathogens, such as P. oryzae mentioned above, researchers have
identified closely related pathogen strains living on free-living hosts; this finding has
facilitated determination of how and when the pathogens of domesticated crops diverged
from free-living associates. No putative free-living relatives of Escovopsis have been
identified. Assuming that the ancestor was a pathogen itself, further sampling of fungal
pathogens of nondomesticated, free-living fungi in the Neotropics could potentially iden-
tify such a relative. Limited dating does suggest that the origin of the Escovopsis genus
may be ancient and coincident with the evolution of ant agriculture (de Man et al. 2016).
Such dating methods should be extended to comprehensively investigate the origins of
clades within the Escovopsis genus.

Experimental Approaches, Phylogenetics, and Population Genetics
Elucidate Patterns of Specialization

A defining feature of many host-pathogen systems is arms race coevolution, where there
is strong selection on hosts to resist pathogens and strong selection on pathogens to over-
come resistance (Haldane 1949). These processes can lead to the establishment and main-
tenance of specialization by pathogens because selection for the ability to infect and
overcome resistance in some hosts leads to loss of the ability to effectively utilize other
hosts (Flor 1956; Burdon 1987; Thompson and Burdon 1992), though this depends on the
genetic basis of host resistance and pathogen virulence (Parker 1994).

In some respects, the degree to which a pathogen species is considered specialized is
dictated by how we define a species. If ecological isolation based on utilization of alterna-
tive hosts precludes genetic exchange between two or more pathogen populations, then,
by the biological species concept, researchers may define these two populations as separate
species (Restrepo et al. 2014). In tandem or alternatively, phylogenetic species concepts
may be utilized to name species based on the formation of monophyletic groups. Regard-
less of how a species is defined, specialization can be investigated by comparing the ability
of different species or strains within species to infect a set of hosts. Experimental inves-
tigation can be coupled with phylogenetic and population genetic investigations to eluci-
date the relationships between strains found on different hosts in nature.

A common approach to study pathogen specialization is to screen the ability of strains
isolated from different environments to utilize different hosts. These experiments can
provide insight into the degree of host specialization (how many hosts a pathogen can use)
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and the breadth of host range (how closely related useable hosts are to one another). Cross
inoculations of potato and tomato with strains of P. infestans isolated from both crops, for
example, indicates that potato strains are specialized on potato, having very low fitness
when put on tomato. Tomato strains are more generalist, though they do perform better
on tomato than potato (Kroner et al. 2017) (figure 11.3A). Similar cross inoculations have
been conducted utilizing Escovopsis isolated from colonies of different ant species that
grow distinct fungal crops. Like P. infestans, these Escovopsis strains are more likely to
successfully infect their typical than their atypical host (Gerardo et al. 2004, 2006; Birn-
baum and Gerardo 2016) (figure 11.3B). Also like P. infestans, some Escovopsis strains
appear to be more generalist than others (Birnbaum and Gerardo 2016).

Phylogenetic and population genetic analyses of many strains from different hosts can
also provide insights into the degree of host specialization. Experimental results suggesting
that P. graminis-tritici is specialized on wheat (Urashima, Igarashi, and Kato 1993; Cas-
troagudin et al. 2016), for example, are consistent with population genetic analyses that
demonstrated that rice- and wheat-infecting strains form distinct genetic clusters with little
evidence for gene flow between them (Chiapello et al. 2015), though with evidence of
some gene flow between strains infecting wheat and other hosts (e.g., oats) (Gladieux et
al. 2018). Furthermore, phylogenetic analyses corroborated the host specificity of lineages
and revealed that wheat-infecting P. graminis-tritici are more closely related to strains
found in association with oats than they are to strains found in association with rice (Cas-
troagudin et al. 2016; Yoshida et al. 2016). Thus, these analyses together elucidated both
the origins and specialization of this fungal pathogen.
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Figure 11.3

Parallel investigation of pathogen host range. The host ranges of pathogen strains are often investigated by doing
cross-inoculations of alternative hosts with pathogens isolated from those hosts. Specificity is exemplified by
pathogens being able to better infect their native host than an alternative host. This is exemplified by (A) cross
inoculations of potato and tomato plants with strains of Phytophthora infestans (black indicates strains from
potato, and white indicates strains from tomato; figure adapted from (Kroner et al. 2017)); and (B) cross
inoculations of cultivated fungi from leaf-cutter and Apterostigma ant colonies with strains of Escovopsis spp.
(black indicates strains from leaf-cutter colonies [Afta and Acromyrmex spp. combined], and white indicates
strains from Apterostigma colonies); figure adapted from Birnbaum and Gerardo (2016). Note that, in the former
case (A), infection success is measured by the virulence of the pathogen, as measured by the size of lesions
created by the infection, while in the latter case (B) infection success is measured by establishment of the
pathogen on the hosts, as measured by the proportion of hosts that are infected.
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Phylogenetic investigations of Escovopsis have demonstrated that, at the broad scale,
Escovopsis spp. are specialized on particular cultivar hosts (Currie et al. 2003; Gerardo,
Mueller, and Currie 2006). At finer scales, population genetic analyses of Escovopsis strains
isolated from different colonies of the same ant species that are growing closely related
cultivars often indicate that genetic distances are not correlated with differences in host
utilization (Gerardo and Caldera 2007; Taerum et al. 2007). This contradicts both genetic
and experimental studies with other Escovopsis strains that highlight that closely related
strains of the same Escovopsis spp. may differ in which cultivar strains they can infect, which
suggests that Escovopsis-cultivar dynamics can exhibit genotype-genotype specificity (Birn-
baum and Gerardo 2016; Kellner et al. 2018; Custodio and Rodrigues 2019). These differ-
ences suggest that some Escovopsis spp. are more generalist than others.

The Use of Genetics and Genomics to Reveal Mechanisms of Host
Utilization and Specialization

Several fungal and oomycete pathogens of human crops have been developed as tractable
genetic models to study the evolutionary dynamics of interactions between species. For
example, the model for gene-for-gene matching between pathogen genes underlying viru-
lence (known as “avirulence” genes) and host genes underlying resistance was first
described for Melampsora lini, a fungal pathogen of flax and linseed (Flor 1956). While
not of huge economic concern, the genetic tractability of this plant-pathogen system is a
model for studying plant resistance, plant immunity, and mechanisms of pathogen viru-
lence (Chisholm et al. 2006; Dean et al. 2012). Other fungal pathogens of agricultural
crops have demonstrated how both multigenic, quantitative traits and ecological conditions
can shape the outcomes of host-pathogen interactions (Croll and McDonald 2017).
While genetic technologies for some crop pathogens have been available for decades,
the utilization of genomics to investigate eukaryotic pathogens has provided novel insights
into the genetic underpinnings of host utilization and host specialization in many systems
without tools for genetic manipulation. Crop pathogen genome sequencing efforts have
identified genes that may underlie host utilization and virulence, including genes involved
in secondary metabolism, carbohydrate utilization, and manipulation of host metabolism
(Dean et al. 2005; Kédmper et al. 2006; Chiapello et al. 2015). Genomes of crop pathogens
have also revealed that eukaryotic crop pathogens differ markedly in their genomic struc-
ture and organization. For example, while some fungal pathogens have streamlined
genomes (de Man et al. 2016; Benevenuto et al. 2018), others are packed with repetitive
elements and have large genomes (Raffacle and Kamoun 2012), suggesting that these
organisms adapt to hosts under fundamentally different genomic constraints.
Comparative genomic projects have moved beyond the annotation of single genomes
to investigate differences between strains or closely related species that utilize different
hosts. For example, comparison of the genomes of eight Pyricularia oryzae (syn. Magna-
porthe oryzae) strains that differ in host specificity revealed that the gene content and
genomic features of these genomes are highly similar. One notable signature of host
specialization, however, is that strains adapted to rice share a specific set of gene families
that are not found in the strains attacking other hosts (and vice versa). The rice-specific
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gene families include known avirulence genes and some genes involved in secondary
metabolism (Chiapello et al. 2015). Beyond identifying differences in the presence and
absence of genes, comparative genomic approaches can also assess signatures of selection
across genomes, potentially revealing those regions that may be under selection because
of their role in host-pathogen interactions. For example, many human crop pathogens
exhibit diversifying selection at loci underlying virulence (van de Wouw et al. 2010; Kelly
and Ward 2018). Other studies assessing patterns of positive selection across pathogen
genomes adapted to different hosts have revealed complex patterns of selection across
many loci; this finding suggests that adaptation to hosts may involve multigenic selection
on genes underlying interaction with both abiotic and biotic stressors (Benevenuto et al.
2018; Mohd-Assaad, McDonald, and Croll 2018). Results from these genome-wide studies
suggest that the prevailing view of pathogen evolution being defined by a few loci under-
lying pathogen-host gene-for-gene interactions may be missing key elements of pathogen
adaptation to the environment.

Molecular investigations of the mechanisms underlying Escovopsis specialization in the
ant agricultural system are in their infancy. Sequencing and annotation of the first Esco-
vopsis genome provided some insights into the basis of Escovopsis’s host utilization (de
Man et al. 2016). As with human crop pathogens, Escovopsis genomes encode for the
capacity to produce a rich array of secondary metabolites (de Man et al. 2016; Heine et al.
2018) and to utilize carbohydrates abundant in their fungal crop hosts. Of note is that the
genome annotation revealed that Escovopsis cannot produce key enzymes necessary for
utilizing plant material that can be abundant in ant gardens—a finding that highlights that
it is indeed a specialized pathogen of the ants’ fungal crop (de Man et al. 2016). Compara-
tive genomics across Escovopsis spp. associated with different hosts may reveal how these
features change with host range. As with human crop pathogens, development of tools
for genetic manipulation could greatly facilitate study of the evolution of Escovopsis
specialization.

Consideration of How Agricultural Practices Shape Pathogen Evolution

Due to their large population sizes, short generation times, and ability to disperse, eukaryotic
pathogens have amazing potential to adapt to abiotic and biotic selection pressures, including
agricultural practices. Because of its applied importance and experimental tractability, one
of the most common phenotypes studied in this regard is the evolution of resistance to fun-
gicides. Resistance in fungal pathogens appears to often arise via de novo mutations in the
target sites of the fungicides (Hawkins et al. 2019). The mutations can then spread rapidly,
shaping pathogen population structure in agricultural settings (Kozhar et al. 2020).

The fungus-growing ant system provides a particularly interesting case study in terms
of how pathogens adapt to host defenses. Unlike humans, who typically use chemical
fungicides in agriculture, ants use fungicides produced by bacteria (Currie et al. 1999).
Evolution of fungicide resistance in the pathogens could select for the ants to switch to
novel bacterial partners that produce alternative fungicides or could select for the bacteria
to modify the fungicides that they produce. While Escovopsis spp. and strains within
species vary in terms of their susceptibility to these bacteria-derived fungicides (Poulsen
et al. 2009), nothing is known about the mechanisms of resistance. Elucidation of these
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mechanisms could open up avenues to explore how fungicide resistance evolves in this
ancient agricultural system and whether the pathogens and fungicide-producing bacteria
evolve in response to one another in an arms-race—like fashion.

Another feature of agriculture that can shape pathogen evolution is the spatial structure
of the agricultural landscape (Papaix et al. 2015). Large, uniform monocultures, for
example, may facilitate the evolution of pathogen specialization (Débarre and Gandon
2010), whereas landscape heterogeneity, providing potential reservoirs of noncrop host
species, could hinder the evolution of specialization. Crop harvest and rotation practices,
both of which influence host density and availability, may also influence pathogen evolu-
tion, particularly evolution of traits that influence transmission and virulence (van den
Berg et al. 2011). A proxy for spatial structure in ant agriculture is colony density and
proximity to colonies of the same or other species. These community features have not
yet been considered in terms of their impacts on cultivar-Escovopsis disease dynamics
over ecological time or evolution over longer time scales.

Conclusions and Implications

Pathogens place strong evolutionary pressures on their hosts and have shaped domestica-
tion processes. Because pathogens can be spread with their hosts and can diversify along
with their hosts, studying pathogen diversification may inform our understanding of
ancient domestication processes. Understanding the origins and adaptive processes of
current pathogens in agricultural systems can also have important applied implications.
The degree of specialization of crop pathogens and the mechanisms underlying this spe-
cialization can provide insight into the likelihood of disease spread and can therefore
inform management strategies. Furthermore, if studies across agricultural pathogen systems
indicate similar origins for many pathogens, as they do with zoonotic diseases, then the
routes of transmission that facilitate these origins may be more carefully controlled to mini-
mize the emergence of novel diseases. Beyond these applied reasons for studying agricultural
pathogens, these systems can serve as models for studying evolutionary processes. These
experimentally tractable systems, for example, allow researchers to explore the proximate
and ultimate mechanisms underlying coevolution and co-speciation.
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1 2 Evaluating Potential Proximate and Ultimate Causes
of Phenotypic Change in the Human Skeleton over
the Agricultural Transition

Lumila P. Menéndez and Laura T. Buck

Gordon Childe coined the term “Neolithic Revolution” to characterize the fundamental
changes in the human ecological niche driven by the domestication of plants and animals
(Childe 1936). From Childe’s viewpoint, this revolution resulted in technological innova-
tions and trends toward sedentism that brought improvements in health, food quality, and
a lessening of labor demands (Childe 1936). It is now understood that the adoption of
agriculture was in fact a complex and gradual process that occurred independently among
humans and in different species of insects (i.e., ants, termites, beetles) at different times
and in many geographic areas of the world (Bar-Yosef 1998; Schultz et al. 2005; Stock
and Pinhasi 2011; Armelagos and Cohen 2013; Biedermann and Vega 2020). Regarding
humans, despite shifts in understanding since Childe’s work, it can still be argued that
agriculture resulted in pivotal changes in the relationship between human behavior and
the natural environment, albeit with varied impacts in different populations.

There are ongoing discussions regarding the areas in which early agriculture originated
independently and those in which it was secondarily adopted due to the diffusion of people
or ideas (e.g., Bellwood 2005). Current consensus, however, points to at least the following
eight regions of agricultural innovation: the Levant (10,000 BP), India (5,000—4,000 BP),
the Yangtze and Yellow River basins in south China (8,000 BP), the New Guinea High-
lands (7,000 BP), west sub-Saharan Africa (4,000-2,000 BP), Central Mexico (10,000—
4,000 BP), western South America (8,000-5,000 BP), and eastern North America
(5,000—4,000 BP) (Diamond and Bellwood 2003; Bellwood 2005; Price and Bar-Yosef 2011;
chapter 10, this volume).

Over the past several decades, researchers have questioned the initial assumptions of
the Childean school of thought, which suggested that the transition to agriculture was of
unadulterated benefit to humanity. This has led to much discussion of the effects of dif-
ferent subsistence practices on human skeletal morphology in workshops and projects
leading to influential books (Cohen and Armelagos 1984; Steckel and Rose 2002; Ungar
20006; Pinhasi and Stock 2011). More recently, dietary influences on skeletal morphology
have been well documented in comparative analyses of recent populations from all around
the world (e.g., von Cramon-Taubadel 2011; Noback and Harvati 2015; Katz, Grote, and
Weaver 2017) and/or specific subcontinents (e.g., Pinhasi and Pluciennik 2004; Paschetta
et al. 2010; Perez et al. 2011; Cheronet, Finarelli, and Pinhasi 2016). However, since
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morphological variation between human populations results from several evolutionary and
ecological processes, it becomes difficult to disentangle the impact of different subsistence
practices on the skeleton. Additionally, the effect that diverse diets have on the skeleton
differs when comparing populations at distinct geographical scales. For instance, on a
worldwide scale, genetic drift is expected to have the strongest effect (von Cramon-
Taubadel 2014; Katz, Grote, and Weaver 2017), while on smaller subcontinental or regional
scales other factors such as diet or climate play a stronger role (Paschetta et al. 2010; Perez
et al. 2011; Evteev et al. 2014).

In order to address the complexity of causative factors where possible, the association
between subsistence and skeletal variation should be evaluated in diachronic sequences in
areas where agriculture either originated locally or was acquired early via knowledge
transfer. More specifically, geographic areas where agriculture was introduced as the result
of migrations from other areas should be excluded from analysis in order to avoid biologi-
cal variation due to the influx of a migrant population. Skeletal studies on the morphologi-
cal changes resulting from the adoption of agriculture are available from only about half
of the regions and time periods of agricultural innovation listed above. These include the
Levant (Smith, Bar-Yosef, and Sillen 1984; Eshed, Gopher, and Hershkovitz 2006; Pinhasi,
Eshed, and Shaw 2008; Pinhasi, Eshed, and von Cramon-Taubadel 2015; May et al. 2018;
Pokhojaev et al. 2019), eastern North America (Illinois and Ohio; Buikstra 1984; Cassidy
1984; Cook 1984; Goodman et al. 1984; Perzigian, Tench, and Braun 1984; Paschetta et al.
2010), and the central South American Andes (~Peruvian Andes; Gehlert 1979; Allison 1984;
Benfer 1984, 1990) (figure 12.1). In other areas such as India, the New Guinea Highlands,
west sub-Saharan Africa, China (but see Li, Zhang, and Zhu 2012), and Central Mexico (but
see Marquez-Morfin and Storey 2007), the skeletal changes over the time in question have
not been explored so far, at least in the English- or Spanish-language literature. This could
be due to a lack of available skeletal samples covering the whole diachronic sequence or to
biases in the distribution of bioarchaeological investigation.

There are, however, other relevant skeletal studies in areas neighboring those regions of
agricultural innovation, owing to systematic archaeological excavations and good bone
preservation. Despite known population turnover in at least some of these regions (e.g.,
Japan, see Hudson, Nakagome, and Whitman 2020), we include them here to increase our
ability to detect global trends, always relying more heavily on those populations where there
is a good argument for biological continuity. Some examples of these neighboring regions
include Nubia (Greene, Ewing, and Armelagos 1967; Carlson and Van Gerven 1977; Hinton
and Carlson 1979; Martin et al. 1984; Calcagno 1986; Galland et al. 2016), Japan (Kaifu
1997; Kanazawa and Kasai 1998; Fukase and Suwa 2008; Fujita and Ogura 2009; Temple
2011; Hoover and Williams 2015), South Africa (Ginter 2011), the Maghreb (Sardi, Ramirez-
Rozzi, and Pucciarelli 2004), Iran and Iraq (Rathbun 1984), western and southern North
America (Larsen 1981, 1984; Dickel, Schulz, and McHenry 1984; Rose et al. 1984), South
Asia (Kennedy 1984), and southeastern Europe (y’Edynak and Fleisch 1983; Pinhasi and
Meiklejohn 2011; Cheronet, Finarelli, and Pinhasi 2016; Macintosh, Pinhasi, and Stock
2016) (figure 12.1).

By synthesizing results from studies documenting morphological changes across the
agricultural transition from a global sample of research, we hope to better understand the
impact that dietary change had on the skeleton and the evolutionary mechanisms underly-
ing it, as detailed below. Despite the substantial body of research, the causes of agriculture-
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Map showing approximate regions referred to in text. (A) Japan, (B) the Levant, (C) Anatolia, (D) Nubia,
(E) the Balkan Peninsula, (F) the Maghreb, (G) the Ecuadorean Andes, (H) the Peruvian Andes, (I) the Chilean
Andes, (J) the southern Argentinian Andes, (K) Illinois, (L) the Ohio River Valley, (M) Georgia, (N) the Mississippi
River Valley, (O) Central California. The centers of agricultural innovation that are mentioned in this chapter
are labeled together with the approximate origin dates. Global map: Public domain.

related morphological changes remain unclear and are much debated. One way to organize
the currently disparate interpretations of cause and effect is by applying Mayr’s definition
of proximate and ultimate causes (Mayr 1961). We understand the limitations of their
application; notably, this framework does not allow us to invoke developmental mecha-
nisms to explain evolutionary novelties (Baedke 2020); nor does it recognize that biologi-
cal systems have a reciprocal relationship with their environments (Laland et al. 2013).
However, in this chapter, we depart from an evo-devo perspective (Hall 2012) and consider
developmental plasticity as an ultimate cause, because morphological changes occurring
through developmental plasticity can have long-term evolutionary effects, just as selection
does (Paaby and Testa 2018; Brown 2020). The proximate causes of the morphological
changes associated with the adoption of agriculture may be a decrease in masticatory
loading, the impact of dental pathology, or nutritional deficiency. The ultimate causes
proposed for these morphological changes are developmental plasticity and/or genera-
tional responses to directional selection. It should be noted, however, that these definitions
are working concepts that we apply as a means of grouping and understanding the different
types of explanations current in the literature. In this chapter, we present a synthesis sum-
marizing the morphological changes that have been linked to the transition to agriculture
and discuss the main evolutionary explanations given for those changes.

Morphological Changes Associated with the Transition to Agriculture

The skeletal effects of the agricultural transition have been described mainly in the teeth,
mandible, skull, and long bones (Cohen and Armelagos 1984; Larsen 1995, 2006; Pinhasi
and Stock 2011; Macintosh, Pinhasi, and Stock 2016). This representation could be due
either to a bias in research designs toward the study of those skeletal structures or to their
being more affected due to their function and its relationship with diet and subsistence
practices. The main morphological changes described as resulting from a shift to cultivated
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foods can be summarized as a decrease in overall skeletal size, concomitant with allometric
and shape changes that can be interpreted as a trend toward gracilization (i.e., less robust
morphology) (Carlson and Van Gerven 1977; Larsen 2006). Additionally, across the
studied populations, there are often morphological changes associated with the deteriora-
tion of health status, either as a consequence of a more sedentary life and/or of a less
diverse diet (Diamond 1987; Ulijaszek 1991; Larsen 1995, 2006). In the following section
we compile the evidence for morphological changes in the mandible, cranium, dentition,
and long bones from studies with a wide geographic range.

The Mandible

Due to its primarily masticatory function, the mandible has been described as the bone
most influenced by changes in subsistence (Lieberman 2011; von Cramon-Taubadel 2011).
The global pattern of mandibular variation in recent humans reflects a dichotomous dis-
tinction between hunter-gatherer (HG) and agriculturalist/pastoralist subsistence econo-
mies (von Cramon-Taubadel 2011; Katz, Grote, and Weaver 2017). Both globally and
regionally, the change in mandibular morphology from an HG economy to one based on
animal and/or plant domesticates can be summarized as a trend of decreasing mandibular
size and robusticity (Kaifu 1997; Fukase and Suwa 2008; Holmes and Ruff 2011; von
Cramon-Taubadel 2011; Galland et al. 2016; Katz, Grote, and Weaver 2017; Pokhojaev
et al. 2019) (figure 12.2).

Figure 12.2

Summary of morphological changes in the skull and mandible observed in hunter-gatherers (black solid line) when
compared with agriculturalists (dashed grey line). The main morphological changes are (A) a reduction in the size of
the muscles of mastication and a relatively more posterior site of origin; (B) a reduced anteroposterior growth of the
maxillomandibular complex; (C) a reduction in the relative length and increase in the relative height of the cranial
vault, which becomes more globular; (D) a reduction in the size of the face, which becomes more inferoposteriorly
located; (E) an overall reduction, expressed in some parts such as the mastoid; and (F) an increase in mandibular ramus
height. Reduction in teeth size is not shown here. Adapted from Carlson and Van Gerven (1977).



Phenotypic Change in Humans over the Agricultural Transition 229

Given that the Levant is one of the earliest centers of agricultural innovation, it is
perhaps not surprising that much research on the skeletal effects of this dietary shift have
focused there (Diamond and Bellwood 2003; Price and Bar-Yosef 2011). In the Levant, a
reduction in mandibular size and robusticity, coinciding with the arrival of a domesticated
diet, can be seen by comparing the HGs of the Natufian period to the later agriculturalist
Neolithic populations. Natufian mandibles are short and heavy, and over time there is an
increase in maximum length, corpus length, and ramus height, but a decrease in ramus width
(Smith, Bar-Yosef, and Sillen 1984; Pokhojaev et al. 2019) (figure 12.2). The wider ramus
in Natufian mandibles is accompanied by a shorter, wider coronoid process and wide man-
dibular notch, which gives way over time to a taller, narrower coronoid and a narrow
mandibular notch in the Neolithic (May et al. 2018; Pokhojaev et al. 2019) (figure 12.2).
Anterior symphyseal height reduces significantly in southern Levantine populations over
time (Pinhasi, Eshed, and Shaw 2008; May et al. 2018), while the projection of the mental
eminence increases (Pokhojaev et al. 2019). Natufian mandibles show a more lingual (hori-
zontal) inclination of the posterior part of the body of the mandible, whereas later farming
populations have a more buccal (vertical) orientation in this region (May et al. 2018).

In Nubian populations from northeastern Africa, Mesolithic individuals present larger
mandibles with wider and more robust corpuses, shorter, wider, and more upright rami
and coronoid processes, and longer mandibular condyles than later Neolithic agricultural-
ists (Galland et al. 2016) (figure 12.2). This reduction in mandible size over the course of
a shift in subsistence corresponds to the smaller dimensions of the temporomandibular
joint (TMJ) in the Nubian Neolithic (Greene, Ewing, and Armelagos 1967; Hinton and
Carlson 1979). In general, during the transition to agricultural subsistence in Nubia, there
is a reduction of the sexual dimorphism in TMJ size and more posteriorly positioned
masticatory muscles (Hinton and Carlson 1979).

Several studies have compared different aspects of the mandibular morphology of pre-
historic Japanese foragers (Jomon) with the agriculturalist Yayoi who succeeded them
(Kaifu 1997; Kanazawa and Kasai 1998; Fukase and Suwa 2008). The latter are smaller
and lighter with thinner cortical bone (Kaifu 1997; Fukase and Suwa 2008).

The Cranium

On a worldwide scale, diet-related morphological differences between recent populations
of farmers and HGs are seen most strongly in temporalis muscle size and shape variation
(Sardi, Ramirez-Rozzi, and Pucciarelli 2004; Noback and Harvati 2015; Cheronet, Fin-
arelli, and Pinhasi 2016) (figure 12.2). Compared with crania from farmers whose diets
are largely based on crops, crania from populations relying heavily on hunting and/or
fishing show larger and more anteriorly placed masticatory muscles accompanied by
widened alveolar processes, larger nuchal planes, larger mastoid processes, and wider
faces (Noback and Harvati 2015). In general terms, the main craniofacial change in popu-
lations across the adoption of agriculture is an increase in cranial breadth, or a brachy-
cephalization of the cranial vault (e.g., Sardi, Ramirez-Rozzi, and Pucciarelli 2004;
Cheronet, Finarelli, and Pinhasi 2016).

On a regional level, in the Levant, the crania of Neolithic farmers are shorter than those
of preceding Natufian HGs, and their zygomatic breadths are narrower, resulting in nar-
rower faces and more globular (i.c., spherical) neurocrania (Smith, Bar-Yosef, and Sillen
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1984). As the Levant is a widely accepted center of agricultural innovation, it is likely that
there is biological continuity between HG and agriculturalist groups. Therefore, since there
is no archaeological evidence for population replacement or migrations associated with
agriculture (Smith, Bar-Yosef, and Sillen 1984; Bar-Yosef 1998; Cheronet, Finarelli, and
Pinhasi 2016), diachronic comparisons in this region strengthen the evidence that these
changes are diet-related.

Sardi and collaborators (2004) compared individuals from northwest Africa belonging
to the Upper Paleolithic (Iberomaurisian Complex; Afalou and Taforalt archacological
sites in Morocco and Algeria) with Neolithic ones (Guanches from the Canary Islands,
Phoenicians and Arabs from Tunis, and modern Berbers from Algeria), and found that
overall cranial size is larger in the first group. More specifically, the most divergent vari-
ables between HG and agricultural groups in prehistoric northwest Africa are the rates of
change in the sizes of the neural and facial parts of the cranium. In the Upper Paleolithic,
the facial region is relatively larger than it is in the Neolithic, while in the Neolithic the
neural region is relatively larger than it is in the Upper Paleolithic (Sardi, Ramirez-Rozzi,
and Pucciarelli 2004) (figure 12.2). In Nubia, from the Mesolithic to Neolithic there is a
decrease in the size and robusticity of the whole craniofacial complex (Carlson and Van
Gerven 1977; Martin et al. 1984; Galland et al. 2016), and later agricultural populations
show an increase in cranial height with a concomitant decrease in cranial length, effec-
tively increasing cranial globularity (Carlson and Van Gerven 1977; Martin et al. 1984;
Galland et al. 2016) (figure 12.2). Overall, there is a reorganization of the craniofacial
complex such that the vault becomes more anterosuperiorly located, while the mid- and
lower face becomes more inferoposteriorly located (Carlson and Van Gerven 1977; Martin
et al. 1984) (figure 12.2). Neolithic Nubian faces are smaller, lower, and more retracted,
compared with their Mesolithic forerunners. They present less deep, narrower zygomatics,
less pronounced alveolar prognathism, less projecting glabella regions, and shorter mastoid
processes (Galland et al. 2016). These changes result in the Neolithic crania being overall
more gracile (i.e., less robust) and more globular, as with the Levantine agriculturalists
when compared with preceding foragers (figure 12.2).

In South America, farmers present a reduction in the size of the masticatory component
of the cranium when compared with HG groups (Gonzalez-Jos¢ et al. 2005). Most studies
in this region have been conducted using variables identified following the craniofunc-
tional method (Pucciarelli 2008; Sardi 2017), linking cranial components to specific func-
tions such as mastication and allowing functional interpretations of the observed anatomical
changes. In the southern Andes (central-west Argentina), in addition to the reduction in
the masticatory component, the transition to agriculture is accompanied by a reduction in
the posteroneuronal part of the cranium (Sardi, Novellino, and Pucciarelli 2006) (figure
12.2). This pattern of masticatory and posteroneuronal reduction is found throughout the
South American continent, where there is a clinal pattern of size and allometric cranial
shape variation from southeast to northwest. Dietary variation is a plausible explanation
for the majority of this pattern, which is characterized by smaller sizes in the northwest
and increasing robusticity toward the southeast of the continent. The most influential
variables in this size variation are cranial width, height of the masticatory functional
component, facial width, and neurocranial length (Perez et al. 2011; Menéndez et al. 2014).
Generally, in South America there is sexual dimorphism in the extent of masticatory reduc-
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tion across the shift to agriculture, with greater size reduction in females than in males
(Sardi and Béguelin 2011).

In North America, particularly in individuals from the Ohio Valley, there are significant
differences between HGs and farmers in the size of the temporal fossa and masticatory
complex (including the TMJ), as well as allometric differences in the alveolar region
(Paschetta et al. 2010) (figure 12.2). Similar trends of reduction in the size of the face and
jaw are seen in populations from the American state of Georgia across 4,000 years of
dietary changes (Larsen 1981, 1984). Despite localized skeletal changes, which fit with
the wider global picture of responses to dietary change, HGs from the Ohio Valley actually
present overall smaller cranial dimensions than farmers from the same region, combined
with less robusticity or smaller facial size relative to total size (Paschetta et al. 2010),
showing regional variation in the patterns of craniofacial response to changing diets. The
evidence from the Ohio Valley is of particular importance, as it is one of those rare regions
where biological continuity can be inferred with reasonable certainty, thus avoiding con-
founding factors such as population history that might also affect shape (Smith 1989;
Paschetta et al. 2010).

The Dentition

There is a pattern of dental reduction in many populations after the adoption of agriculture
as their main subsistence practice. This has been found in such disparate geographic
regions as the Levant (Pinhasi, Eshed, and Shaw 2008), Nubia (Martin et al. 1984; Calc-
agno 1986; Calcagno and Gibson 1988), the eastern Mediterranean and Balkans (y’Edynak
and Fleisch 1983; y’Edynak 1989), the American state of Georgia (Larsen 1981), Peru
(Benfer 1990), and South Asia (Kennedy 1984). In addition to trends of decreasing dental
size, there are changes in dental wear and the frequencies of dental and oral pathologies
associated with dietary shifts.

In the Levant, Neolithic teeth are smaller than those of earlier groups, but dental size
reduction appears to be restricted to buccolingual dimensions (Pinhasi, Eshed, and Shaw
2008). In Georgia (US), after the transition to agriculture there is a reduction in dental size
that affects females to a greater extent than males, perhaps due to women being more
responsible for agriculture-related activity and thus having a diet with a greater domesti-
cated component (Larsen 1981). In Nubia, there is a strong decrease in dental length,
breadth, and occlusal area in both males and females, starting in the Mesolithic and con-
tinuing across agricultural periods. This trend is followed by an ongoing, albeit diminished,
trend of reduction for only the molar teeth between later agriculturalist groups (Calcagno
1986). Finally, dental asymmetry in buccolingual and mesiodistal diameters decreases,
although the differences are not statistically significant, over the transition to agriculture
in Peru, as seen from the diachronic sequence at Paloma (Gehlert 1979; Benfer 1984).

Alongside trends of dental reduction associated with dietary change, there are concomi-
tant changes in dental wear. In some geographic areas, such as Japan (Fujita and Ogura
2009) and Peru (Benfer 1984), there is a reduction in the magnitude of dental wear associ-
ated with a transition to agriculture, due to the consumption of less abrasive foods. Yet in
others, such as Ecuador (Buikstra 1984), dental wear increases from HG to agriculturalist
populations, which could be explained by increased grit incorporated into food as a result
of grinding grains (Hartnady and Rose 1991). Patterns of dental wear also tend to change
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over a dietary shift from HG to domesticated foods, from flat to angled and cupped; this
pattern is seen in the Levant, Nubia, and Japan (Smith, Bar-Yosef, and Sillen 1984; Kasai
and Kawamura 2001; Pinhasi, Eshed, and Shaw 2008). That these changes are consistently
associated with change in subsistence in such widely separated geographic regions sug-
gests an effect of diet on dental wear patterns.

There is an extensive literature describing changes in dental health as a result of adopt-
ing agricultural subsistence strategies. In general, foragers are described as presenting
higher degrees of dental wear, but less pathology such as caries, tooth rotation, crowding,
alveolar lipping, and abscesses than agriculturalists, and fewer problems with bone remod-
eling and maintenance. Examples of this trend come from Nubia (Greene, Ewing, and
Armelagos 1967; Martin et al. 1984; Martin and Armelagos 1984), Japan (Fujita and Ogura
2009), the Levant (Smith, Bar-Yosef, and Sillen 1984), Greece (Papathanasiou 2011), Peru
(Allison 1984; Benfer 1990), Ecuador (Buikstra 1984), Chile (Allison 1984), South Asia
(Kennedy 1984), Central California (Dickel, Schulz, and McHenry 1984), Dickson
Mounds, Illinois (Goodman et al. 1984), and the Ohio valley (Perzigian, Tench, and Braun
1984). In one example, in the former Yugoslavia, y’Edynak and Fleisch (1983) found that
Mesolithic individuals had more chipped and cracked teeth than Neolithic individuals,
whereas the Neolithic group had a higher prevalence of hypoplasia and higher grades of
alveolar resorption. However, this widespread trend is not universal. In Japan, Jomon and
Yayoi individuals did not have significantly different carious tooth frequencies (Temple
and Larsen 2007). This has been interpreted as a result of the Jomon reliance on cariogenic
plants such as acorns, which have similar cariogenic properties to the wet rice that the
Yayoi consumed (Temple and Larsen 2007).

The Postcranial Skeleton

Regarding variation in postcranial skeletal morphology related to the transition to agricul-
ture, researchers have described changes in cortical thickness, body size, stature, degree
of sexual dimorphism, and the frequency of degenerative joint diseases. Reduction in size
is perhaps the most consistent change associated with a shift in subsistence and is seen in
many disparate populations. This relates particularly to shorter stature in farmers, but also
in some cases to reduced limb length and body mass. Compared with these fairly consistent
shifts in size, changes in cortical thickness, which reflect bone strength, and sexual dimor-
phism show a more complex pattern that differs among the regions considered here.
There are numerous examples of stature reduction associated with shifts in subsistence
practices in South America (Chile, Argentina, Ecuador) (Allison 1984; Buikstra 1984;
Sardi and Béguelin 2011), the Levant (Smith, Bar-Yosef, and Sillen 1984), South Asia
(Kennedy 1984), Nubia (Martin et al. 1984), the Ohio River Valley, Georgia (US), the
lower Mississippi Valley, central California, and Dickson Mounds, Illinois, in North
America (Dickel, Schulz, and McHenry 1984; Goodman et al. 1984; Larsen 1984; Perzi-
gian, Tench, and Braun 1984; Rose et al. 1984). Despite being widespread, the trend of
stature reduction does not seem to be universal, however. At the site of Paloma in Peru,
where the earlier levels are HG and the later ones are agriculturalist, stature actually
increases over time (Benfer 1984). This may be a sampling artifact, however, rather than
an actual increase in height in farming populations, as the more recent chronological
periods when agriculture was fully established are not well represented (Benfer 1984).
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Stature also slightly increases in females from the lower Illinois Valley over the transition
to agriculture (Cook 1984), and, in a comparative study, Auerbach (2011) argues that
overall, stature is higher among southwestern agriculturalists (Arkansas, Louisiana) than
southeastern foragers. These last results should be considered with caution, since the
southwestern agriculturalists have not been shown to be direct descendants of the compara-
tive sample of southeastern foragers, meaning that factors other than subsistence might
explain such morphological differences, as mentioned above.

Decrease in body mass is recorded among Neolithic agriculturalists, when compared with
previous HG populations from Nubia (Stock et al. 2011), with similar trends in the lower
Mississippi (Rose et al. 1984), and Georgia (US) (Larsen 1984). As with changes in stature,
however, this trend is not globally consistent; in the southern part of North America there
are increases in southwestern agriculturalists’ body masses when compared with south-
eastern foragers, with the former also presenting wider body breadths (Auerbach 2011).

Cortical thickness is a determinant of long bone strength. Changes in cortical thickness,
calculated as the percentage of cortical area in relation to the total area, are associated
with nutritional and mechanical factors (Larsen 1995). Despite being developmentally
plastic (e.g., Ruff, Walker, and Trinkaus 1994), cortical thickness does not appear to respond
consistently to changes in lifestyle associated with the transition to agriculture across dif-
ferent geographic regions, although some general trends can be established. In general,
farmers present a decrease in long bone shaft cross-sectional dimensions and an increase
in circularity, suggesting reduced strength and activity (figure 12.3). There is a reduction
in cortical thickness when comparing long bones from HGs with those of later agricultural-
ists in Nubia (Martin et al. 1984), and Dickson Mounds, Illinois (Goodman et al. 1984),
but no significant changes in cortical thickness when comparing HGs with later agricul-
turalists in the Illinois Valley (Cook 1984). Long bone diameter and rigidity, additional

Figure 12.3
Long bone cross-sections showing the main changes in shape, size, and distribution of subperiosteal bone in the
humerus and femur among hunter-gatherers and agriculturalists.
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proxies for bone strength, are reduced in agriculturalists when compared with previous
HGs in Illinois (Cook 1984), Paloma, Peru (Benfer 1984), the Danube Gorges in southeast
Europe (Pinhasi et al. 2011), and the Nile Valley (Stock et al. 2011). However, again these
are not ubiquitous trends: Larsen and Ruff (2011) and Rose and collaborators (1984)
describe an increase in femoral diameter across the transition to agriculture in the lower
Mississippi Valley, while Sardi and Béguelin (2011) describe an increase in femoral mid-
shaft shape index (also denoting an increase in bone strength) among farmer females,
compared with HG females, from the southern Andes.

In addition to the divergent diachronic changes in female height in North America and
the change in female femoral strength in the southern Andes described above, there is
other evidence of sexual dimorphism in skeletal responses to a change in diet. In Georgia
(US) females show a greater diet-related decrease in skeletal size, robusticity, and stature
than males (Larsen 1984). In fact, there is often an increase in sexual dimorphism accom-
panying a change in subsistence from HGs to agriculturalists. This is the case among
central-west Argentinian farmers compared with earlier HGs (Sardi and Béguelin 2011),
in agricultural populations from Ohio River Valley compared with previous HGs (Perzi-
gian, Tench, and Braun 1984), in Georgia (Larsen 1984), in most archaeological sites from
the Mississippi Valley (Rose et al. 1984), and overall in North America (Auerbach 2011).
However, as with most of the postcranial trends associated with the transition to agricul-
ture, these patterns are not the same in all populations. At the archaeological site of
Caddoan in the Mississippi Valley, as well as at sites in Peru and the Nile Valley, sexual
dimorphism decreases, rather than increases, in agricultural groups when compared with
earlier HGs from the same regions (Benfer 1984; Rose et al. 1984; Stock et al. 2011).
Finally, there are no changes in the degree of sexual dimorphism when comparing HGs
with later agriculturalists from Dickson Mounds, Illinois (Goodman et al. 1984).

As with the dental evidence, frequencies of postcranial skeletal pathologies change after
the transition to agriculture in many populations (Cook 1984; Goodman et al. 1984; Larsen
1984, 1995, 2006; Martin et al. 1984; Rose et al. 1984). In Georgia (US), there is an
increase in the frequency of postcranial periosteal reactions, reflecting a decline in skeletal
health, but a decrease in pathology related to mechanical stress (degenerative joint disease;
Larsen 1981). A decrease in degenerative joint disease is also present among agricultural-
ists from Nubia (Martin et al. 1984) and the lower and central Mississippi Valley (Cook
1984; Rose et al. 1984). In general, both nonspecific markers of skeletal health and degen-
erative diseases associated with high levels of activity decline with the adoption of agri-
culture (Cook 1984; Larsen 1981; Martin et al. 1984; Rose et al. 1984). These results are
congruent with previous findings that hunter-gatherers present a higher frequency of
degenerative joint disease (osteoarthritis) than agriculturalists (Jurmain 1977; Larsen
1981). However, this trend may be population-dependent to an extent, since after study-
ing a large sample of postcranial remains from individuals from across southern North
America, Auerbach (2011) claims there is no general decline in health despite previous
evidence to the contrary (Larsen 1995, 2006), and an increase in health is actually
described among agriculturalists from Illinois in comparison with their HG ancestors
(Goodman et al. 1984).
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Discussion

Convergent and Divergent Trends Worldwide

The research we present above shows that the skeletal effects of the transition to agriculture
are modest, directional, and most pronounced in craniofacial and mandibular features
directly involved in mastication. There are some consistent trends seen in many geographi-
cally disparate regions (table 12.1). The mandible presents a size reduction and graciliza-
tion trend and a move toward a less upright ramus (von Cramon-Taubadel et al. 2011;
Galland et al. 2016; Katz, Grote, and Weaver 2017). Over the course of the transition to
agriculture, farmers tend to present more globular neurocranial vaults relative to lower
faces, shorter and more inferiorly placed temporalis muscles, reduction in the maxilloman-
dibular complex, smaller faces, modestly taller palates, shorter toothrows, and posterior
displacement of the dentition due to the reduced length of the maxilla (Katz, Grote, and
Weaver 2017). There is a generalized trend toward dental reduction in many regional
studies conducted on teeth in North America, the Levant, North Africa, and South America,
although the specific pattern of reduction is somewhat variable (y’Eynak and Fleisch 1983;
Kennedy 1984; Larsen 1984; Martin et al. 1984; Calcagno 1986; Benfer 1990; Pinhasi,
Eshed, and Shaw 2008). These changes are accompanied by an increase in dental caries
(Larsen 1995, 2006), except in some areas such as East Asia, where agriculture was based
on rice and caries frequency does not follow this trend (Temple and Larsen 2007).

Conversely, some anatomical structures appear to change as a result of the transition to
agriculture but do not follow a widespread trend, instead varying with population or geo-
graphic region (table 12.1). These include most of the postcranial changes associated with
shifts to domesticated diets, such as changes in stature, body mass, cortical thickness, and
especially patterns of sexual dimorphism. In the following section we evaluate the potential
proximal and ultimate causes for trends in morphological change across the transition to
agriculture.

Table 12.1
Convergent and divergent phenotypic trends across geographic regions after the adoption of agriculture

Near East North Africa North America South America

Gracilization and mandibular size X X ? ?
reduction

Trend toward less upright mandibular X X ? ?
ramus

More globular neurocrania X X X X
Lower and smaller facial skeleton X X X X
Shorter temporalis muscle X X X X
Dental size reduction X X X X
Stature reduction X X X X
Body mass reduction ? X X ?
Postcranial bone cortical thickness ? X X X
reduction

Sexual dimorphism ? Reduction Variable Increase

Notes: X =presence in region; ?=uncertainty due to insufficient data.
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Proximate and Ultimate Causes of Morphological Change across
the Agricultural Transition

As suggested at the beginning of this chapter, one way to organize the currently disparate
interpretations of the morphological effects of agriculture is to apply Mayr’s (1961) defini-
tion of proximate and ultimate causes. This approach allows us to distinguish between
different levels of explanation that are not mutually exclusive but refer to different aspects
of the phenomenon. In his influential essay, Mayr wrote that “proximate causes govern
the responses of the individual (and his organs) to immediate factors of the environment,
while ultimate causes are responsible for the evolution of the particular DNA code of
information with which every individual of every species is endowed” (Mayr 1961, 1503).
According to more recent perspectives, proximate causation can be equated with immedi-
ate factors (for example, physiology) and ultimate causation with evolutionary explana-
tions (for example, selection) (Laland et al. 2011). Here we use Mayr’s framework to
discuss the following potential proximate causes for the morphological differences between
HGs and farmers: (1) direct biomechanical changes due to alterations in the intensity of
masticatory loading or physical activity and (2) systematic changes due to adjustments in
dietary nutrition or activity levels resulting in alterations in hormonal circulation levels.
We then examine possible ultimate causes (i.e., the evolutionary processes behind the
morphological changes) and evaluate the potential roles of (3) phenotypic plasticity as a
result of environmental influences on individuals during development and (4) directional
selection, whereby morphological adaptation involves changes to DNA sequences over
many generations. Since developmental plasticity, the ability of an individual to alter its
phenotype in response to the environment (Fusco and Minelli 2010), has a relevant role
in evolutionary change (Nijhout 1990; Gilbert 2001; Pigliucci 2001; West-Eberhard 2003),
we will here consider it as an ultimate cause, despite the fact that this is a highly debatable
point (see Brown 2020).

Proximate Causes of Morphological Changes over the Agricultural Transition

When evaluating explanations provided for proximate causes behind morphological
changes across the transition to agriculture, most interpretations in the literature can be
attributed to one of two alternative mechanisms: (1) direct biomechanical changes due to
alterations in loading or (2) systematic changes due to adjustments in the diet or changes
in physical activity.

Direct Biomechanical Causes
Biomechanical explanations for diet-related morphological changes in the skull are very
widespread (Lieberman 2011). They usually invoke a decrease in masticatory stress due
to changes in food preparation techniques (cooking, grinding, and so on), which were
critical in producing softer food, and/or the reduction or complete replacement of meat
and fiber resulting in a diet with a large proportion of softer, grain-based foods (food
consistency). As these factors are usually entangled and could be causally related, they
will be considered together.

The suggestion that reduced masticatory stress seen across the transition to agriculture
led to the morphological changes in the skull has been well developed by Carlson and Van
Gerven (1977) as a set of premises that compose the masticatory-functional hypothesis
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(MFH). The MFH states that shifts from HG to agricultural diets resulted in decreasing
functional demands on the masticatory complex, bringing about alterations in skull mor-
phology, including a reduction in size of the masticatory muscles, reduction in the growth
of the maxillomandibular complex, and compensatory changes in the shape of the cranial
vault. As a consequence, individuals from agricultural populations tend to present allome-
tric shape changes, such as a more posterior origin of masticatory muscles, a more infe-
riorly placed and retrognathic face, a more globular vault, and concomitant size reductions
in teeth and alveolar region (Carlson and Van Gerven 1977). The first assumption behind
the MFH is known as Wolff's law, which states that bone is deposited in presence of
functional demand and resorbed in its absence in such a way that a decrease in musculo-
skeletal stress results in size reductions (Wolff 1892, 1986). Though the nuances of this
relationship have been much questioned, the basic relationship between stress and bone
deposition is supported (Ruff, Holt, and Trinkaus 2006). The second, implicit, assumption
is that an HG diet results in greater stresses on the masticatory complex than an agricultural
one (Carlson and Van Gerven 1977).

A reduction in the magnitude and change in direction of masticatory forces resulting from
changes in subsistence and food-producing techniques has been claimed as the main mecha-
nism behind morphological change in many disparate geographic regions. The MFH has
been invoked to account for the decrease in cranial, mandibular, and TMJ size in populations
from Nubia (Hinton and Carlson 1979; Galland et al. 2016), the former Yugoslavia (y’Edynak
& Fleisch 1983), Japan (Kaifu 1997; Hoover and Williams 2015), the Maghreb (Sardi,
Ramirez-Rozzi, and Pucciarelli 2004), and the Levant (Pinhasi , Eshed, and Shaw 2008;
Pinhasi, Eshed and von Cramon-Taubadel 2015; May et al. 2018; Pokhojaev et al. 2019).
Despite morphological integration between the mandible and maxillary regions, they can
evolve independently (von Cramon-Taubadel 2011), and studies comparing responses to
dietary change from HG to farming across the whole skull provide a complex scenario. Some
describe diet-related morphological changes in the shape of the whole skull (Carlson and
Van Gerven 1977; Larsen 1995; Gonzalez-José et al. 2005; Sardi, Ramirez-Rozzi, and Puc-
ciarelli 2004; Perez et al. 2011), while others describe more localized changes, such as the
more geographically widespread changes in the attachment of the temporalis muscle area
(Paschetta et al. 2010; von Cramon-Taubadel 2011; Noback and Harvati 2015). The size
reduction of the masticatory component and posteroneuronal region in crania from the
southern Andes has been interpreted as a direct and localized change resulting from changing
masticatory loading due to reduced dietary hardness in agriculturalists (Sardi, Novellino, and
Pucciarelli 2006). An increase in the vertical height of the mandible, combined with a reduc-
tion in the mandibular condyle and coronoid process, as described from Levantine and
Nubian sites, are all associated with the reduction in stresses resulting from anterior dental
loading (Hinton and Carlson 1979), which is known to be reduced in agriculturalists com-
pared with foragers (Hinton and Carlson 1979; y’Edynak and Fleisch, 1983; Galland et al.
2016; May et al. 2018). Similarly, the changes in orientation in the posterior part of the
mandibular body from a more lingual inclination to a more buccal one in later Levantine
populations may suggest a reduction in torsional forces on the mandible, resulting from a
diet that was easier to chew (May et al. 2018).

Support for a causal relationship between the morphological changes described across
the transition to agriculture and reduced masticatory stress comes from experimental
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studies on nonhuman models. Studies comparing animals raised on foods varying in con-
sistency (hardness or toughness) support the conclusions drawn from the bioarchaeological
literature, as described above, by showing morphological differentiation in the same parts
of the cranium and mandible (Bouvier and Hylander 1982; Corruchini and Beecher 1982,
1984; Hinton 1983, 1992; Yamada and Kimmel 1991; Tuominen, Kantomaa, and Pirttini-
emi 1993; Ciochon, Nisbett, and Corruccini 1997; Liberman et al. 2004). Experimental
studies on nonhuman primates fed tough foods also indicate that high strains are generated
in the same regions as those seen to undergo change in the human cranium during the
course of the agricultural transition (Hylander, Johnson, and Picq 1991; Ross and Hylander
1996; Ravosa et al. 2000), suggesting these regions would be where adaptation would be
most likely, according to Wolff’s law.

Dental size reduction in agriculturalists, compared with forager groups, has most often
been interpreted as a secondary consequence of facial reduction driven by biomechanical
shifts (Carlson and Van Gerven 1977; Smith, Bar-Yosef, and Sillen 1984; Lieberman
2011), yet there is no uniform association between facial and dental reduction. In the
Levant, for example, teeth are reduced in buccolingual dimensions, but facial size reduction
appears to be restricted to the mandible, with specific changes to the corpus height at the
mandibular symphysis and a reduction in ramus breadth (Pinhasi, Eshed, and Shaw 2008).
Since it is difficult to see how these specific mandibular changes would affect buccolingual
dental dimensions, this may indicate that, at least in some populations, the reduction in
masticatory stresses is acting directly on dental size.

Diachronic changes in dental wear patterns in the Levant, Nubia, and Japan have been
interpreted as evidence of reduction in dietary toughness from an HG diet to an agricultural
one consisting of cereal-based foods (Smith, Bar-Yosef, and Sillen 1984; Kasai and Kawamura
2001; Pinhasi, Eshed, and Shaw 2008). The cooking practices required to make such foods
edible may further reduce toughness and dental wear (Eshed, Gopher, and Hershkovitz 2006;
Fujita and Ogura 2009). Where the reverse is seen—namely, an increase in dental wear from
carlier forager to more recent farmer populations—it is interpreted as a side-effect of non-
cooking food processing techniques, such as grinding, which can introduce grit into food
and lead to considerable wear (Watson 2008). The increase in dental pathologies seen in
adopters of agriculture may be a side-effect of facial reduction resulting from biomechanical
changes. Y’Edynak and Fleisch (1983) argue that softer food produces less stress on the
mandible and that in turn the mandible does not achieve its maximum phenotypic develop-
ment. The shortened mandible then produces crowded and rotated teeth resulting in pos-
sible maladjustments. Maladjustments such as crowded and rotated teeth produce uneven
stresses on the periodontal membrane, resulting in inflammation of the gingival tissue,
diseases of the periodontium, and eventually tooth loss and alveolar resorption, as seen at
higher levels in many agriculturalist populations compared with foragers (y’Edynak and
Fleisch 1983). Additionally, most agricultural diets are richer in carbohydrates than those
of foragers, and these foodstuffs are more cariogenic, a situation worsened by maladjust-
ments that lead to food sticking to teeth and contribute to the greater frequencies of caries
in agriculturalist populations (Hillson 1986; Larsen 1997; Ogden 2008). In contrast, HGs
tend to use their anterior dentition much more than agriculturalists, which involves greater
loading on the temporalis and masseter muscles, and results in an increased incidence of
dental chipping in HG groups (y’Edynak and Fleisch 1983).
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The widely seen reduction in postcranial skeletal size and robusticity across the agri-
cultural transition has been linked to biomechanical factors resulting from a less active
lifestyle. The exact mechanism thought to underpin changes is rarely specified explicitly,
however. A lifeway based on hunting and gathering appears to involve more functional
demand on the body than one in which agriculture is the primary mode of subsistence
(Larsen 1984; Ruff, Larsen, and Hayes 1984; Stock and Pfeiffer 2001; Macintosh, Pinhasi,
and Stock 2016). This reduction in functional demand in farmers could be at least in part
the result of a decrease in mobility (Larsen and Ruff 1991). Ruff, Larsen, and Hayes (1984)
have shown that the cross-sectional geometric properties of limb bones reflect a reduction
in biomechanical demands from HG to farmers in Georgia (US), following Wolff’s law.
They propose that HG activity is characterized by climbing and running, while farmers
perform more walking, lifting, and carrying (Ruff, Larsen, and Hayes 1984). These results
are supported by longitudinal and comparative studies in contemporary populations that
show increases in bone size, cross-sectional geometric measures of bone strength, bone
mineral density, and body mass when performing moderate to high exercise (Taaffe et al.
1997; Bradney et al. 1998; Daly et al. 2004; Guadalupe-Grau et al. 2009; Shaw and Stock
2009; Suominen 2012).

Theories about changes in levels of sexual dimorphism over the agricultural transition
have often used biomechanical processes as their implicit underpinning. The increase in
sexual dimorphism in postcranial strength accompanying a change in subsistence from
HG to agriculture in many geographic regions has been interpreted as resulting from strong
sexual division of labor in farmers, as opposed to both sexes being involved more evenly
in foraging activities (Larsen 1984; Perzigian, Tench, and Braun 1984; Rose et al. 1984;
Auerbach 2011; Sardi and Béguelin 2011). In contrast, a decrease in size sexual dimor-
phism over the transition to agriculture has been reported for some populations. In those
cases, the decrease results from a relative increase in female size, which may be due either
to an increasing physical demand in females (Cook 1984; Rose et al. 1984) or to lessening
sexual division of labor (Benfer 1990). The lack of a global pattern in sexual dimorphism
likely relates to the types of task being carried out by both sexes and how differentiated
they are, factors that differ with local diet, culture, and ecology.

Systematic Explanations

Some scholars argue that many size reductions in populations transitioning to an agricul-
tural diet may be related to a lack of protein and other nutrients, at the expense of an
increase in the consumption of carbohydrates, experienced during development. Environ-
mental influences during growth and development have been shown to have profound
consequences on the subsequent phenotypic expression of biological traits during adult-
hood (Bogin 1999; Frisancho 2009). This mechanism has been suggested for interpreting
morphometric patterns in crania and postcrania particularly among South American popu-
lations (Sardi, Novellino, and Pucciarelli 2006; Perez et al. 2011; Menéndez et al. 2014),
but also for North American ones (Larsen 1981, 1984, 1995; Martin et al. 1984; Perzigian,
Tench, and Braun 1984). In South America, smaller and more gracile crania from the
northwest of the continent have been interpreted as a result of diets based mostly on pro-
cessed carbohydrates, which, being less nutritious than varied forager diets, would have
induced systematic changes leading to a general decrease in cranial and body size, together
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with allometric changes in shape (Menéndez 2015). Both South American and North
American populations traditionally shared a reliance on maize, a cereal low in two essen-
tial amino acids: lysine and tryptophan. Amino acids are essential for cell multiplication
in the growth and differentiation of structural tissues, such as muscle and bone (Stini 1971).
While humans synthesize some amino acids, others must be ingested. If any of them is
lacking in the diet, however, this will preclude the utilization of the rest (Stini 1971). The
cessation of amino acid supply reduces the maintenance and growth processes of skeletal
muscle, producing a slow and delayed growth that results in the size reduction of the
skeleton (Stini 1975).

In an experiment conducted on squirrel monkeys, Console and collaborators (2001)
found that a low-protein diet induced a decrease in growth hormone (GH) and prolactin
cell populations, resulting in changes of craniofacial morphology, especially in the mas-
ticatory module. Low protein intake impairs both the production and action of insulin-like
growth factor-1, which is essential for longitudinal bone growth and bone formation, as it
stimulates proliferation and differentiation of chondrocytes in the epiphyseal plate (Bonjour
et al. 2001). Cranial and mandibular size changes associated with the adoption of a diet
overly reliant on carbohydrates and with reduced protein are further supported by experi-
mental studies on rats and squirrel monkeys (Pucciarelli 1980, 1981; Dressino and Puc-
ciarelli 1999; Miller and German 1999). Decrease in skull size associated with dietary
shifts also could be interpreted as the result of changes in hormonal pathways due to the
under-availability of nonprotein nutrients required for growth (Nijhout 2003). Ginter
(2011) proposed a reduced-growth model for South African populations after the adoption
of agriculture. She suggests that decrease in skeletal size resulted from stunted develop-
ment, mitigating nutritional insufficiency, and that this explains the later rebound in stature
after improvements in agricultural practices (Ginter 2011). Direct evidence of malnutrition
in the archaeological populations where size reduction has been recorded comes from
palaeopathology analyses; studies have linked the presence of pathologies such as cribra
orbitalia in prehistoric populations with nutritional deficiencies in proteins, calcium, and
iron (Angel 1984; Rathbun 1984; Smith, Bar-Yosef, and Sillen 1984; Ulijaszek 1991).
These theories are supported by comparative studies in human populations undergoing
protein malnutrition, in which individuals have reduced body size and stature (Frisancho,
Garn, and Ascoli 1970; Stini 1972; Bogin and MacVean 1981).

Changes in hormonal pathways as a result of reduced physical activity have also been
proposed for interpreting changes in the skull (both mandible and cranium) and postcranial
skeleton across the agricultural transition (Smith, Bar-Yosef, and Sillen 1984; Sardi,
Ramirez-Rozzi, and Pucciarelli 2004). Regarding the systematic effects of reduced activity
on bone growth, some studies have found a direct association between growth hormone
circulation and intensity of physical activity, in which GH circulation increases following
moderate to intense exercise, promoting the incremental growth of skeletal and muscle
mass (Vogl et al. 1993; Kalu, Banu, and Wang 2000; Weltman et al. 2001). Variation in
GH circulation during development is linked to variation in the length of the limbs
(Ohlsson et al. 1998), while in adults it is associated with variation in muscle strength and
bone mineral density (Johansson et al. 1994). A more sedentary lifestyle and changes in
activity type might have reduced GH circulation in farmers, which contributes to lower
skeletal mass and accounts for many of the size and strength differences in the postcranial
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skeleton observed when they are compared with HGs (Pfeiffer and Sealy 2006). Sardi,
Ramirez-Rozzi, and Pucciarelli (2004) suggest that the relative reduction in the face and
midneural component in Neolithic northwest Africans, as a result of overall skull reduc-
tion, could be explained by the differences in subsistence and mobility in comparison with
Upper Paleolithic HGs. Smith, Bar-Yosef, and Sillen (1984) suggested that a combination
of reduced game hunting and the more complex tool kit, including for example projectile
points, which characterized most agriculturalists, could have led to smaller, more gracile
bodies. This hypothesis originally was proposed for a Neolithic to Upper Paleolithic com-
parison in Europe (Frayer 1980), and it has been argued that there is insufficient evidence
to support it in the Levantine context (Smith, Bar-Yosef, and Sillen 1984), thus it cannot
be invoked as a general mechanism across populations.

Ultimate Causes of Morphological Changes over the Agricultural Transition

The long-term patterns of morphological variation, such as those seen across the agricul-
tural transition, could be interpreted as a result of developmental plasticity in each genera-
tion and/or directional selection. Distinguishing between plasticity and selection is not an
easy task due to the complexity of their interactions within and between populations
(Gilbert and Epel 2009). Some expectations can be drawn, however, to infer the prevalence
of one over the other in different circumstances. In this section we explore how the con-
tribution of these processes are interpreted in the literature with regard to morphological
changes in populations that shifted from HG to agricultural subsistence.

Developmental Plasticity

Developmental plasticity is a long-term process by which an individual adjusts to envi-
ronmental conditions during growth and development (West-Eberhard 2003). Plasticity-
induced variants have been interpreted as being adaptive or as accelerating the pace of
genetic adaptation by providing a source of raw variability upon which natural selection
can act to shape subsequent genetic adaptation (Baldwin 1896; Schmalhausen 1949; Wad-
dington 1953; West-Eberhard 2003). Although the long-term effects of plasticity have not
yet been fully considered as an alternative ultimate explanation for explaining morphologi-
cal change, work by Waddington (1953), as recently explained by Fabris (2018, 2019),
emphasized the role that developmental plasticity has in evolution.

Through developmental plasticity, human populations can evolve relatively rapidly
when confronted with environmental change (Perez et al. 2011). The phenotype may adjust
to recent changes or prevailing conditions by reorganizing life history strategies and alter-
ing the balance of energy allocation among the areas of growth, maintenance, defense,
and reproduction (Wells and Stock 2020; chapter 13, this volume). Most of the morpho-
logical changes interpreted as resulting from the transition to agriculture are inferred to
be the outcomes of developmental plasticity exclusively. This is especially the case for
research on craniofacial data (Larsen 1984; Gonzalez-José et al. 2005; Holmes and Ruff
2011; Perez et al. 2011; Katz, Grote, and Weaver 2017), but also applies to dental and
postcranial differences between groups (Kaifu 1997; Macintosh, Pinhasi, and Stock 2016).

These plastic interpretations of morphological change resulting from the adoption of
agriculture are supported by a wealth of evidence. Holmes and Ruff (2011) compared
ontogenetic changes in mandibular morphology in two human populations with contrasting
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diets: late prehistoric Inuit HG from Alaska, who are characterized by a very demanding
masticatory regime, and proto-historic Arikara farmers from South Dakota. Although they
found large differences in mandibular morphology between the Inuit and Arikara adults,
those differences were very subtle between the youngest juveniles of both series. These
authors suggest that mandibular shape differences between these populations developed
gradually during growth due to increasing exposure to dietary loading, suggesting plastic-
ity as the main evolutionary process behind them (sensu Lieberman 2011). This argument
is reinforced by in silico biomechanical modeling analyses of Paleolithic, Mesolithic, and
recent human mandibles that show that differences in mandibular size and shape between
populations are consistent with plasticity acting on variation in mandibular loading during
ontogeny (Stansfield, Evteev, and O’Higgins 2018). Regarding the craniofacial complex,
Gonzalez-José and collaborators (2005) compared phenotypic distances for different
cranial modules between populations from South America with different subsistence prac-
tices. They stated that, since the level of phenotypic differentiation between subsistence
groups is lower than the level of intrapopulation variation, the morphological changes
observed are not genetically fixed and concluded that plasticity is the most plausible
explanation. The mandible also provides evidence for plasticity. Kaifu (1997) argued that
the speed of the rapid changes observed in mandibular size reduction accompanying
dietary change in Japan shows that developmental plasticity is a better explanation for this
trend than selection. The effects of plastic responses to diet in the skull are demonstrated
by bioarchaeological studies on dental health, showing greater malocclusion and dental
crowding among farmers (Larsen 2006; Lieberman 2011; von Cramon-Taubadel 2011;
Katz, Grote, and Weaver 2017). These conditions result from an inadequate coordination
between facial and dental growth, since bone responds directly to biomechanical forces,
while teeth do not (von Cramon-Taubadel 2017). As a consequence, in a population that
has recently changed to a softer diet, the degree of tooth size reduction is considerably
less than the degree of reduction of the supporting jaw and facial skeleton, which produces
less room for the dentition. Tooth crown reduction is also much greater among permanent
teeth than deciduous ones (Hillson and Trinkaus 2002). The difference is due to the fact
that the former grow while the individual is already chewing with the deciduous teeth,
allowing changes due to epigenetic mechanisms (i.e., non-DNA-based, developmentally
induced regulatory forms of phenotypic modulation; Jablonka and Lamb 2010). According
to Lieberman (2011), given the lack of membrane separating the developing teeth from
the alveolus, expectations from the MFH (Carlson and Van Gerven 1977) and Wolff’s law
(Wolff 1892, 1986), which were described above, can be also extended to the permanent
teeth. Thus, the chewing of highly processed food may have contributed to the size decline
observed in permanent teeth during human evolution.

The importance of the role of developmental plasticity in explaining morphological varia-
tion between populations with different subsistence practices is further supported by numer-
ous experimental studies on nonhuman samples. This research shows rapid changes in the
size and shape of the maxilla, orbital plane, and mandibular ramus and corpus depending on
whether animals were fed hard/high masticatory stress food or soft/low masticatory stress
food. In addition to the characteristic bony morphology of animals fed on soft diets, they
also exhibit dental malocclusions as adults, as seen in humans with arguably less biomechani-
cally demanding diets (Larsen 2006; Lieberman 2011; von Cramon-Taubadel 2011; Katz,
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Grote, and Weaver 2017). These results have been repeated in a variety of phylogenetically
and morphologically diverse taxa (e.g., Corruccini and Beecher 1982, 1984; Yamada and
Kimmel 1991; Ross and Hylander 1996; Ciochon, Nisbett, and Corruccini 1997; Lieberman
et al. 2004; Scott et al. 2014).

Finally, an additional source of support for developmental plasticity responding to
dietary specializations and biological differences across populations comes from studies
on the gut microbiome (Schnorr et al. 2014; Schnorr 2018). Schnorr and collaborators
(2014) studied gut microbiome richness in Hazda HGs in comparison with neighboring
farmers and urban groups and found that the Hadza display unique features that enhance
their ability to digest and extract valuable nutrition from fibrous wild plant foods. Since
the gut microbiome is acquired by each individual during ontogeny, its phylogenetic
diversity and taxonomic variation will be shaped by the subsistence economy and the
lifetime exposure to a certain natural environment (Schnorr 2018). Therefore, both biologi-
cal differences between HGs and farmers, and the existence of convergent traits between
groups with similar diets could be interpreted as a result of their specific lifestyle and eco-
logical niche, particularly in terms of diet.

Directional Selection

In addition, or as an alternative, to developmental plasticity, directional selection has been
proposed as an evolutionary process, or ultimate cause, that might explain some of the
morphological changes associated with the transition from an HG to an agricultural diet.
Selection has been invoked particularly to account for the trend in dental reduction
(Greene, Ewing, and Armelagos 1967; O’Connor, Franciscus, and Holton 2005), but there
are also some claims for its influence on the postcranial skeleton (e.g., Ginter 2011).

Specific mandibular traits have been interpreted as resulting from selection, indepen-
dently of the dentition. These include the thick basal cortical bone of the mandible in
Japanese HGs (Kanazawa and Kasai 1998) and the large mandibular condyle size in
Nubian foragers (Hinton and Carlson 1979). Pinhasi, Eshed, and Shaw (2008) pointed out
that since only very specific mandibular traits, such as mandibular ramus breadth and
anterior height, are reduced in combination with dental buccolingual dimensions, simple
systematic explanations cannot be invoked, and selective pressures acting locally might
be the most plausible explanation. Similarly, May and collaborators (2018) claimed that
the complex changes in chin height and mandibular angle associated with the adoption of
an agricultural diet cannot be explained solely through developmental plasticity and
reduced stresses on the masticatory system. Instead, decreases in the size and robusticity
of the mandible are argued to be subject to selective pressures, while the width and robus-
ticity of the facial skeleton might be due to masticatory-induced phenotypic plasticity
(Galland et al. 2016).

The idea that selection is the main process behind dietary adaptation in the skull is
supported by studies showing that some morphological differences consistent with varia-
tion in dietary functional demands are manifested very early in development and therefore
likely indicate a genetic component (Fukase and Suwa 2008; Gonzalez, Perez, and Bernal
2010; Katz, Grote, and Weaver 2017). Fukase and Suwa (2008) found greater bone mass
and significantly thicker cortical bone in mandibles from HGs (Jomon) than recent Japa-
nese people, which they relate to differences in diets. More importantly, even the youngest
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Jomon mandibles in this ontogenetic sample exhibited most of the adult characteristics
that differ from recent Japanese mandibles. Considering that the more robust morphology
of the Jomon is found even in presumably pre-weaning infants, Fukase and Suwa (2008)
suggest that there is at least a genetic component to the overall robusticity of the mandible,
although they acknowledge the likely existence of complementary plastic remodeling in
response to lifetime diet. Similarly, Gonzalez, Perez, and Bernal (2010) analyzed the
ontogenetic development of craniofacial robusticity in human populations from South
America by performing morphometric comparisons of populations with different degrees
of robusticity. They found that the robust cranial traits of Fueguians, which are consistent
with the functional requirements of a HG diet, are already established early in life and
that differences in the extension of allometric trajectories contributed to the variation in
robust traits that is observed in adults.

Teeth do not remodel as bone does, though epigenetic mechanisms may alter developing
teeth to some extent (Lieberman 2011); thus they are far less developmentally plastic to
environmental stimuli than the rest of the skeleton. This means that consistent association
between dental morphology and diet may provide the strongest evidence of directional
selection. Tooth reduction in agriculturalists compared with preceding HGs has been
interpreted as a result of directional selection in South Asia (Kennedy 1984), Nubia
(Martin et al. 1984; Calcagno and Gibson 1988), and Anatolia (Pinhasi, Eshed, and von
Cramon-Taubadel 2015). Pinhasi and Meiklejohn (2011) suggest that the most parsimoni-
ous mechanism behind dental reduction is directional selection, since drift alone could not
explain a significant diachronic reduction process. Y Edynak and Fleisch (1983) argue
that in the absence of the need for large, robust jaws suited to tough forager diets, by the
Neolithic selection had led to populations with reduced posterior teeth and as a result, still
smaller, developmentally less costly jaws. In a related hypothesis with a slightly different
focus, Greene, Ewing, and Armelagos (1967) postulated that selection for less-complex
and more caries-resistant teeth resulted in a smaller and morphologically less complex
dentition in farmers from Sudan. Carlson and Van Gerven (1977), however, claimed that
although Green’s hypothesis had merit, it was not the only causal process involved. They
explained the diachronic alteration and gracilization of the craniofacial complex in pre-
historic Nubians as the result of two independent processes. Since agricultural foodstuffs
resulted in an increased prevalence of caries and related pathologies, selective pressures
may have acted to reduce overall size and morphological complexity of the dentition.
Simultaneously, reduction in the functional demands on the masticatory complex would
have also led to alterations in the growth of the maxillomandibular complex in such a way
that the face became smaller, less robust, and oriented more inferoposteriorly (Carlson and
Van Gerven 1977; see above). This dual-mechanism theory likely reflects the real-world
complexity of integrated skeletal changes resulting from the interplay of multiple, inter-
related factors.

In terms of postcranial shifts in morphology, Smith, Bar-Yosef, and Sillen (1984) sug-
gested that reduced selective pressures resulting from a combination of reduced hunting
and more sophisticated Neolithic technology could have led to smaller size and reduced
sexual dimorphism. As noted above, however, in many populations we see increased,
rather than decreased, sexual dimorphism after the transition to agriculture (Larsen 1984;
Perzigian, Tench, and Braun 1984; Rose et al. 1984; Auerbach 2011; Sardi and Béguelin
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2011), which reduces the strength of this argument in that respect at least. Ginter (2011)
offers a more nuanced and complex model for the interaction between nutritional insuf-
ficiency and body size. She suggests that developmental plasticity in the first instance, but
also longer-term directional selection, could have combined to produce the decrease in
skeletal size in South African populations seen after the adoption of agriculture. Selection
would have resulted from the energetic advantages of being small-bodied in a resource-
poor environment (Ginter 2011)—another important reminder that evolutionary mecha-
nisms in nature rarely act independently. Wells and Stock (2020) provide a life-history
framework within which these mechanisms may interact. They propose that, as a result of
the shift to farming, size reduction is a product of changes in energy allocation toward
immune defense and reproduction at the expense of growth and maintenance. In comple-
mentary fashion, Gawne and McKenna (chapter 13, this volume) consider such size
changes as morphogenetic trade-offs resulting from high-level developmental processes
that govern the production of form during ontogeny. These suggestions bring together
insights into the subtle and complex ways in which multiple mechanisms lead to morpho-
logical change at the individual and population levels.

A final source of support for the assertion that dietary specializations show discernable
patterns of genetic divergence between HGs and farmers, and thus likely directional
selection, comes from genetic studies on diet-related pathways (Perry et al. 2007; Tishkoff
et al. 2007; Fumagalli et al. 2015; Heath et al. 2016; Raj et al. 2019). A pioneering study
by Perry and collaborators (2007) provided an example of selection in populations with
high-starch (agricultural) diets. They found a strong positive correlation between the copy
number of the salivary amylase gene (AMY 1) and salivary amylase protein level, which
is present at higher levels in individuals from populations with high-starch diets and
improves the digestion of starchy foods. Some adaptive responses to different subsistence
practices such as lactase persistence in Eurasians and Africans (Tishkoff et al. 2007) and
low iron levels in Europeans (Heath et al. 2016), which both emerged with agriculture,
are widespread, while others, such as adaptations to fatty marine HG diets in Greenland
Inuit (Fumagalli et al. 2015), are more specialized. With direct relevance to crop-based
agricultural diets, Raj and collaborators (2019) studied genetic variation in 29 Asian
populations to evaluate if the range of domesticated foods available in different regions
has created regionally distinct nutrient intake profiles and deficiencies. They found a
correlation between genetic variation in diet-related pathways and dietary differences
among Asian populations. They conclude that diet-related selection on genes for salivary
glands and cellular processes in the pancreas drove the genetic adaptations of Asian
populations. This research demonstrates some of the adaptation via directional selection
that has taken place in recent humans to aid adaptation to an agricultural diet. Since such
physiological dietary adaptations can be shown to be encoded in the genome, this sug-
gests evidence for selection leading to skeletal adaptations will also be found there.

Conclusion

In this chapter we have provided a geographically wide-ranging synthesis of the pheno-
typic changes in the human skeleton resulting from the transition to agriculture, as inter-
preted from morphological analyses, by accounting for the plausible proximate and
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ultimate explanations within an evolutionary biology framework. We find that, while some
of the morphological consequences of transferring from a mixed, wild diet to one based
mostly on domesticated crops have been similar across the world (e.g., tooth reduction,
gracilization of the skull), others are expressed differently and vary locally (e.g., degree
of sexual dimorphism, tooth decay) (table 12.1).

Underlying the various morphological trends observed, there is evidence for several
different mechanisms at work alone or in combination. Alternate proximate mechanisms
could have produced morphological changes in populations undergoing separate dietary
shifts and, due to the modular complexity of the skeleton, each of its parts could be influ-
enced by different factors to varying extents. This being the case, given the current evi-
dence available to us, it is not possible to determine without doubt the causes of any
specific morphological change associated with the transition to agriculture. Though it is
undeniably complicated, however, there are specific morphological trends in which the
balance of evidence points toward a majority role for one proximate cause or another.

Perhaps the strongest argument for a subsistence-related biomechanically driven proxi-
mate cause is in changes to mandibular morphology. This claim can be supported using a
number of sources of evidence: archaeological, functional, comparative, and computer
modeling. The closest relationship between diet and global variation in human skeletal
morphology is found in the mandible (von Cramon-Taubadel 2011), and when specifically
considering changes over the course of the agricultural transition, some mandibular changes
such as the lengthening and narrowing (anteroposteriorly and mediolaterally) of the ramus
are repeatedly seen in disparate geographic regions such as the Levant (Smith, Bar-Yosef,
and Sillen 1984; May et al. 2018; Pokhojaev et al. 2019), Nubia (Galland et al. 2016), and
Japan (Kaifu 1997). At least one of these regions, the Levant, is likely a region of biological
continuity over the transition (Bar-Yosef 1998). Biomechanical analysis shows that a short,
wide ramus is advantageous for a high-strain diet, as it results in a more vertically oriented
(providing greater efficiency) and larger temporalis muscle and reduces regionally high
levels of strain (Korioth, Romilly, and Hannam 1992; Nicholson and Harvati 2006; Sella-
Tunis et al. 2018). Thus, it seems reasonable to suggest optimization of the mandible to
reduce masticatory forces resulting from a shift to agriculture was largely responsible for
the changes in ramus shape seen in many populations undergoing this shift.

Systematic hormonal effects as a proximate cause are most plausible in the trend for
smaller body size in farmers. Some size reduction in skeletal regions not functionally
related to subsistence practices is likely the consequence of stunted growth due to insuf-
ficient protein and other nutrients. Reducing growth buffers the maintenance of essential
bodily functions under conditions of malnutrition (Ginter 2011; Menéndez 2015). As
described above, the results of malnutrition on size are well documented from a wide range
of human biomedical and comparative experimental studies in other species. The differ-
ential effects of this particular physiological process and other factors leading to smaller
size on specific populations will have varied depending on local environments and diets,
but it may be possible to identify stunting, as it preferentially affects certain regions of
the body (Pomeroy et al. 2012). Stunting may also be accompanied by other nonspecific
indicators of stress, such as linear enamel hypoplasia (Temple 2008; Vercellotti et al.
2014), and, taken together, these pathologies enable a better understanding of the mecha-
nisms resulting in smaller-sized agricultural populations.
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The co-occurrence of the same proximate mechanisms in different individuals from the
same population and the persistence of the subsequent morphological changes over many
generations could be interpreted as a result of different ultimate mechanisms acting on the
human skeleton. Although distinguishing between these mechanisms is again difficult,
there are specific morphological trends in which the action of a particular ultimate cause
is more likely.

There is a strong case for developmental plasticity as the ultimate mechanism in the
gracilization of specific masticatory regions of the skull, such as those where the mastica-
tory muscles attach, as a result of a decrease in the loading of the masticatory apparatus.
This gracilization is seen in numerous populations from different geographic regions and
is duplicated both in diachronic sequences across the transition to agriculture and in con-
temporaneous groups with different subsistence strategies. Ontogenetic series showing that
population-specific morphology is not established at birth are particularly convincing
(Holmes and Ruff 2011). The relationship between bone deposition, remodeling, and
masticatory strain has been shown by both comparative studies using primates (Hylander
1979), hyraxes (Lieberman et al. 2004), and rodents (Yamada and Kimmel 1991) and in
silico simulations of human morphology (Korioth, Romilly, and Hannam 1992; Sella-
Tunis et al. 2018); Wolff’s law is a persuasive argument for the mechanism behind these
functional changes (Wolff 1892, 1986; Ruff, Holt, and Trinkaus 2006).

The lack of remodeling in teeth, particularly those that develop in utero, makes them
less subject to developmental plasticity than other parts of the skeleton (Hillson and
Trinkaus 2002; Lieberman 2011). Dental changes are therefore the best evidence for the
ultimate cause of directional selection resulting from dietary change over the transition to
agriculture. At least some of the trends for dental reduction likely result from directional
selection, possibly due to selective pressures for smaller, less complex teeth to avoid tooth
decay (e.g., Pinhasi, Eshed, and Shaw 2008). The strength of the potential selective pres-
sure is evident in the increasing levels of caries across a globally distributed sample of
diachronic series (Allison 1984; Buikstra 1984; Dickel, Schulz, and McHenry 1984;
Goodman et al. 1984; Kennedy 1984; Martin et al. 1984; Perzigian, Tench, and Braun
1984; Smith, Bar-Yosef, and Sillen 1984; Papathanasiou 2011), and additional factors such
as decreasing jaw size (Larsen 2006; Lieberman 2011; von Cramon-Taubadel 2011; Katz,
Grote, and Weaver 2017) may have intensified this pressure by leading to malocclusions,
which further increase the risk of caries.

Ultimately the interplay between alternate proximal and ultimate causes is complex and
no doubt varies between individuals and populations, yet when considered as a whole, the
research on the consequences of adopting agriculture reveals repeated phenotypic trends
and suggestive evidence of their causal mechanisms, as detailed in this chapter. Our com-
parative approach, addressing the underlying mechanisms driving phenotypic changes in
human populations that adopted agriculture, is relevant when establishing connections
with the evolution of agriculture in other taxa. It particularly allows inferences to be drawn
on the impact that such relatively recent dietary change has had on phenotype, the dif-
ferential responses between populations of a species with a global spread, and the possible
proximate and ultimate causes driving some of those changes.

We conclude with some suggestions for investigators working in this area and hopes
for future research, drawn from our synthesis of the existing literature. An additional
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source of complexity that could be somewhat mitigated in future work is morphological
covariance. Patterns of integration and modularity within the human skeleton affect to
what extent adaptation in one region leads to changes in others. These patterns are as yet
incompletely understood, which complicates unpicking which morphological changes
associated with the transition to agriculture are the direct consequences of dietary change
and which are indirectly affected via covariance. By studying functional cranial modules
separately, it might be possible to reduce the complexity of the question and untangle the
different evolutionary processes influencing each of them (Gonzalez-José et al. 2005).

Throughout this synthesis we have used, where possible, archaeological evidence from
populations with probable biological continuity over the transition to agriculture, such as those
from the Levant (Bar-Yosef 1998; May et al. 2018) and Ohio (Smith 1989; Paschetta et al.
2010). In many regions of interest, however, such data are not available, and this impedes the
understanding of the morphological changes associated with the transition to agriculture by
introducing variation due to population history or adaptation to different local environments.
Increasingly the combination of archaeological, bioarchacological, and genetic approaches
may clarify population history in regions of interest and enable the identification of further
skeletal series with biological continuity over the transition to agriculture. One example of
where this has begun is in the exploration of the population turnover accompanying the arrival
of Neolithic culture in Britain and other parts of Western Europe (Brace et al. 2019).

To better assess alternative proximate causes associated with phenotypic change, we
suggest future researchers comparatively evaluate levels of intrapopulation variation within
collections of skeletal remains. To date there are few accounts of these data, yet they can be
extremely informative. If plasticity leads to morphological change, we expect considerable
variation within a population for each of the studied traits, as a result of the different genetic
backgrounds of each individual. In this case, the most adaptive phenotype will be present
only among some individuals. On the other hand, if directional selection for particular traits
has been involved, then we expect the resultant intrapopulation variation to be more con-
strained to the phenotypes that present the most adaptive traits, due to greater underlying
genetic similarity achieved over generations of selection (Gonzalez-José et al. 2005). Where
possible, the study of ontogenetic series is also extremely informative in building a case for
the action of plasticity or selection in causing a particular morphological change (e.g., Fukase
and Suwa 2008; Gonzalez, Perez, and Bernal 2010; Holmes and Ruff 2011).

Finally, interdisciplinary studies combining morphometric analysis with techniques
such as nitrogen and carbon stable isotopic analysis, dental macro- and microwear analysis,
cross-sectional geometry, biomechanics, and bone remodeling patterns from the same set
of individuals (Hogue and Melsheimer 2008; Menéndez et al. 2014; May et al. 2018;
Stansfield, Evteev, and O’Higgins 2018; Brachetta-Aporta et al. 2019), should be con-
ducted to answer some of the remaining questions regarding the impact of this fundamental
change in subsistence practices on the phenotype.
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1 3 Hammond’s Law: A Mechanism Governing the Development
and Evolution of Form in Domesticated Organisms

Richard Gawne and Kenneth Z. McKenna

The entire process of the development of living forms is guided by [the Malthusian] principle. The
struggle for existence . . . for food and propagation, takes place at all the stages of life between all
orders of living units from . . . the elements that are accessible to direct observation, to the cells, and
still higher up, to individuals and colonies.

—August Weismann (1896)

I call the balancing between the volume of organic masses, and by shorthand the balancing of organs,
[the fourth] law of living nature, by virtue of which a normal or pathological organ never acquires
extraordinary prosperity in such a way that another of its system or its relations does not suffer as
a result.

—Geoffroy Saint-Hilaire (1822)

As other chapters in this volume have indicated (chapters 1, 2, and 14), agriculture appears
to constitute a striking example of evolutionary convergence. Several distantly related lin-
eages of animals, including hominids (Smith 1998; Rindos 1984), insects (Mueller et al.
2005), and snails (Silliman and Newell 2003), have evolved a life-history strategy that
involves the farming of other organisms for food. Although the agricultural lifestyle is not
universally fitness-enhancing (Mueller et al. 2005; Mummert et al. 2011), there are many
contexts in which it has significant advantages over hunting and gathering. As a consequence,
it is hardly surprising that a number of different animals have become farmers. Somewhat
more counterintuitive is the fact that entering into an agricultural arrangement can be benefi-
cial to the organism being tended (chapter 5, this volume). Over large time scales, plants,
animals, and fungi that become domesticates can outnumber their wild ancestors by orders
of magnitude (Razifard et al. 2020). However, entering into an agricultural relationship is
certainly not a risk-free life-history strategy. Artificial selection often produces “improve-
ments” in crops and livestock that reduce their fitness in natural habitats, thereby making
them increasingly dependent upon the services provided by their farmers.

The specific modifications exhibited by a domesticated lineage are likely determined
by a complex array of factors that include internal developmental constraints (Alberch
1982; Smith 1998), local environmental conditions (Hammond 1936), and the precise
artificially applied selective pressures it experiences (Gregory 2009). However, looking
across species, it is possible to identify general patterns of morphological change that seem
to recur over and over again, even in widely diverged organisms (Wilkins, Wrangham,
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and Fitch 2014; Zeder 2006, 2015). Among other things, there is a tendency for domesti-
cates to exhibit extreme enlargements of body parts that are deemed valuable to their
farmers (Smith 1998; Fuller et al. 2014). These traits are ecologically and evolutionarily
noteworthy because they have the potential to make a domesticate’s relationship with its
farmer obligate, but their importance does not end there. The highly derived morphologies
of domesticates are also of significant interest from a developmental point of view. If a
particular body part or the overall form of a domesticated organism differs in some way
from that of its known wild ancestor, this gives us two populations with quantifiable
morphological variation and immediately invites the question of what developmental
mechanisms are responsible for producing the observed differences.

Numerous approaches have been used to address questions of this type. Some research-
ers have looked for genomic signatures of selective sweeps (Tian, Stevens, and Buckler
2009), while others have focused on the enrichment of proposed candidate genes (Domyan
et al. 2016) or attempted to locate hormonal differences between the populations (Haase
and Donham 1980), and so on. These studies have undeniably provided important insight
into the processes that are responsible for generating domesticated morphologies. Yet, they
are limited in the sense that the developmental differences identified between the ancestral
and domesticated populations are almost always necessary, rather than sufficient, for
generating the observed variation in form (Domyan et al. 2016; Domyan and Shapiro
2017). Jointly, these studies tend to yield an ever-increasing list of causally relevant factors
that play a role in shaping the morphologies of the focal character(s), but provide little
understanding of their relative significance, and no obvious insight into how they interact.

This emphasis on list-making and lineage-specific pathway minutiae rather than the
“big picture” is increasingly being recognized as a significant flaw in the way that devel-
opmental biology is practiced (Gawne, McKenna, and Nijhout 2018; Nicholson and Dupré
2018; Bizzarri et al. 2019; DiFrisco and Jaeger 2019, 2020). Contrast the state of affairs
in development to those of closely related fields such as ecology and evolution. In the
latter, nearly all aspects of research are driven by generalized theoretical hypotheses that
apply across both taxa and time. Even when a particular study is narrowly focused on a
specific organism, the results are often used to test and refine large-scale theories that
matter to the larger community. This back-and-forth dialogue between theory and data is
largely absent in developmental biology, in part because the conceptual foundations of the
field remain in a somewhat primitive state (Woodger 1929; Minelli and Pradeu 2014).
Development clearly lacks a universally applicable theory that is analogous in scope to
Darwinian evolution, but to make matters worse, it also has remarkably few context-
specific hypotheses that would be similar in breadth to, for example, inclusive fitness
theory (West, Griffin, and Gardner 2007), Batesian mimicry (Ruxton et al. 2019), the
neutral theory of ecology (Hubbell 2001), or sexual selection (Andersson 1994). This
translates to an open opportunity for future research dedicated to the construction of
developmental theories.

It is well known that early evolutionary biologists were able to formulate sweeping
generalizations about the nature of natural selection by studying how artificial selection
alters the morphology of domesticates (Evans 1984; Gregory 2009). There is nothing
stopping developmental biologists from taking a page from this playbook and using the
same basic dataset to identify the ontogenetic principles that help to facilitate these phe-
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notypic changes. Indeed, that is precisely what this chapter aims to do. In the sections
that follow, we reintroduce and refine a developmental theory formulated by the British
agricultural scientist John Hammond (1889-1964), which predicts how, when, and why
an organism’s form can be quantitatively modified to suit the needs of farmers. We refer
to this hypothesis as “Hammond’s law” and show that it (1) has the potential to explain
how past selection on physiological mechanisms helped to produce the exaggerated
morphologies observed in certain domesticates and (2) provides insight into the condi-
tions under which the phenotypes of tended plants, animals, and fungi can be further
altered to increase their productivity. In short, Hammond’s law provides a generalized
account of the processes that facilitate and constrain an organism’s ability to move
through morphospace in response to artificial selection. More importantly, perhaps, we
predict that the theory is equally applicable to wild organisms that are subjected to natu-
rally occurring selective pressures, making it a rare instance of a truly broad-brush devel-
opmental hypothesis.

Developmental Constraints on Organismal Form

The domesticated organisms that fill our fields and refrigerators often bear only a vague
resemblance to their wild ancestors. Many fruits and vegetables, for example, have under-
gone monstrous changes of proportion (figure 13.1) and, in some cases, these alterations
have taken place in a remarkably short amount of time (Meyer, DuVal, and Jensen 2012).
This is shown from scientific data, including findings from the archaeological record
(Zeder 2006; Zeder et al. 2006; chapter 10, this volume), as well as human cultural artifacts
such as paintings (Zoltan et al. 2007) and descriptions found in ancient texts (Andrews
1949). Dramatic phenotypic changes have also been produced in pet animals (Drake and
Klingenberg 2010; Komiyama et al. 2009) (figure 13.2) and prey species such as cattle
(Bovine HapMap Consortium 2009) and sheep (Hammond 1932). Surveying the vast array
of quantitative morphological change that has been induced in these organisms, it is easy
to start thinking of domesticates as being almost infinitely labile. If the need arises, and
we initiate the right artificial selection regime, it seems that the phenotypes of these plants
and animals can effectively be altered at will.

There is a long history of conceiving of domesticated organisms in this way. Darwin
commented on this fact in the Origin of Species, noting that “breeders habitually speak of
an animal’s organisation as something quite plastic, which they can model almost as they
please” (Darwin 1859, 31). To support this point, he quotes the agriculturalist/politician
John Sebright, who once boasted that with pigeons, he could “produce any given feather
in three years” but would need “six years to obtain head and beak” (Darwin 1859, 31). In
some ways, this optimism is warranted—just look at all the previous success we’ve had
in reshaping the morphology of our domesticates. More importantly, think about how
organisms evolve in the wild. Given enough time and the right sort of variation to work
with, natural selection can produce absolutely stunning morphological changes. Artificial
selection is not fundamentally different from natural selection, so it seems logical that we
should be able to accomplish something similar—and presumably in a much shorter
amount of time—using selective pressures that we apply ourselves.



Figure 13.1

Domesticated organisms exhibiting exaggerated morphological traits. Over time, artificial selection by humans
has produced significant changes in the anatomical features of domesticates. (A) The fruits of the modern
domesticated pumpkin Cucurbita pepo are significantly larger than those of its wild ancestor, and their sizes
have continued to increase in recent years. Left: a “large” pumpkin photographed in 1928. Right: a large pumpkin
by current standards. The weight of this particular fruit is not documented, but specimens are known to exceed
2,000 Ibs. (B) Left: Like the ancestors of other domesticated fruits, wild strawberries (Fragaria sp.) tend to be
small in size. Right: Modern domesticated varieties (Fragaria sp.) are often larger by several orders of magnitude.
(C) Left: The domesticated chicken is descended from the red jungle fowl (Gallus gallus). Artificial selection
has dramatically increased the body size of domesticated breeds, with some such as the Brahma (right) weighing
in at over 15 Ibs. All photographs shown are courtesy of Wikimedia Commons and have been edited by the
authors to produce the final figure. (For author and license credits, see Acknowledgments.)
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Figure 13.2

Morphological change produced by artificial selection in the domesticated goldfish (Carassius auratus). When
attempting to highlight the extreme morphological changes humans have produced through artificial selection,
researchers often appeal to case studies involving food plants such as maize. However, equally impressive (and
more rapid) changes have been elicited in companion domesticates such as the goldfish. C. auratus is thought to
be descended from the crucian carp (Carassius sp.), shown at the top of the figure (A). The following domesticated
varieties are displayed below: (B) crowned pearlscale, (C) ryukin, (D) oranda, (E) telescope cross ryukin, (F) bubble
eye, and (G) ranchu. Many phenotypic alterations, including changes in the patterns of pigmentation, head and tail
morphology, scaling of the abdomen, and the complete loss of the dorsal fin can be observed. These morphologies
might be favored in the tightly controlled environments provided by humans, but would almost certainly carry
significant fitness costs in the wild. All photos are courtesy of Wikimedia Commons and have been edited by the
authors to produce the final figure. (For author and license credits, see Acknowledgments.)
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It certainly would be nice if our crops and livestock were this malleable. There is always
an incentive to improve the health of our domesticates, increase yields, and, in general,
provide the highest nutritional returns at the lowest possible financial cost (Timmusk et al.
2017; Tubiello et al. 2008). However, despite having ample motivation, improving estab-
lished domesticates is often extremely difficult, even with modern techniques (Sinclair,
Purcell, and Sneller 2004; Denison 2012). This could be because we have not found the right
candidate genes or have been prevented by ethical panels from doing the appropriate trans-
species knock-ins. It could also be that we just have not been diligent enough in our applica-
tion of artificial selection. A more pessimistic possibility is that none of these techniques
will yield the sort of aggressive morphological changes we would like to see because the
phenotypic flexibility of domesticated organisms has already been more or less exhausted.

To understand what is being suggested here, consider the effects of natural selection
acting on wild populations. Selection is an incredibly powerful creative force, yet there
are countless morphological forms that have not been produced in the past 3.7 billion years
even though they would likely be fitness enhancing. This is partly because various features
of an organism’s development can limit the efficacy of selection. These “developmental
constraints” (Alberch 1982; Smith 1998) have an important role in determining which
regions of morphospace a species can and cannot occupy (McGhee 2015; chapter 1, this
volume). Since the mid-1900s (Woodger 1945), discussion of internal constraints has
become increasingly common, and they are widely acknowledged to exist in principle.
Nevertheless, it remains unclear what they actually are empirically. Even something as
simple as deciding when and where to start looking for constraints is a challenge. Using
data from free-living populations, it is often unclear what we should infer from the absence
of a particular morphology. When a certain form does not occur, this could be due to
checks imposed by internal constraints, but it is also possible that the appropriate selective
pressures have never been applied. This makes it extremely difficult to identify the areas
of morphospace that are truly “off limits”” developmentally, and under such circumstances
trying to identify constraint-inducing processes is destined to be an exercise in futility.

The study of domesticated organisms can help us get through this quagmire because we
can be confident that various selective pressures have been applied but have not been
completely successful (Denison 2012; Zeder 2018). Under such circumstances, it is rea-
sonable to infer that some sort of internal developmental constraints really are at work.
The next step is identifying the specific morphogenetic processes that are imposing these
restrictions on the focal species’ form. This is what Hammond’s law does.

Hammond’s Law

In simple terms, Hammond’s law is a hypothesis that specifies how the availability and
subsequent use of growth factors during ontogeny produces variation in adult phenotypes
(Hammond 1947; Hammond and Zuckerman 1950). Hammond developed his ideas over
the course of several decades, with many of the relevant studies being completed from the
1940s to the 1960s. His original papers contain a wealth of data and verifiable predictions
that we cannot hope to fully summarize in a single book chapter. Our aim in this section
is to provide a broad overview of Hammond’s ideas, sacrificing some depth for breadth
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in order to make his work accessible to a wide scientific audience. We begin by trimming
his logic down to a pair of core principles and then selectively focus on a small number
of supporting case studies.

Principle 1: Body Parts Compete for Resources during Development

The idea that growth is energetically costly lies at the heart of Hammond’s theory. Over
the course of development, the majority of the body’s parts increase in size. This growth
is generally brought about by mitotic divisions that require metabolically combustible
“fuels” such as amino acids, lipids, and other circulating macronutrients (Masumura et al.
2000; Géminard, Rulifson, and Léopold 2009; McCue 2010; Koyama, Mendes, and Mirth
2013). These internal developmental resources are often acquired or indirectly synthesized
from dietary factors that are sequestered from the local environment (Koyama, Mendes,
and Mirth 2013; Koyama, Syropyatova, and Riddiford 2008; Nijhout and McKenna 2018).
The fact that the availability of growth factors is linked to diet is important because it
implies that external environmental conditions can dictate how much an animal is able to
grow over the course of its development. By the 1920s and 1930s, it was widely known
that organisms reared under optimal nutritional conditions generally grow to a larger final
size than those that experience nutritional stress (Hammond 1936). Hammond’s contribu-
tion was recognizing that even in times of abundance, the growth of certain body parts
can be constrained through a type of developmental interaction that is now referred to as
“character-character competition” (Gawne, McKenna, and Levin 2020). These competitive
interactions are intensified when nutrition is suboptimal, sometimes leading to significant
changes in the organism’s overall form.

Competition between characters takes place when multiple body parts rely on the same
limited supply of metabolic fuel to drive their growth. Consider a situation in which two
body parts concurrently grow in a nonisometric manner, meaning that one of the traits (4)
increases in size more rapidly than some other trait (B). All else being equal, 4 will achieve
a larger final size than B due to its higher relative growth rate. The differential growth rate
of 4 and B translates into a nonidentical rate of resource consumption. To be more specific,
we would expect 4 to consume more fuel than B due to its relatively higher rate of growth.
If the resource usage differential between 4 and B is especially high, or internal growth
factors are in unusually short supply due to poor dietary conditions, the growth of character
A can actively constrain the growth of B by depleting a disproportional percentage of the
available resources. The idea that body parts can compete in this way during morphogen-
esis is implicit in much of Hammond’s work on character-specific growth rates in domes-
ticates (Hammond 1947; Hammond and Zuckerman 1950), and recent studies have
confirmed that these interactions regularly occur in both domesticated and free-living
organisms (Nijhout and Emlen 1998; Klingenberg and Nijhout 1998; Denison 2012;
Gawne, McKenna, and Levin 2020).

Principle 2: Resource Availability and the Timing/Rate of Growth Lead to
Character-Character Competition

The experimental studies Hammond conducted on domesticated farm animals revealed
that body parts tend to reach their maximal growth rate in a highly stereotyped sequence.
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Early in development, (1) the bones, cranium, and gut fat attain their maximal rate of
growth, followed by (2) the major muscle groups and subcutaneous fat, and (3) the intra-
muscular fat and muscle tissue around the vertebrac (McMeekan 1940; Hammond 1947,
Hammond and Zuckerman 1950). This temporal partitioning of maximal growth rates
plays a crucial role in the establishment of organismal form, especially when nutritional
intake is varied over the course of ontogeny. For example, Hammond found that pigs will
obtain different body proportions—not just sizes—when they are fed a low-nutrient versus
a high-nutrient diet during development, and something similar was documented when the
nutritional treatments were switched before the animals reached maturity (figures 13.3 and
13.4). Pigs that received a high-nutrient diet throughout ontogeny tended to develop large
frames and a substantial amount of body fat. However, Hammond discovered that if the
animals were initially fed a high-nutrient diet and were later switched to a low-nutrient
diet, they often failed to produce adipose tissue. Conversely, he found that pigs that were
fed a low-nutrient diet immediately after birth displayed stunted skeletal growth and pos-
sessed little fat, yet if the animals were switched to a high-nutrient diet later in ontogeny,
they eventually produced relatively large quantities of fat (McMeekan 1940; Hammond
1947; Hammond and Zuckerman 1950). These seemingly mundane observations are
important because they indicate that developing organisms are able to alter the way growth
factors are partitioned in response to dietary intake, leading to changes in form. To put it
another way, a developing animal makes “decisions” about when and where to allocate
internal resources, and different body parts are prioritized when the nutritional regime is
altered.

Hammond suggested that the allocation of internal resources during development is
determined by two factors: (1) the timing of growth, or the order in which body parts
attain their maximum growth rate, and (2) character metabolic rate, understood as the
speed at which a body part increases in size due to an underlying rate of resource con-
sumption. He hypothesized that the brain and peripheral nervous system are given priority
early in development and achieve their maximal rate of growth before other parts of the
body. In addition, Hammond inferred that these tissues must be especially costly to con-
struct and maintain compared with other characters. The fact that the nervous system
begins to grow early and is energetically expensive to produce means that it will sequester
the greatest proportion of the internal growth factors that the animal has available. Ulti-
mately, this entails that the body parts that reach their maximal rate of growth later in
development will be vying for a reduced supply of metabolically combustible fuels, espe-
cially when dietary conditions are suboptimal.

After the nervous system, the growth of the bones is prioritized. These characters rep-
resent the next most significant energetic investment during development, followed by
muscle and fat tissue (figure 13.5). In pregnant females that are themselves still growing,
the situation becomes slightly more complicated because the mammary glands and unborn
fetus sequester resources that the mother could otherwise use to construct her own bones,
fat, and muscle. Describing his version of the diagram depicted in figure 13.4, which
illustrates high-priority structures with multiple arrows and low-priority structures with
fewer arrows (depicted, respectively, as thicker and thinner arrows, in figure 13.4), Hammond
summarized the situation as follows:
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Figure 13.3

Difterences in the body proportions of pigs of the same relative age obtained by changing nutrition during
postembryonic development. The pigs are scaled to the same shoulder height. Each animal is a representative
sample from the dietary treatment group described on the right-hand side of the figure. The pig shown in (A)
was fed on a high-nutrition diet throughout development (high-high). These animals grew larger and reached
their final adult size more quickly (168 days) than those in other treatments. The pig shown in (B) belongs to a
treatment group that began development on a high-nutrition diet, but was switched to a lower plane of nutrition
at 16 weeks of age (high-low). Prior to the change in diet, pigs in the high-low treatment group grew rapidly.
When transferred to the poor-nutrient diet, growth slowed substantially, and the animals attained their final adult
size at approximately 196 days. (C) When pigs were initially fed a low-nutrient diet and switched to a high-
nutrient diet at 16 weeks of age (low-high) an effect opposite of that observed in high-low group was documented.
Growth was initially slow, but ramped up significantly following the transition to a diet with optimal nutrition.
Pigs in this treatment reached their final size at approximately 196 days, similar to what was observed in the
high-low treatment. However, although they shared similarities in the timing of their development, the body
proportions of the high-low and low-high groups differ. (D) Pigs that were fed on a low plane of nutrition
throughout ontogeny grew the slowest and reached a smaller final size than those in the other experimental
treatments. These pigs took 315 days to reach adulthood and developed almost no fat deposits in their bodies.
The results described are noteworthy because they indicate that character-specific growth rates are altered in
response to nutritional intake. Figure adapted from Hammond (1950) with permission from the publisher.
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Figure 13.4

The proportion of muscle and fat in the experimental treatment groups of pigs described in figure 13.3. Temporal
variation in nutrition has a strong influence on the partitioning of nutrients during postembryonic development.
(A) The high-high treatment produced pigs with a large frame and substantial amounts of muscle and fat. (B)
Pigs reared on the high-low dietary regime developed a large frame, but failed to grow fat. (C) Conversely, on
the low-high regime, skeletal growth was reduced. However, optimal nutrition later in development facilitated
the deposition of large quantities of fat on this small frame. (D) Pigs fed on a poor diet throughout development
displayed stunted skeletal growth and almost no fat deposition. The differences between (B) and (C) are
especially noteworthy. These pigs are the same age and similar in weight, yet they show considerable differences
in body composition. This suggests that the timing of nutritional uptake, and not just the quality of the materials
ingested, is an important determinant of organismal form in some domesticated organisms. Figure adapted from
Hammond (1950) with permission from the publisher.
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Figure 13.5

A visual representation of Hammond’s theory of nutrient partitioning during development. Hammond believed
that the nutrients circulating in the bloodstream during development (i.e., growth factors) are allocated in a
controlled manner over the course of ontogeny. The thickness of the arrows is proportional to the amount of
nutrients each part of the body sequesters, and their order from left to right represents the order in which they
are prioritized under nutritional stress (left: high priority; right: low priority). In developing vertebrates, the brain
and nervous system consume most of the available growth factors, followed by the placenta and fetus in pregnant
females. Skeletal components are the next most costly bodily components, followed by muscle and fat. Reading
this figure from right to left, one sees the order in which various features of the body will be diminished in size
under suboptimal nutritional conditions. This figure is based on an illustration from Hammond (1950).
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If nutrition is on a very high plane all tissues are served to their maximum requirements. When the
plane of nutrition is lowered one arrow is deducted from each, so that fat ceases to be put on, but
the other tissues continue growing but at a slower rate. When the plane of nutrition is lowered still
further and two arrows are taken from each, brain and bone still continue to grow but at a much
slower rate, muscle ceases to grow and fat is withdrawn to supply energy for growth of the brain
etc. (Hammond 1952, 222)

To reiterate a point made earlier, this means that if a character grows later in develop-
ment, or grows at a time when many other body parts are also rapidly increasing in size,
it will have less fuel at its disposal and, as a consequence, could be reduced in size. In
addition, this implies that if a costly structure grows early in ontogeny, its resource con-
sumption patterns could inhibit the maturation of later-developing body parts.

Developing characters might be modular in the sense that distinct batteries of genes
could be expressed in their tissues (Arnone and Davidson 1997; Raff and Sly 2000; Wagner
2018), but when the type of interactions described by Hammond occur, their growth can
still be tightly correlated. Many classically trained embryologists were aware that develop-
ing body parts sometimes compete for internal resources (Roux 1881; Weismann 1896;
Saint-Hilaire 1822). However, because these interactions are fundamentally physiological
in nature, they cannot be identified or studied from the genetically based reductionist
perspective that has dominated developmental biology since the 1950s. This is a case
where modern “advances” have impeded scientific progress by causing researchers to forget
something that was formerly known to the community.

Putting It All Together: Formalization, Predictions, and Evidence
for Hammond’s Law

Hammond’s law can be more formally stated as follows: (1) all growth is energetically
costly, (2) many body parts rely on the same finite supply of internal resources, and,
therefore, (3) the growth of one body part can constrain the growth of others. This implies
that (4) the overall availability of internal resources, in conjunction with the timing and
rate at which body parts grow, can be an important determinant of the organism’s final
adult form. Hammond suggested that previous work on pigs (McMeekan 1940) and sheep
(Verges 1939) supported his hypothesis, but it was also validated by his own work on milk
production in cattle.

First, Hoammond showed that pregnant cows grow to different weights based on their
plane of nutrition (Hammond, 1936, 1947, Hammond, 1952). The nutritional intake of
female cattle also influenced their ability to develop mammary glands and subsequently
produce milk. More specifically, cows fed on a low plane of nutrition were unable to
produce the same quantity of milk as siblings reared under more nutrient-rich control
conditions (Wallace 1944; Hammond 1947). Hammond followed this study with a histori-
cal account of selection for milk production in zebu cattle (Hammond 1947). For several
generations, farmers in India selected for improved milk yields in their cows but saw no
increases in output until the government adopted more regimented feeding practices that
were used in other countries. This change in the rearing environment was crucial because
it eliminated variation in diet across the population and allowed the farmers to select for
increased milk production under a single environmental condition. In 1912, cows could
produce an average daily yield of 5.8 pounds of milk. By 1922, this had nearly doubled
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to 10.8 pounds and, roughly a decade later, the cattle produced approximately 18.5 pounds
of milk per day on average (Hammond 1947).

From the farmers’ perspective, the exaggeration of the udder is often highly desirable
when nutrition is ample; however, selection for enlarged udders under a high plane of
nutrition can also come at a significant cost. Over time, artificially selecting for enlarged
udders under optimal dietary conditions sometimes results in organs that are so mon-
strously outsized (see, e.g., figure 13.6) that they reduce the viability of the animals when
they are reared on a lower-quality diet. The udders are prioritized during development,
and when animals are reared under nutrient-poor conditions, they sequester a substantial
proportion of the body’s internal supply of nutrients, which would otherwise be allocated
elsewhere. As a consequence, cows that experience nutritional stress can exhibit a host of
undesirable defects, including a higher susceptibility to disease (Caeneiro and Rhoad 1936;
van der Waaij 2004). The consequences of this unwanted character-character competition
are so serious that agriculturalists now select for increased milk production under less-than
optimal nutritional conditions (van der Waaij 2004). As farmers themselves have occasion-
ally put it, this ensures that females will not “milk the flesh off [their] bones” (Hammond
1947, 199) due to the intense character-character competition that an extremely enlarged
udder initiates.

Figure 13.6

Artificial selection for increased milk production in cattle breaks the wild-type scaling relationship between the
udders and other body parts. The udders of domesticated cattle are sometimes so monstrously enlarged that they
hinder the animal’s movement and must be supported by a harness in order to prevent injury. Increased udder
size improves milk yields, but as Hammond (1947) noted, the enlargement of this body part can lead to unwanted
character-character competition during development. In particular, the udder can consume growth factors that
are normally allocated to the bones and other body parts, leading to a feeble animal with low fitness, even in
the highly controlled agricultural environment. The photograph shown is courtesy of Wikimedia Commons and
has been edited by the authors to produce the final figure. (For author and license credits, see Acknowledgments.)
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Nutritional Variation and Character-Specific Reaction Norms: Adaptation
to Controlled Agricultural Environments Breaks Functional Constraints
on Development

One of the things that makes agricultural niches unique is the fact that environmental
variables tend to be tightly controlled in order to promote an optimal level of growth in
the domesticate. The fact that external conditions are stabilized in this way means that
selection on phenotypic traits tends to occur in a more-or-less homogenous environment,
wherein phenotypic variation is almost entirely the result of underlying genetic variation.
These conditions differ substantially from those experienced in the wild, where tempera-
ture, photoperiod, and nutrition are always in flux. The fact that environmental conditions
are seldom constant in natural settings means that the development of most organisms is
adapted to respond to a wide range of external variables. When a feature of the environ-
ment varies continuously, it often produces an associated range of phenotypic outcomes
(Shingleton et al. 2007). One of the first researchers to document this trend was the German
biologist Richard Woltereck (1909; Nanjundiah 2020), who noted that quantitative traits
are generally tightly distributed around a mean in any given environment. Crucially, Wolt-
ereck also noted that the value of the mean tends to differ significantly from environment
to environment, and he found that when nutrition varies continuously, certain quantitative
characters vary in an analogous manner. He referred to the range of phenotypic variance
produced under these circumstances as a “reaction norm” and, in coining this term, was
the first of many biologists to realize that a single genotype can give rise to a host of dif-
ferent phenotypic outcomes.

Woltereck hypothesized that the mean phenotypic value obtained for any given envi-
ronmental condition results from the fact that organisms in a population rely on common
regulatory mechanisms to control their development. Variance around the mean was then
attributed to individual genetic variation that determines how an organism responds to
changes in the focal environmental condition(s) (Woltereck 1909). Conceived in this way,
the particular norm of reaction an organism exhibits is specific to its genotype. Woltereck’s
studies are important for our purposes because they suggest that phenotypic plasticity—
that is, the ability to produce a range of phenotypic outcomes in response to changes in
environmental variables—has a genetic basis and can itself be an adaptation if a single,
nonplastic phenotype would have different fitness coefficients in different environments.

In recent years, reaction norms and developmental plasticity have been widely studied
(Shingleton et al. 2007; Koyama, Mendes, and Mirth 2013; Thompson 2019; Frankino
et al. 2019; Suzuki, McKenna, and Nijhout 2020), but much of this research overlooks the
fact that each character in the organism has a unique norm of reaction that results from
internal developmental mechanisms that function specifically to control growth. One of
the best examples of character-specific reaction norms comes from the literature on Dro-
sophila melanogaster. In these animals, nutritional variation affects growth rate via
insulin-like peptides (ILPs). The concentration of ILPs is directly correlated with nutri-
tional intake (Géminard, Rulifson, and Léopold 2009), meaning that, all else being equal,
organisms that develop under optimal dietary conditions will have more ILPs circulating
in their bodies than those that experience nutritional stress. This is important because, in
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most insects, the availability of ILPs helps to determine the final sizes of the body’s various
parts (Koyama, Syropyatova, and Riddiford 2008; Nijhout and McKenna 2018). The wings
and legs, for example, exhibit dramatically reduced growth when ILP concentrations drop,
but organs such as the gonads maintain a similar rate of growth across all ILP concentra-
tions (Tang et al. 2011). These findings suggest that each organ or appendage has a unique
dose-response curve for ILPs that determines the norm of reaction it will exhibit when it
is exposed to different nutritional regimes.

Numerous studies have shown that character-specific scaling of growth in Drosophila is
facilitated by differential expression of intracellular components involved in the insulin/TOR
cascade, which transduces the ILP signal and thereby produces cellular proliferation. In the
gonads, this intracellular cascade is set up in a way that ensures these tissues are always
attempting to grow, regardless of the ILP availability. This makes the reproductive organs
ultrasensitive to the insulin signal at all concentrations (Tang et al. 2011). In contrast, the
wings and legs respond to the presence of ILPs in a concentration-dependent manner,
meaning their growth rate increases and decreases according to ILP availability (Tang et al.
2011). The fact that the characters in question respond differently to the ILP signal is note-
worthy because it demonstrates that the scaling of growth in response to environmental
variation can be controlled on a character-by-character basis throughout the organism.
Perhaps even more importantly, the work in question suggests that the range of phenotypes
produced must be heritable because genetic factors play a role in determining how the signal
transduction network in any given body part responds to ILP concentration.

The fact that the scaling of growth is partially controlled by genetic interactions that
are modularly tuned within each body part is what allows the reaction norms of characters
to vary independently of one another. Support for this hypothesis can be found in a series
of studies examining how nutritional status affects patterns of correlated growth in the
limb bones of the common rat (Rattus norvegicus) (Miller and German 1999). Male rats
reared on a protein-deficient diet tend to grow more slowly and reach a significantly
smaller final size than littermates fed a protein-rich control diet. In addition, the growth
of long bones in animals reared under the low-protein condition displays a strong signature
of integration, or correlated growth, that is not present in the control treatment (Zelditch
1988; Miller and German 1999; Reichling and German 2000; Hallgrimsson et al. 2004)
(figure 13.7). This suggests that the genetic variation in the developmental mechanisms
associated with each body part can manifest differently across nutritional environments.
More specifically, the growth kinetics of bones tend to be nonidentical when protein is
abundant, but when nutrition is restricted, this variation collapses, and the characters begin
to grow more or less isometrically.

For our purposes, the above findings are of interest because they add further emphasis
to the point that farmers wishing to induce directional changes in the morphology of
domesticates need to be conscious of the conditions under which artificial selective pres-
sures are applied. With the zebu cattle mentioned by Hammond, rearing animals under
optimal nutrition allowed for selection on the genetic variants that produced a maximal
udder size. However, a selective regime of this type can turn out to be problematic when
no consideration is given to how the enlarged udder will scale with the rest of the body
under suboptimal dietary conditions. As discussed above, when developing cattle experi-
ence nutritional stress, their udders often continue to grow at a maximal rate, which further
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Figure 13.7

Adult male and female rats fed on different dietary regimes during development. The images shown above are
of littermates that received either an optimal diet or a low-protein diet. Animals that were fed the low-protein
diet stopped growing at substantially smaller body sizes than littermates from the control group. All images were
taken once growth had ceased and the scaling is constant across the four treatments. Similar to what Hammond
observed in domesticated farm animals (figures 13.3 and 13.4), this suggests that organismal form is highly
sensitive to nutritional status. Images were graciously provided by Rebecca German and Fred Nijhout.

decreases the amount of resources available for use in the development of other body parts
and leads to health problems. In this case, a reaction norm that is clearly deleterious under
suboptimal environmental conditions might not be selected against in the agricultural
setting, as it likely would be in the wild. Under natural conditions, nutritional availability
frequently oscillates over the lifetimes of individuals and across generations, which means
that reaction norms and their associated genotypes are consistently subjected to purifying
selection.

Most exaggerated characters produced by natural processes, including sexually selected
body parts in insects and vertebrates, display hyperallometric (slope >1) reaction norms,
wherein the focal character is exaggerated in large males and more normally sized in
smaller males (O’Brien et al. 2018; Rodriguez and Eberhard 2019). Males with larger body
sizes are generally able to sequester more resources from the local environment than
smaller males (Emlen and Nijhout 2000; Emlen et al. 2012), which means that there will
likely be enough internal resources available for all body parts to reach their maximal
genetically prescribed size. Under these circumstances, selection can favor the enlarge-
ment of certain body parts, because the development of other characters will not be sig-
nificantly affected. Conversely, in males that fail to attain their maximal size, selection
for extreme enlargement of a particular character can be deleterious. This is because
smaller males sequester comparatively fewer resources from the local environment and
thus have a more limited supply of internal macronutrients available to fuel their growth.
With smaller individuals, enlargement of, say, a horn could constrain the development of
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other important characters, leading to decreases in fitness. For this reason, in animals with
smaller body sizes selection would be expected to favor the maintenance of existing body
proportions.

The idea that there is little selection against reaction norms in agricultural environments
may have been first stated by Helen Spurway (Spurway 1955; Nanjundiah 2020). In an
interesting 1955 paper that has been almost completely lost to history, she suggested that,
prior to human intervention, domesticates experienced more uniform selective pressures
that eliminated genotypes that disproportionately affect the way developmental events are
patterned. The agricultural environments created by humans destabilize the selective pres-
sures that normally act on developmental processes because these niches are tightly con-
trolled, thereby removing organisms from many of the environmental factors they would
experience in the wild. In this respect, domesticated organisms are of interest to basic
research because they allow us to see certain potentials of developmental systems that are
generally hidden/suppressed by natural selection. The fact that numerous organisms have
been domesticated and are readily obtainable provides biologists with an opportunity to
study how internal resources are allocated during development.

Potential Applications of Hammond’s Law to Insect Agricultural Systems

In terms of our more immediate task of identifying parallels between the evolution of
agriculture in humans and insects, if Hammond is correct and competitive interactions
between characters have shaped the morphologies of our domesticates, it is possible that
they could do the same in organisms farmed by insects. For example, several recent studies
have shown that defensive compounds are costly for plants to produce and tend to come
at the expense of somatic tissue growth (Huot et al. 2014). Many of the plants domesticated
by humans exhibit decreased levels of protective secondary metabolites in their tissues,
which is thought to create a surplus of internal resources that allows other features of the
organism to increase in size (Rosenthal and Dirzo 1997; Massei and Hartley 2000; Moreira
et al. 2018). Extending this logic to nonhuman agricultural systems, it would be interesting
to determine whether the loss of ancestral chemical defenses in insect-tended fungi or
plants has facilitated an analogous upregulation in growth. The fact that the lower- and
higher-attine fungi are cultivated on different substrates and have different morphological
features (chapters 8 and 14, this volume) is also of interest from the perspective of devel-
opmental energetics. The nutrient-dense gongylidia present in the fungi of the higher-attine
ants (chapters 8 and 14, this volume) are likely metabolically costly to produce (Henrik,
Boomsma, and Tunlid 2014). If the fungal substrate is reduced in quality, it would be worth
examining whether the gongylidia decrease in size/nutritional quality, or remain more or less
unaffected (Masiulionis et al. 2014). The former would indicate that the development of
these structures is nutrition-sensitive, while the latter would be indicative of developmental
prioritization, similar to what Hammond documented in the udders of cattle.

The principles identified by Hammond could also potentially help us to make sense of
the growth dynamics of the fungal mycelium in insect agricultural systems. Ant-tended
fungi tend to remain in a vegetative, mycelial state as they grow and rarely produce the
fruiting bodies that are needed for sexual reproduction (Mueller et al. 2001). The fact that
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the fungi exist in this vegetative form is sometimes attributed to the activities of their ant
farmers, which are constantly dividing and pruning the mycelial connections (Fisher,
Stradling, and Pegler 1994a, 1994b; Mueller 2002). It is also possible, however, that the
constant supply of high-quality nutritional substrate provided by the ants encourages the
fungus to grow asexually, in its mycelial state. The basic idea is that when resources are
abundant, and/or the ratio of proteins to carbohydrates in the substrate is optimized (Shik
et al. 2016), the fungus will take advantage of this situation as long as possible by increas-
ing in size, rather than attempting to reproduce sexually. There is, in fact, some evidence
to suggest that life history progression in wild leucocoprineaceous fungi is tied to nutrition
in this manner (Vellinga 2004), at least in tropical, wet-forest species. This finding is
intriguing because it provides insight into how insects might have first been able to domes-
ticate their fungal cultivars. If the fungi had an ancestral tendency to stay in their asexual
state when the nutritional environment was conducive to growth, insect farmers could have
exploited this fact by providing fungi brought to the nest with a surplus of decomposable
resources. This would serve the dual function of ensuring that edible mycelium is continu-
ally produced, while also preventing the fungus from “escaping” by entering the sexual
stage of its life cycle. Under this scenario, the ants could effectively force fungi into
becoming their crops by exploiting their existing developmental tendencies. Once the fungi
reach a certain size, environmental factors such as rainfall and temperature would be
predicted to promote fruiting, even when nutrition is abundant. At this stage, the hypothesis
would be that active pruning of mycelial connections would then become the dominant
means by which ants deter sexual reproduction in their crops.

These are just a handful of examples of how taking a developmental-energetics point
of view could be of use in understanding nonhuman agricultural systems. If the evolution
of agriculture in humans and insects is truly a case of convergent evolution, it seems
plausible that Hammond’s law will be broadly applicable to all domesticated organisms,
regardless of what species takes on the role of the farmer.

Hammond’s Law as a Generalized Developmental Theory

Development has long been regarded as one of the least understood and poorly synthesized
branches of biology (Woodger 1929; von Bertalanffy 1933). Not even a century ago, a
handful of embryologists were still speculating that it might be an impenetrable subject,
which is either mostly or entirely screened off from scientific understanding. When con-
fronted with laboratory results that were difficult to explain, vitalists such as Hans Driesch
(1867—1941) turned tail and retreated to mystical explanations involving immaterial forces
(Driesch 1908). Emboldened by the molecular revolution of the 1950s, researchers eventu-
ally stopped running from the problems of development and, instead, began to ignore them
entirely. Given its simplicity and seemingly unparalleled explanatory power, an implicit
form of genetic determinism has slowly but surely become the guiding principle of devel-
opmental biology. Indeed, reading the contemporary literature, one can easily get the
impression that morphogenesis is nothing more than a complex series of interactions that
are both initiated by, and completely reducible to, the activities of gene products (Nijhout
1990; Larsen 2005; Gawne, McKenna, and Nijhout 2018).
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Part of the allure of genetic determinism is the fact that it allows us to get a lot done
experimentally. Environmental influences on phenotypes are backgrounded, and physio-
logical processes that are difficult to control are treated as inconsequential downstream
events or dismissed outright as a type of developmental noise. This leaves researchers free
to focus on things such as candidate genes and other genetic factors that are readily iden-
tifiable and easy to manipulate in the lab. Although it has utility in certain contexts, it is
important to recognize that the stripped-down form of genetic determinism that dominates
modern developmental biology is not a true predictive theory. Instead, it is a sort of base-
line assumption that provides a methodological script for doing experimental work. For
any given aspect of character formation, we are assured that there are primitive genetic
causes and, as biologists, we are told that it is our job to identify these factors.

Over the years, research born out of this tradition has generated an enormous amount
of genetic, genomic, and transcriptomic data for nearly every phenotype imaginable. The
assumption seems to be that if we keep our heads down and continue to amass more and
more empirical data, theoreticians will eventually be able to construct some sort of gen-
eralized hypothesis that will “effectively enable one to compute the adult organism from
the genetic information in the egg” (Wolpert and Lewis 1975, 21). If future generations
of scientists can pull something like this off, it would certainly be an astonishing intel-
lectual achievement. But of course, there is no guarantee that this day will ever come. And
more importantly, we do not need big-picture developmental theories 50, 100, or 1,000
years in the future. We need them right now. The idea that we should continue to hoard
genetic data simply because there is a chance that someone might eventually be able to
use it to construct large-scale predictive models is little more than a procrastinator’s excuse
that allows us to avoid doing the messy theoretical work ourselves.

If we hope to formulate a developmental theory with wide applicability, it is necessary
to abandon genetic predetermination and acknowledge the fact that organisms are hierar-
chically arranged systems whose final adult phenotypes are produced and maintained by
nonlinear causal interactions (Gawne, McKenna, and Nijhout 2018; DiFrisco and Jaeger
2020; Suzuki, McKenna, and Nijhout 2020). The second thing we need to do is reorient
our understanding of what developmental biology is ultimately trying to accomplish. The
chief objective of the field is not necessarily the identification of one-to-one causal map-
pings between molecular processes and specific phenotypic characters, as the genetic
paradigm suggests. Prior to the mid-twentieth century, classically trained embryologists
tended to regard developmental biology as the science of form (Holmes 1904; Zuckerman
1950; Medawar and Zuckerman 1950). Accordingly, their goal was to determine how
scaling relationships and the overall shape of organisms arise over the course of ontogeny
(Huxley 1932; Huxley and Teissier 1936; Thompson 1942). The form of a plant or animal
is the sum total of the sizes and shapes of all its individual body parts, and as a consequence
it cannot be explained by simple causes such as a mutation, single nucleotide polymor-
phism, or duplication event.

Understanding how form is produced requires that we shift our attention to the higher-
level interactions that take place between developing body parts. As Hammond recognized
nearly a century ago, the development of organs, appendages, and other characters is
seldom fully independent or “modular” (Hammond 1947; Gawne, McKenna, and Levin
2020). The growth rate and final size of most traits can be affected by morphogenetic
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events that take place in other parts of the body. Hammond identified one of the primary
means by which these interactions take place—namely, character-character competition.
In modern terms, Hammond’s law is valuable because it helps to explain the proximate
causes that constrain organismal form: when the growth of body parts is driven by the
same macronutrients, increases in the size of one part often restricts the development of
others. Growth rate is correlated with metabolic rate, and, if structures are growing at the
same time, those with a higher rate of growth that grow earlier than others will consume
a disproportionate percentage of the body’s internal resources. When this occurs, the traits
that are competing will exhibit correlated growth and their final scaling relationship will
be allometric, because the larger, more mitotically active body parts constrain the growth
of their smaller counterparts that grow more slowly.

Hammond’s law explains how scaling relationships can be produced, making it a theory
of organismal form. It is a generalized theory of form because the predictions it makes
are not taxon-specific. Any organism that undergoes size increases though mitotic divi-
sions has the potential to experience the type of character-character competition his
hypothesis describes. More work must be done to determine how often character-character
competition occurs and what body parts are affected, but, in principle, Hammond’s law
has an extraordinarily wide domain of applicability. When developmental biologists
attempt to construct theoretical hypotheses, there is a tendency to reach for mathematical
tools that describe the phenomena in technical terms that only a small fraction of the field
can understand, let alone critique. However, there is no reason to think that every general-
ized hypothesis needs to be chromed-out with flashy formulas, especially when it is first
conceived. Indeed, anyone who opens The Origin of Species will find persuasive evidence
to the contrary. Like Darwin, Hammond supported his hypothesis using careful observa-
tions of common domesticated animals. This approach might seem “unsophisticated” to
developmental biologists trained in the molecular era, but as more supporting studies are
conducted and the theoretical predictions of Hammond’s law are further refined, it could
very well be transformed into the sort of truly generalized developmental theory that
modern methods have systematically failed to produce.
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1 4 The Convergent Evolution of Agriculture in Humans
and Fungus-Farming Ants

Ted R. Schultz

Leaf-cutter ants are the preeminent herbivores of the New World tropics. Below ground,
their colonies contain millions of worker ants that occupy thousands of chambers. Above
ground, the soil they excavate forms huge mounds that dominate the forests and grasslands
of Central and South America. Hundreds of thousands of ant foragers stream outward from
these mounds, sharing the radiating, well-worn paths with equal numbers of inward-
streaming sisters, the latter returning with cut leaf fragments held aloft in their mandibles
like miniature pennants. Marveling at this spectacle, generations of humans have reasoned
that leaf-cutter ants were vegetarians, consuming the cuttings in subterranean dining halls.
It remained for the nineteenth-century naturalist Thomas Belt to discover and record the
unexpected truth about the purpose of the leaves: “I believe the real use [the ants] make
of [the leaf fragments] is as a manure, on which grows a minute species of fungus, on
which they feed;—that they are, in reality, mushroom growers and eaters” (Belt 1874, 79).
Belt’s description of the ants as “mushroom growers” so concisely communicated the
behavior he observed that ant researchers have continued to use similar agricultural ter-
minology ever since.

The attribution of agriculture to a nonhuman animal was paradigm-shifting and has been
the subject of occasional skepticism. It has been challenged as anthropomorphic (Kermar-
rec, Decharme, and Febvay 1986; Rodgers 2008). It has also been challenged on the basis
that it is more likely that the fungi are cultivating the ants than vice versa (Ridley, Howse,
and Jackson 1996; North, Jackson, and Howse 1997; see also below). In this book, we
regard agriculture as a special subset of the more general phenomenon of symbiosis. Under
this view, it is appropriate to extend the aforementioned skepticism to the unique status
traditionally afforded to human agriculture, which, like fungus-farming ant agriculture, is
also a symbiosis and about which we might also reasonably question which of the sym-
bionts is in control. Although it has been accelerated by intent, learning, and cultural
transmission of information, human agriculture is at its core a biological phenomenon,
and, as such, it is subject to the rules of Darwinian natural selection (Rindos 1984, 1989;
Allaby 2010; chapter 10, this volume). All agricultural symbioses may therefore prove to
share analogous elements, and those elements may in some cases be the results of con-
vergent evolution. If so, then the comparative study of multiple agricultural symbioses
may reveal common evolutionary mechanisms that influence the origins, population-genetic
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and coevolutionary dynamics, and genomic architectures underlying agricultural evolu-
tion. The purpose of this chapter is to summarize what is broadly known about human
agricultural evolution and to explore parallels, if any, with the evolution of fungus-farming
ant agriculture.

Agriculture is a form of symbiosis in which one symbiont (the “farmer”) benefits by
cultivating the other symbiont (the “crop” or, if the crop is genetically modified due to the
symbiosis, the “domesticate). Symbioses between two organisms can be broadly classified
as commensalism (in which neither party benefits or incurs a cost), parasitism (in which one
party benefits at the expense of the other), and mutualism (in which both parties benefit).
The seeming straightforwardness of these categories is complicated by their context-
dependency—that is, the nature of a symbiotic interaction can change depending on multiple
factors, one of which is number of participating symbionts. As knowledge about symbioses
increases, we are realizing that multipartite symbioses are common and are likely the rule,
so that at some point symbiology grades into community ecology. This is proving true even
for human agriculture (Fuller and Stevens 2017; chapter 10, this volume).

In this chapter, agricultural terminology will be used to refer to the full range of human
cultivation and domestication of plants, animals, fungi, eukaryotic microorganisms, and
bacteria. It will focus mostly on nutritional agricultural symbioses, or those that benefit
the farmer by providing nutrition, but it is important to bear in mind the many agricultural
symbioses that serve nonnutritional needs such as protection from other organisms (guard
dogs, Streptomyces), production of materials (trees, bottle gourds, cotton, silkworms,
alpaca), generation of physical labor (horses, oxen, camels, elephants), induction of plea-
sure and enlightenment (yeast, coffee, kava, tobacco, Cannabis), aesthetics (diverse orna-
mental plants, goldfish), and so on.

In the introduction to this book, agriculture is defined as large-scale cultivation upon
which the farmers have become economically (i.e., obligately) dependent. In the first two
sections below I will briefly introduce the fungus-farming ant agricultural symbiosis and
summarize the differences between human and ant agriculture. In the remaining sections
I will take advantage of research on the convergent features of multiple, diverse human
agricultural systems to show that many of the evolutionary stages shared by human agri-
cultural symbioses are also shared by the fungus-farming ant agricultural symbosis. These
stages include (1) preagricultural hunting-gathering and niche construction by central-
place foraging social groups; (2) preagricultural incidental and, subsequently, intentional
cultivation; (3) domestication; (4) the parallel rise of biodiverse agroecosystems; and (5)
the postagricultural rise of highly complex societies.

The Fungus-Farming Ants

Fungus-farming, or “attine,” ants (subfamily Myrmicinae, tribe Attini, subtribe Attina) are
a clade of (as of this writing) 246 species, including five fossil species, in 20 genera. They
are descended from a common ancestor that lived in South America around 55—65 Mya,
shortly after the end-of-Cretaceous mass-extinction event that briefly shut down photo-
synthesis (Janzen 1995; Kaiho et al. 2016). All attine ants are native to the New World
and all obligately depend on fungus-farming for food. When departing from the maternal
nest on her mating flight, a daughter queen carries a pellet of fungus from her mother’s
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garden to use as the starting culture for her new garden. The conspicuous leaf-cutting ants,
which make up 20% of attine ants, have received the great majority of scientific study
because they are the primary pests of human agriculture in Central and South America
(Cherrett 1989; Della Lucia 2011). The remaining 80% of fungus-farming ants are mostly
cryptic species with small colony sizes that are rarely encountered by humans and about
which, with few exceptions, we know very little (Weber 1972; Mehdiabadi and Schultz
2009; Holldobler and Wilson 2010).

The Five Ant Agricultural Systems

As mentioned above, the definition of “agriculture” used in this book is large-scale culti-
vation upon which the farmers have become economically (i.e., obligately) dependent.
Because all fungus-farming ants must cultivate fungi in order to survive, the term “agri-
culture” is used here to refer to the entire diversity of attine-ant fungus farming. However,
as will be discussed below, the scale on which such cultivation takes place varies dramati-
cally across attine-ant species. All fungus-farming ants grow fungi in the order Agraricales.
Most grow fungi in the family Agaricaceae, which also includes the fungus most cultivated
by humans for food, the button mushroom Agaricus bisporus (Miles and Chang 2004).
Based largely on ant-fungal associations, ant agriculture is divided into five systems
(figure 14.1): (i) lower agriculture, the ancestral agricultural system, (ii) coral-fungus
agriculture, (iii) yeast agriculture, (iv) higher agriculture, and (v) leaf-cutter agriculture, a
derived subset of higher agriculture (Schultz and Brady 2008; Mehdiabadi and Schultz
2009; Holldobler and Wilson 2010; Della Lucia 2011; Branstetter et al. 2017).

In lower agriculture, 84 species of ants in 11 genera cultivate multiple species of parasol
mushrooms currently assigned to the genera Leucocoprinus, Leucoagaricus, and Lepiota in
the tribe Leucocoprineae (family Agaricaceae) (figure 14.1A). In coral-fungus agriculture,
a derived clade of 29 species in the attine-ant genus Apterostigma are the only fungus-
farming ants that cultivate fungi outside of the Agaricaceae, multiple species of the genus
Myrmecopterula in the coral-fungus family Pterulaceae (figure 14.1B). In yeast agriculture,
a derived subset of 17 species in the attine-ant genus Cyphomyrmex cultivates a small clade
of fungal species descended from a lower fungal ancestor that, when associated with ants,
grow in a unicellular “yeast-like” phase otherwise unknown in the order Agaricales (figure
14.1C). In higher agriculture, 111 ant species (59 non-leaf-cutting and 52 leaf-cutting higher-
attine ants) largely cultivate a clade of multiple fungal species descended from a lower fungal
ancestor that became an obligate symbiont (figure 14.1D). Unlike their lower fungal ances-
tors, higher-attine fungi are never found living apart from ants, they are polyploid, and they
consistently produce “gongylidia,” nutritious swollen hyphal tips that are preferentially
harvested and eaten by the ants. Within higher agriculture, leaf-cutter agriculture is the
product of a major evolutionary transition in which a non-leaf-cutting, higher-attine ant
ancestor acquired the ability to cut, process, and utilize fresh vegetation (leaves, grasses, and
flowers) as the substrate for its fungus gardens (figure 14.1E) (Holldobler and Wilson 1990;
Mehdiabadi and Schultz 2009; Hoélldobler and Wilson 2010; Leal-Dutra et al. 2020).

Agricultural System Boundaries

As mentioned above, garden fungi are typically transmitted vertically from one generation
to the next, carried by daughter queens when founding new colonies. Genetic data indicate
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Figure 14.1

Representative ants and gardens of the five fungus-farming ant agricultural systems: (A) lower agriculture:
Mpycetophylax asper; (B) coral-fungus agriculture: Apterostigma dentigerum; (C) yeast agriculture: Cyphomyrmex
sp. (rimosus group); (D) higher agriculture: Trachymyrmex septentrionalis, and (E) leaf-cutter agriculture: Atta
cephalotes. (F) A minor worker (left) and a soldier (right), sisters from the same colony of Atta cephalotes,
illustrating the extreme worker polymorphism of leaf-cutting ants. Reproduced with the permission of the
photographers: Don Parsons (A); Alex Wild (B, C, D, F); Karolyn Darrow (E).

that horizontal transmission occurs frequently over evolutionary time periods, however,
so that closely related ants may cultivate distantly related fungi and the same fungal species
may be cultivated by distantly related ants. Horizontal transfer can occur when ants acquire
fungal cultivars from each other (Adams 2000a; Green, Mueller, and Adams 2002; Howe,
Schiett, and Boomsma 2018). It can also occur when ants acquire free-living conspecifics
of cultivated fungi, which are known to occur in lower agriculture and yeast agriculture
(Mueller, Rehner, and Schultz 1998; Vo, Mueller, and Mikheyev 2009). When cultivated
by ants, fungi are propagated clonally, but when free-living, they reproduce sexually, so
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at least in lower and yeast agriculture there is occasional sexual recombination due to
genetic continuity between cultivated and free-living populations. Importantly, horizontal
transfer events are constrained by the boundaries of the five agricultural systems, i.e., the
cultivation of a fungus from one agricultural system by an ant species from a different
agricultural system is rare. Violations of the boundaries defining yeast agriculture and
coral-fungus agriculture are entirely unknown, i.e., all observed associations occur solely
between ants and fungi within those groups. Only one lower-attine ant species is known
to cultivate a higher-attine fungus (figure 14.2) (Schultz et al. 2015), whereas a few non-
leaf-cutting higher-attine ant species have been found cultivating lower-attine fungi
(Mueller, Rehner, and Schultz 1998; Mueller et al. 2018; Solomon et al. 2019). Finally,
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Figure 14.2

Time-dated chronogram of fungus-farming ants. Numbers at bottom indicate millions of years before present.
The major agricultural systems (labeled) are characterized by the nearly monolithic fidelity of their component
ants and fungi. The asterisk (¥) indicates the only lower-attine ant species, Apterostigma megacephala, known
to cultivate a higher-attine fungus. Adapted from Branstetter et al. (2017).
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most leaf-cutting ants cultivate Leucoagaricus gongylophorus, a single species of higher-
attine fungus, but a few leaf-cutting species have been found cultivating other species of
higher-attine fungi (Mueller et al. 2018). The biological mechanisms constraining the
agricultural-system boundaries remain unknown, but it has been suggested that they may
be physiological, with ants in each agricultural system dependent on that system’s fungi
to supply an essential, system-specific combination of nutrients and/or micronutrients or,
alternatively, that the mechanisms may be microbial-symbiotic, with each system hosting
a system-specific, non-interchangeable consortium of microbes (Mueller et al. 2005; Seal
and Mueller 2014; Schultz et al. 2015; but see chapters 3 and 4, this volume).

Crop Diseases and Biocontrol

Fungus-farming ant agriculture has crop diseases. Most notably, mycoparasitic ascomycete
fungi in the closely related genera Escovopsis and Escovopsioides have been part of the
symbiosis since its origin and have coevolved and codiversified along with the ants and
their fungal cultivars (Currie et al. 1999a, 1999b, 2003; Gerardo et al. 2004; Meirelleset
al. 2015b; chapter 11, this volume). The ants control them by weeding and by the applica-
tion of antibiotics (i.e., “herbicides”), some of which originate in the ants, notably in their
metapleural glands, antibiotic-producing glands that occur in almost all ants. In addition,
most fungus-farming ants host actinomycete bacteria primarily in the genus Pseudonocar-
dia, closely related to Streptomyces, the genus from which the majority of human antibiot-
ics are derived. Housed in specialized crypts on the ants’ integuments and nourished by
glandular secretions, mutualistic Pseudonocardia produce antibiotics that are effective
against Escovopsis (Currie 1999b, 2006; Li et al. 2018). The attine fungal cultivars also
produce defensive antifungal chemicals (Worsley et al. 2018).

Differences between Human and Ant Agriculture

Before discussing possibly convergent traits in ant and human agriculture, it is important
to point out the many differences between the two. Human agriculture is the result of
diffuse coevolutionary processes that began with or even prior to the origin of Homo
sapiens around 200 thousand years ago and domestication processes that began over ten
thousand years ago. In contrast, ant agriculture is the result of processes that began as
many as 65 Mya. Whereas human farmers represent a single species, fungus-farming ants
comprise 246 known extant and five fossil species. Although much of human proto-
agriculture (i.e., niche construction, ecosystem engineering, incidental cultivation, and
early domestication, discussed below) occurred unintentionally (i.e., without conscious
planning), intent has played an increasingly significant role in the evolution of human
agriculture. Within the span of a single lifetime, humans observe, learn, and modify their
behaviors in order to manipulate nature and obtain desired outcomes. They then transmit
that information to the next generation. Fungus-farming ants have also “learned,” but
changes in their hard-wired behaviors have occurred over evolutionary time spans through
the trial-and-error process of natural selection. In the course of that evolution ants have
become obligate farmers, unable to survive without their fungal crops. On a biological
level humans are, strictly speaking, facultative farmers, individually able to return to
hunting-gathering or another nonagricultural way of obtaining food. On economic and
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cultural levels, however, modern humans are perhaps not quite so different from ants in
their dependence on industrial-scale agriculture for maintaining current global population
levels and infrastructure.

Humans cultivate thousands of species of plants, animals, fungi, and bacteria. Fungus-
farming ants grow only fungi, and only fungi drawn from two subclades of two families in
the order Agaricales, although they simultaneously host diverse microbes, a subset of which
occur more or less consistently in their gardens (Pinto-Tomas et al. 2009; Aylward et al.
2012, 2014; Worsley et al. 2018). Ants grow their fungus gardens in climate-controlled
chambers, usually underground, in a way that is similar to human greenhouse agriculture.
Depending on the cultivar, humans use diverse cultivation techniques, although their highest-
biomass crops are grown in open-plot, arable fields, which they may intensively prepare and
to which they may add water, fertilizers, and pesticides. In contrast to human photosynthetic
cultivars that derive nourishment from soil and sunlight, the heterotrophic attine fungal
cultivars require living or dead organic matter for food, so, like their hunting-gathering
ancestors, fungus-farming ants continue to forage outside the nest but, unlike those ancestors,
they forage for food for their fungus gardens.

Hunting-Gathering, Niche Construction, and Cultivation

Humans

The end of the Younger Dryas near-glacial period around 12,000 years ago coincided with
generally warmer and wetter conditions worldwide. Within a few thousand years, human
agriculture had originated independently in the Near East, Mesoamerica, and South China,
and by the mid-Holocene it had arisen in parallel in as many as twenty different locations
(Smith 1998b; Diamond 2002; Fuller et al. 2014; Zeder 2018; chapter 10, this volume).
Full-blown agriculture was not suddenly “invented” in each of these locations at a particu-
lar time in the past, however. It was preceded by hundreds of thousands of years of dietary
evolution, during which humans broadened the plant-based portions of their diets, and by
coevolution with plants, some of which would eventually become human domesticates
(Rindos 1984; Hillman and Wollstonecroft 2014; Allaby et al. 2015). This protracted adap-
tive process required human genetic evolution (Mathieson et al. 2015) as well as the
development of technologies such as fire and stone tools, the latter for grinding seeds and
digging up roots (Hillman 1989; Hillman and Wollstonecroft 2014). Humans were cooking
tubers at least 170,000 years ago (Wadley et al. 2020) and grass seeds (including the future
domesticate sorghum) at least 105,000 years ago (Mercader 2009). Fifty thousand years
ago, Neanderthals were cooking and consuming plants that would subsequently be domes-
ticated by Homo sapiens (Henry, Brooks, and Piperno 2011, 2014).

Human Niche Construction

Paleolithic hunting-gathering humans lived in social groups and had strong impacts on
their local biotic environments (Smith 2011a, 2011b; Petraglia 2017). Foraging individu-
ally or in groups, they transported desirable plants and animals back to their settlements
to prepare, eat, and perhaps store for future use. As a result, without conscious planning
or intent, hunting-gathering humans engineered ecological niches to which communities
of plants and animals adapted (Smith 2011b, 2011a; Allaby et al. 2015; Zeder 2018). At
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some point, beginning more than 45,000 years ago, this niche construction became a
conscious goal and humans began to intentionally “domesticate” their environments
(Roberts et al. 2017). They cleared the land around and otherwise defended favored plants
such as fruit trees (Ames 1939; Rindos 1984; Anderson and Wohlgemuth 2012). They
diverted water to enhance the growth of favored wild plants (Anderson and Wohlgemuth
2012). Perhaps most universally, they employed fire to alter their landscapes. They burned
vegetation to encourage the growth of early-succession grasses and other food plants and
to eliminate unfavored, post-fire-succession species (Smith 1998b; Anderson and Wohl-
gemuth 2012; Roberts et al. 2017). They also burned to drive out small game, which they
hunted, and to increase small-animal hunting productivity (Bliege Bird et al. 2008). So-
called “firestick agriculture” is still practiced by the Aboriginal people of Australia (Bliege
Bird et al. 2008). Repeated burning coupled with deposition of organic matter over long
periods of time created the nutrient-rich ferra preta (black soils) of the Amazon (Denevan
2001).

Camp Followers

In addition to larger-scale niche construction, the immediate areas around human settle-
ments were ideal habitats for a range of disturbance-adapted plant and animal species,
which became increasingly associated with humans. Humans also incidentally imported
plant species into their settlements when they returned with gathered food plants, dispers-
ing the seeds (or other propagules) into the settlement area, particularly into refuse piles
and waste middens. Camp-following species thus included a mixture of species useful,
nonuseful, or even detrimental to humans. Among the useful species, future domesticates
such as chenopods (e.g., quinoa), cucurbits (melons, squash, pumpkin, cucumber), sun-
flower, tomato, and chile pepper are thought to have arisen as camp-followers (Rindos
1984; Harlan 1992). Examples of ultimately useful camp-following animals include dogs,
cats, and spiders, whereas examples of nonuseful camp-following animals include house
mice, weevils, and fruit flies (Fuller and Stevens 2017; chapter 10, this volume). As will
be discussed below for ants, camp-following species are not unique to humans; the cur-
curbit Cucumis humifructus, the “aardvark pumpkin,” is an obligate camp-follower of the
African aardvark (Kirkbride 1993).

Interpreted retrospectively, in their daily encounters with thousands of species of plants
and animals, including both camp-following and forage/prey species, preagricultural
humans were unintentionally “auditioning” them as possible future domesticates, and, to
avoid anthropomorphism, it should be said that those species were likewise auditioning
humans as possible future domesticators. In evolutionary terms, some plants and animals
were preadapted for agricultural symbioses whereas others were decidedly maladapted for
that role (Diamond 1997, 2002, 2012; Smith 1998b; Zeder 2012). Interestingly, guilds of
plants and animals not directly useful or sometimes even detrimental to humans have
nonetheless persisted in human agroecosystems, in many cases carried along by the same
initially unconscious artificial selection that humans applied to their cultivars (Harlan
1992; Spahillari et al. 1999; Howard, Archer, and Turley 2016; chapter 10, this volume).
In an archaeobotanical study of a 23,000-year-old preagricultural site in Israel, Snir et al.
(2015) report over 140 plant species gathered by humans, including the future domesticates
wheat and barley and 13 well-known current weeds of human agriculture. In another study
of three horizons spanning a 300-year period beginning 6,900 years ago and documenting
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the early stages of rice domestication, Fuller et al. (2009) similarly report more than 50
species of plants, including what appear to be small-seeded future weeds of rice cultiva-
tion. One of the most widespread invasive plants on the planet, Johnsongrass, originated
as a human food plant closely related to domesticated sorghum (Paterson et al. 2020).

Cultivation and Mixed Food-Acquisition Strategies

At various points in time and in different places, humans began to intentionally cultivate
plants. For some vegetatively propagated plants, such as manioc (Manihot spp.), cultiva-
tion is no more complicated than sticking a cutting into the ground during the rainy season
(Harlan 1992; chapter 10, this volume). The cultivation of yams and other root crops
similarly requires little more than reburying the tuber, as is often done by hunter-gatherers
as a method of storing surplus forage, or of cutting off and discarding the woody heads,
which frequently resprout without further effort (Harlan 1992; chapter 10, this volume).
For annual plants, rudimentary cultivation requires only the knowledge that seeds gathered
in one year can sprout into plants in the following year and cultivation can consist of no
more than broadcasting seeds into a suitable habitat without additional care. The Cocopa
societies of the lower Colorado River, for example, broadcast panic-grass (Panicum sp.)
seeds harvested in the previous year in muddy river bottoms recently exposed by receding
flood waters, giving them no further attention until harvest (Smith 2001a).

Using such simple and non-time-consuming methods, hunter-gatherers added cultiva-
tion to their repertoires of mixed food-acquisition strategies. Tudge (1998) describes
Paleolithic proto-farmers as “hobby farmers,” cultivating small plots of plants as a back-up
while continuing to hunt for animals and gather wild plants for food. He points out the
ecological advantage of nonreliance on a single food source, especially with regard to
local overhunting. Indeed, the historical record suggests that mixed food-acquisition strate-
gies represent stable states in a complex continuum that do not necessarily replace pure
hunting-gathering or inevitably lead to domestication and agriculture (Harris 1989; Smith
1998a, 1998b, 2001a, 2001b; chapter 10, this volume).

Ants

Niche Construction

The common ancestor of all ants was a hunter-gatherer, taking prey as food primarily for
the colony’s larvae and taking plant carbohydrates as food primarily for the adults. It lived
in eusocial family groups consisting of the mother queen and her nonreproductive (worker)
daughters, cooperatively rearing the next generation(s) of workers as well as reproductive
(virgin queen) daughters/sisters and reproductive sons/brothers. (There are no worker
males in ant colonies.) The familial colony occupied a semipermanent nest and, as a
central-place forager, influenced the ecologies of the organisms living within its territory.
This strategy, which originated ~103—124 Mya (Borowiec et al. 2017), was overwhelm-
ingly successful, resulting in the estimated >25,000 extant species of ants (Ward 2014).
Today, ants are keystone species in nearly every ecosystem on the planet and are universally
recognized as premier niche constructors/ecosystem engineers (Folgarait 1998; Schultz and
McGlynn 2000; Jouquet et al. 2006; Vandermeer and Perfecto 2007; Sanders and Veen 2011;
Meyer et al. 2013; chapter 8, this volume). Their core hunting-gathering life-history strategy
has repeatedly given rise to increasingly complex, mixed food-acquisition strategies in which
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ants supplement hunting-gathering with, for example, honeydew “milked” from aphids,
lipid-rich elaiosomes (food rewards) attached to ant-dispersed seeds, or carbohydrate and
protein rewards supplied by plants that ants protect from herbivory (Beattie 1985; Holldobler
and Wilson 1990; Jolivet 1996; Rico-Gray and Oliveira 2007; chapter 8, this volume). Other
ant lineages became specialized carnivores, in some cases adapted to very specific prey items
such as spider eggs, polyxenid millipedes, termites, or other ants. The army ants have become
both carnivorous and nomadic, managing arthropod prey populations across territories equiv-
alent to those occupied by medium-to-large-sized vertebrate predators (Tobin 1994; Gotwald
1995; Brown 2000).

Camp-Following Fungi

Around 55-65 Mya in South America, the core hunting-gathering life-history strategy gave
rise to fungus-farming ant agriculture. Although all extant attine ants obligately grow fungi
for food, their ancestors almost certainly passed through a period of facultative fungivory—
that is, they were hunter-gatherers with a diet that sometimes included fungi. Although
previously thought to be relatively rare in ants (Tobin 1994), multiple new examples of
fungivory have been discovered in the past two decades (Mueller et al. 2001; Witte and
Maschwitz 2008; Blatrix et al. 2012; Beeren, Mair, and Witte 2014; Mayer et al. 2018;
chapter 8, this volume). Based on the phylogenetics, behavior, and ecology of extant
species, the ancestral attine ant lived and foraged in the leaf litter, where, like its modern
descendants, it frequently encountered free-living leucocoprineaceous fungi (Vellinga
2004; Schultz et al. 2005; Vo, Mueller, and Mikheyev 2009). If the ancestral ant fed on
them, the fungi could have benefited by being dispersed. All ants strain food through their
infrabuccal pockets, a specialized organ in the mouth that filters out solid particles, includ-
ing viable fungal mycelia and spores. The filtrate accumulates into “infrabuccal pellets,”
which ants expel one or more times a day in colony refuse piles or in other locations inside
or in the vicinity of the nest (Bailey 1920; Letourneau 1998; Mueller et al. 2001; Little et
al. 2003). Some fungi are known to be dispersed in this way, including other ant-associated
fungi (Bailey 1920; Wheeler and Bailey 1920; Mueller et al. 2001; Blatrix et al. 2013;
Mayer et al. 2018).

Lower-attine fungi occasionally produce structures that appear to be homologous with
gongylidia, the previously mentioned nutritious swollen hyphal tips that are consistently
produced in domesticated higher-attine fungi (Moller 1893; Urich 1895; Weber 1972,
1979; Masiulionis et al. 2014). Ancestral leucocoprineaceous fungi may have recruited
ants as dispersal agents by providing gongylidia as food rewards (Mueller et al. 2001;
Schultz et al. 2005), a strategy evolutionarily convergent with the recruitment of verte-
brates (including humans) by plants using fruits and the recruitment of ants by plants using
elaiosomes (nutritious seed appendages) (Lengyel et al. 2010; chapter 8, this volume). If
leucocoprineaceous fungi are camp followers of leaf-litter-dwelling ants, then we might
expect to find them more generally associated with colonies of extant leaf-litter-dwelling,
non-fungus-growing close relatives of fungus-farming ants. Of note is that unidentified
fungi have been reported to grow consistently on ant-constructed walls of accumulated
detritus in the nests of species in the genera Wasmannia and Blepharidatta, both closely
related to fungus-farming ants (Wheeler 1901; Diniz, Branddo, and Yamamoto 1998;
Brandao et al. 2001; Rabeling, Verhaag, and Mueller 2006; Schultz and J. Sosa-Calvo,
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personal observation). Identifying these fungi will provide a first test of the camp-follower
hypothesis for the origin of the fungus-farming ant agricultural symbiosis.

Domestication

Humans

In the introduction to this book, we define domestication as the genetic modification of
one species by another in ways that benefit the modifying species (the farmer) but that
would have reduced the fitness of the modified species (the domesticate) in its original
niche. Note that this definition is neutral about genetic modifications in the farmer and
that it is also neutral about the current fitness of the domesticate relative to its former
fitness in the wild. It is possible that in the agricultural niche the domesticate has become
more fit than, as equally fit as, or less fit than its undomesticated progenitor. Although
they likely could not survive without humans, domesticated rice, wheat, and maize have
become some of the most abundant plants on Earth (Collins 2015), and the worldwide
population of cattle numbers over 1.4 billion (FAOSTAT 2020).

Domesticated plants possess suites of morphological traits that set them apart from
their wild progenitors, some controlled by single loci, others multigenically controlled
and producible via more than one developmental-genetic pathway. Depending on the
plant (grass, legume, amaranth, cucurbit, and so on), this domestication syndrome includes
increased seed size, decreased seed coat thickness, synchronous seed ripening, seed
indehiscence, nondormant seeds, increased apical position of seeds on stalks, reduced
stalk branching, and seed pod/spike/ear/panicle indehiscence (Smith 1998b; Bellwood
2005; Weiss, Kislev, and Hartmann 2006; Fuller 2007; chapter 10, this volume). Domes-
tication traits in animals vary more widely across species, but include reduction in brain
size (nearly universal), reduction in body size (common), reduction in female body size
(common for managed herd animals), and reduction in tooth size (pigs) (Smith 1998b;
Zeder 2012). Early evolving domestication traits are the products of unintentional artifi-
cial selection. For example, if preagricultural human cultivators harvested spikes from
grasses when seeds were ripe, they would have missed seeds or spikes that had already
fallen off (dehisced), and, if they sowed some of the harvested seeds the next year, those
seeds would contain a higher frequency of indehiscent individuals. Repeated from year
to year, such harvesting and sowing would result in an increasing frequency of the inde-
hiscent trait over time, which is in fact what is observed in some well-preserved archaeo-
logical records.

Domestication is speciation. In the simplest case, what was formerly one population
was subdivided into two populations, one of which, the wild progenitor, remained subject
to the ancestral natural-selection regime whereas the other, cultivated population, was
subjected to a human-mediated artificial-selection regime. Over time, the two populations
diverged and a phenotypically and genetically distinct domesticated population was
created. Whether one regards the domesticated population as a species, subspecies, race,
variety, and so on, depends largely on one’s species concept, but observed levels of genetic
divergence separating human plant domesticates from their wild progenitors are typical of
species-level differences (Dempewolf et al. 2012).
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It has long been assumed that a high level of reproductive isolation (i.e., absence of
gene flow) between the cultivar and its wild progenitor, coupled with strong artificial
selection, were required—at least initially—to drive the fixation of domestication traits. In
this intuitively simple scenario, a relatively small number of individual proto-domesticates
was reproductively isolated from the wild population and interbred over multiple genera-
tions. Reproductive isolation could have been achieved by, for example, transporting the
captive population beyond its ancestral range, cultivating self-pollinating species, or, in
the case of an animal species, confining it in livestock pens. Undesirable phenotypes were
(perhaps unintentionally) culled and desirable phenotypes retained until desirable traits
became fixed in the domesticated population, a process that was thought to have proceeded
relatively rapidly—that is, over the course of a few decades to a few hundred years. One
problem with this scenario is that it entails a genetic bottleneck: depending on its size,
genetic variability in the initial captive population would have been significantly reduced
relative to that in the wild population. As a result, the population would have suffered
from all of the problems associated with inbreeding depression (Barton and Charles-
worth 1998), which would have affected its ability to adaptively respond to artificial
selection for domestication traits and to natural selection for traits not directly associ-
ated with domestication, as in the case of transport by humans to a new and different
environment.

At the other end of the gene-flow spectrum, the observed overlap in geographic distribu-
tions of some domesticates with their wild progenitors suggests that domestication may
have occurred wholly or partly in sympatry. In this scenario, cultivars were subjected to
artificial selection by humans while remaining in genetic contact with their progenitor
populations, which, in contrast to the genetic-bottleneck scenario described above, would
result in a domesticate with all or most of the background genetic variability present in
the progenitor population. The problem with this scenario, which is shared with all
sympatric-speciation scenarios (Bolnick and Fitzpatrick 2007), is that it requires genetic
divergence to take place in the presence of unobstructed gene flow between the natural-
selection and artificial-selection populations. Even if artificial selection on the captive
population was strong, if the captive population size was small compared with the wild
population size, then introgression from the parent population would be expected to have
repeatedly diluted divergence, especially at domestication-trait loci where alternative
alleles were favored in the captive versus the wild populations.

As in most biological systems, the population-level processes underlying domestication
were far more complex than these contrasting allopatry/sympatry domestication scenarios
in that they incorporated elements of both. Although the evolutionary histories of human
domesticates differ in detail, the emerging convergent pattern, based on archaeological
and archacogenomic data, is that in most cases domestication took place over protracted
time periods measured in many hundreds or in thousands of years—thus, for example
>1,000 years for wheat and barley (Tanno and Willcox 2006), >4,000 years for maize
(geographically divergent domestication lineages) (Kistler et al. 2018), ~3,000 years for
rice (two Asian domestications) (Fuller 2007; Sweeney and McCouch 2007; Fuller et al.
2009; McCouch et al. 2012; chapter 10, this volume), and 1,000-2,000 years for pearl
millet (Manning et al. 2011). In addition to long time spans, domestication also took place
over large geographic distances and across a fragmented population-genetic landscape. At
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any given point in time, multiple differently sized artificial-selection populations were in
greater or lesser degrees of genetic contact with, or completely isolated from, each other
and from multiple differently sized natural-selection populations. Over the same time
spans humans transported domesticates to new localities, traded seeds, and exerted artifi-
cial selection, which, on average, was weakly applied across many loci (McCouch et al.
2012; Allaby, Smith, and Kistler 2018; Burgarella et al. 2018; Kistler et al. 2018). Although
localized genetic bottlenecks probably did repeatedly occur in this temporally and spatially
fragmented landscape, there is little evidence that bottlenecks played a significant role in
the long-term evolution of most domesticates; instead, most domesticated crops have
retained levels of genetic diversity comparable to those present in their wild progenitors
(Allaby, Fuller, and Brown 2008; Purugganan and Fuller 2009; Allaby 2010; McCouch
etal. 2012; Allaby, Ware, and Kistler 2019). This pattern holds even for self-pollinating crops
such as wheat and barley, which in theory could have been domesticated in time spans
measured in decades rather than centuries or millennia (Hillman and Davies 1990; Honne
and Heun 2009). There is evidence that, in some domesticates (e.g., rice, the common
bean), artificial selection has increased the frequency of domestication alleles in wild
populations; in other words, rather than wild populations diluting the genetic profiles of
artificial-selection populations, human-mediated artificial selection relentlessly (even if
weakly) applied over thousands of years has instead altered the genetic profiles of wild
populations (Kaplan 1981; Papa et al. 2005; McCouch et al. 2012).

In general, the evolutionary histories of domesticated animals conform to the same
general pattern as that of plants, including lack of bottlenecks, large overall levels of gene
flow between artificial-selection and natural-selection populations, and long histories of
population fragmentation and intermittent contact through time. This has been complicated
by frequent deliberate outcrossing with wild populations in more than a few species (Zeder
2012; Marshall et al. 2014), which has proven advantageous for maintaining desirable
traits, and by multiple species-specific pathways to animal domestication (Zeder 2012).

Ants

As discussed above, early humans coevolved with plants and animals in human-constructed
niches for many tens of thousands of years prior to the advent of agriculture. This resulted
in genetic change in the various species, including humans. It is probable that lower-attine
ants likewise diffusely coevolved with leucocoprineaceous fungi, albeit over far longer
time spans measured in tens of millions of years, because (1) a comparison of ant and
fungal phylogenies suggests that fungus-farming ants co-diversified with their fungal
cultivars (figure 14.2) and (2) the previously discussed utilization of ants as dispersal
agents by leucocoprineaceous fungi also suggests a prolonged coevolutionary interaction.
With regard to our definition of domestication, the scant available evidence suggests that
lower-attine fungi are undomesticated, attine coral fungi may be domesticated, and attine
yeast fungi are undomesticated (but see below). In contrast, multiple lines of evidence
unequivocally indicate that the higher-attine fungi are domesticated.

Lower-Attine Fungal Cultivars
The lower-attine fungal cultivars, consisting of dozens of species in the Leucocoprineae,
are thought to be undomesticated and capable of living freely outside the ant-fungus sym-
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biosis without any reduction in fitness. As previously mentioned, although they are typi-
cally vertically transmitted across ant generations and clonally propagated when associated
with ants, cultivated lower-attine fungal populations are thought to be genetically continu-
ous with free-living, sexually reproducing conspecific populations. This is because, over
evolutionary time spans measured in, for example, hundreds of thousands of ant-colony
generations (Mehdiabadi et al. 2012), lower-attine fungal cultivars frequently “escape”
from the symbiosis into the wild, where they sexually reproduce and are frequently
recruited from the wild by ant workers or by foundress queens that have lost their resident
cultivars. Data in support of these assumptions include (1) the collection of free-living
fungi that are, based on internal transcribed spacer (ITS) “DNA-barcoding” sequences,
conspecific with ant-cultivated lower-attine fungi (Mueller, Rehner, and Schultz 1998; Vo,
Mueller, and Mikheyev 2009) and (2) the fungal phylogeny, which indicates that lower-
attine fungi belong to two phylogenetically disjunct clades that also contain fungi not
known to be cultivated by ants (Schultz et al. 2015). Although the lower-attine leucoco-
prineaceous fungi are undomesticated, it is plausible that, due to millions of years of
diffuse coevolution, at least some species are genetically modified to take advantage of
their frequent associations with ants. The only available lower-attine fungal genome indi-
cates that the fungal cultivar of the ant Cyphomyrmex costatus has more carbohydrate-
degrading enzyme genes than three other fungal species in the order Agaricales for which
there are comparable data. This genetic difference is consistent with the role of the fungal
cultivar in degrading plant material (insect frass, flower parts) gathered by the ants for their
fungus garden (Nygaard et al. 2016). Based on available evidence, the lower-attine cultivars
might currently best be regarded as highly but diffusely coevolved attine-ant commensals,
likely possessing numerous genetic modifications for prolonged associations with ants
during which they are protected, increased in biomass, and dispersed, but not at the expense
of being able to live independently from ants when necessary or advantageous.

Attine Coral-Fungus Cultivars

Genomic data for the attine coral-fungus cultivars are currently unavailable, but, based on
reasonably good recent sampling, many close relatives but no free-living conspecifics of the
coral-fungus cultivars are known (Dentinger et al. 2009; Leal-Dutra et al. 2020), suggesting
that they may be domesticated. Although also in the order Agaricales, the pterulaceous cul-
tivars (family Pterulaceae) are not closely related to the leucocoprineaceous cultivars (family
Agaricaceae) grown by all other attine ants (figure 14.2), so the origin of coral-fungus
agriculture necessarily involved an evolutionary leap in which an ancestral Apterostigma ant
species transferred its fungus-growing behavioral repertoire to a species in a previously
uncultivated fungal family. Although the application of previously acquired background
knowledge to the cultivation of new, previously uncultivated species is a common theme in
human agriculture, this is the only known example from ant agriculture.

Attine Yeast Cultivars

As mentioned previously, based on the occurrence of free-living conspecifics (Mueller,
Rehner, and Schultz 1998; Vo, Mueller, and Mikheyev 2009), the attine yeast fungi grow
in typical mycelial form while living in the leaf litter apart from ants but in a unicellular
yeast-like form when associated with ants (figure 14.1C). Genetic continuity between
cultivated and wild populations suggests that the yeast cultivars are equivalently fit whether
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living with ants or growing in the wild (i.e., that they are undomesticated), but the occur-
rence of yeast-phase growth suggests genetic modification. Alternatively, yeast-phase
growth could be induced entirely by the ants and the yeast cultivars could be genetically
unmodified. As previously pointed out, however, unicellular yeast-phase growth is other-
wise unknown in the order Agaricales, and the Cyphomyrmex yeast-cultivating ants are
never found associated with—and are not known to be able to induce yeast-phase growth
in—leucocoprineaceous species other than the yeast cultivars. Both the yeast cultivars and
the ants that grow them belong to compact clades descended from a lower fungal and a
lower-attine ant ancestor, respectively (figure 14.2) (Schultz and Brady 2008; Branstetter
et al. 2017); this is consistent with ancestral species-to-species coevolution followed by
an obligate association between fungal and ant descendants. Of note is that ambrosia-
beetle-associated fungi in the phylum Ascomycota are also dimorphic (or “pleomorphic™),
expressing yeast-like growth when growing in beetle mycangia or when actively tended
by beetles but growing as mycelium in the absence of beetles (Batra and Michie 1963;
Beaver 1989; Blackwell 2017; chapter 7, this volume). It thus remains possible that such
fungi may be facultatively dimorphic, expressing one of two alternate phenotypes depend-
ing on their current environment. If so, this challenges our definition of domestication
because it suggests a genetically modified cultivar that is equivalently fit in artificial-
selection and natural-selection environments.

Higher-Attine Fungal Cultivars

The clearest case of domestication in attine-ant agriculture is the origin of the higher-attine
fungi, which are never found apart from their ant farmers and which are genetically modi-
fied for life with ants. Unlike lower-attine fungi, higher-attine fungi are polyploid, they
consistently produce gongylidia, and they express significantly different enzyme profiles,
most associated with the degradation of fresh plant material. Higher-attine fungi some-
times produce sporocarps (mushrooms), such as on the surfaces of abandoned ant nests,
but it is not known whether the spores are viable and therefore whether sexual recombina-
tion occurs (Kooij et al. 2015). When the ancestral higher-attine fungus was domesticated,
a metabolic rate transition occurred. Unlike lower-attine colonies, which have metabolic
rates lower than hunter-gatherer ant colonies, higher-attine ant colonies have significantly
higher metabolic rates than hunter-gatherer colonies, even though the ratio of ant to fungal
biomass remains the same as in lower-attine colonies. This difference may be due to the
higher-energy chemical work performed by the fungus in order to produce a higher-value
nutritional resource and/or to the requirement of the fungus to process a greater amount
of substrate biomass with a greater amount of waste (Shik et al. 2014).

As mentioned, higher-attine fungi are polyploid (Kooij et al. 2015). This suggests that
the putative benefits of polyploidy in human domesticates may also obtain in the domes-
ticated higher-attine fungi, especially in Leucoagaricus gongylophorus, in which genetic
variation significantly exceeds diploid levels, including (1) genome buffering (i.e., mitiga-
tion against the effects of deleterious mutant alleles), (2) increased allelic diversity and
heterozygosity, and (3) generation of novel phenotypic variation (Udall and Wendel 2006).
Kooij et al. (2015) suggest that, as in many human domesticates, such mechanisms may
be responsible for the higher productivity of the higher-attine fungi, including their ability
to degrade secondary plant compounds in the fresh vegetation substrates on which they
grow.
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Although gongylidia or gongylidia-like structures occur sporadically in lower-attine
fungi (Masiulionis et al. 2014), these swollen hyphal tips are consistently expressed in
higher-attine fungi and are preferentially harvested by the ants for food. Beyond nutrition,
gongylidia serve to concentrate fungal enzymes (pectinases, proteases, and laccases) in
the guts of garden-tending ants, which distribute them via their fecal droplets (Martin and
Martin 1970; Schiett et al. 2010; De Fine Licht et al. 2014; Kooij et al. 2014). It can thus
be said that the fungus uses the ants as vectors to transfer its digestive enzymes from the
most luxuriant, gongylidia-rich middle layer of the garden to the most recently added and
inoculated substrate in the upper layer of the garden. This allows for the rapid degradation
of pectin, which makes starch and proteins accessible, and for the detoxification of toxic
plant phenolic compounds (De Fine Licht et al. 2010; Schiett et al. 2010; Moller et al.
2011; Aylward et al. 2013; Grell et al. 2013; Kooij et al. 2014; Somera et al. 2015; Worsley
et al. 2018). Although the Leucoagaricus gongylophorus cultivar genome encodes 145
lignocellulase enzymes (Aylward et al. 2013), these are generally expressed only in the
older and least productive lower layers of the gardens, which are constantly being dis-
mantled and discarded in the waste dumps. Higher-attine agriculture—particularly leaf-
cutter agriculture—thus depends on considerable waste of substrate. It takes advantage of
the increased levels of protein in fresh plant material by foregoing the digestion of recal-
citrant polysaccharides and failing to utilize less accessible proteins (De Fine Licht et al.
2010, 2014; Schiett et al. 2010; Moller et al. 2011; Grell et al. 2013; Kooij et al. 2014;
Worsley et al. 2018).

Climate Change

The desertification of the Sahara ~5000 years ago (Hély et al. 2009) and the resulting
decreased access to free-living populations of food plants are hypothesized to have trig-
gered the domestication of African rice, pearl millet, and possibly yams, the latter descended
from a wet-forest-dwelling species (McKey et al. 2012; Burgarella et al. 2018; Cubry et
al. 2018; Scarcelli et al. 2019). Climate change toward drier conditions has also been sug-
gested as a possible cause of the domestication of higher-attine fungi and the origin of
higher-attine agriculture. Higher-attine ants likely arose around 30 Mya (figure 14.2) in a
seasonally dry habitat in South America following the Terminal Eocene Event, a period
of global cooling that began 35 Mya, when drier habitats, including grasslands, greatly
expanded globally (Prothero 1994; Graham 2011). As hypothesized by Branstetter et al.
(2017), as fungus-farming ants dispersed out of wet forests and adapted to expanding
grasslands and other seasonally dry habitats, they would have carried their wet-forest-
adapted lower-attine fungal cultivars along with them into a geographic mosaic of popula-
tions in which gene flow between fungal cultivars and their wet-forest-dwelling wild
progenitor populations would vary from strong to sporadic to nonexistent. Albeit occurring
over a presumably vastly longer time span, these conditions are comparable to those
described previously for the origins of many human domesticates: protracted periods of
varying gene flow across a spatial and temporal mosaic of natural-selection and artificial-
selection populations, the latter under generally weak but persistent selection across a large
number of loci, ultimately producing new species dependent upon the farmers for survival.
Some human domesticates can still outcross with their wild progenitors in spite of signifi-
cant reproductive isolation and depressed hybrid fitness (Dempewolf et al. 2012; McKey
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et al. 2012), but after tens of millions of years, higher-attine fungi have become obligate
symbionts lacking any genetic connection with extant free-living progenitors, if such still
exist. Perhaps not surprisingly, higher-attine fungi have also continued to speciate, but
because species appear to be separated by differing ploidy levels (Kooij et al. 2015), it is
possible that subsequent evolution in this group has been driven at least in some cases by
polyploidization events.

Who Domesticated Whom?

Over hundreds of thousands of years, humans evolved to accommodate an expanding diet
(Mathieson et al. 2015). Over the past ten thousand years, humans have continued to
evolve in order to accommodate diets containing lactose and wheat, to resist diseases
acquired from their animal domesticates, and to detect and/or tolerate a variety of plant
secondary compounds (Jackson 1991; Johns 1996; Diamond 1997; chapter 12, this
volume). According to our definition, none of these modifications qualify as the reciprocal
domestication of humans by their domesticates. In contrast, it can credibly be argued that,
rather than the ants domesticating the fungi, it was the fungi that initially domesticated
the fungus-farming ants. Perhaps most persuasively, all attine ants are obligate fungus
farmers that cannot survive without their fungi, whereas at least the lower-attine and yeast
cultivars are able to survive without the ants. More like domesticates than domesticators,
all fungus-farming ants have lost the ability to synthesize the amino acid arginine, which
they obtain from their cultivated fungi, and they express high levels of a modified chitinase
in their labial gland fluids in order to digest fungal chitin. Based on analyses of seven
attine-ant genomes, fungus-farming ants have experienced rates of structural gene rear-
rangement (i.e., loss of synteny) far more rapid than in any animal group of comparable
age. Early in fungus-farming ant evolution many gene families contracted. In the ancestor
of the leaf-cutting ant genus Atta, however, major gene families expanded, producing 129
novel genes with no clear homologies to known genes (Nygaard et al. 2016).

Agriculture

Humans

In this book we define agriculture as large-scale cultivation upon which the farmers have
become economically (i.e., obligately) dependent. Although the definition does not require
the cultivated species to be domesticated, domestication preceded agriculture in the his-
tories of all or most human agricultural origins (Rindos et al. 1980; Fuller et al. 2014;
chapter 10, this volume). The rise of agriculture allowed Holocene human societies to
accumulate surplus food supplies, which in turn gave rise, in a positive feedback loop, to
increasing population growth and expanding settlements (Smith 1998b; Tudge 1998; Fuller
et al. 2014). This then led to increasingly complex social systems, increasingly refined
division of labor (chapter 2, this volume), and, ultimately, the emergence of world civiliza-
tions. The economists Gowdy and Krall (2014, 179) argue that postagricultural, global human
society is the result of a major evolutionary transition that is rare in nature, which they
call “ultrasociality”; it is characterized by “superorganisms exhibiting an unparalleled degree
of division of labor and an economic organization centered around surplus production.”
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Relevant to the subject of this book, the other examples they cite include fungus-farming
termites and fungus-farming ants. The origins of human agriculture are consistently associ-
ated with major landscape modifications such as slash-and-burn clearing of forests (Neo-
lithic Europe, New Guinea, China, Mesoamerica), excavation of irrigation ditches
(northeastern Peru, New Guinea), raised fields, and anthropogenic “black soils” (Amazonia
and eastern South America) (Denevan 2001; Fuller et al. 2014; McKey and Rostain 2014;
Lombardo et al. 2020). With regard to nutrition, early agriculture was not necessarily supe-
rior to hunting-gathering, cultivation, and mixed food-acquisition strategies. Although
human biological responses to agriculture varied considerably across agricultural origins
(Pinhasi and Stock 2011; chapter 12, this volume), in at least some cases early agricultural-
ists were malnourished compared to hunter-gatherers due to overdependence on a limited
range of foods, especially carbohydrates. For this reason and because of the accelerated
population expansion that accompanied agriculture, early agriculturalists also suffered from
increased exposure to pathogens, including newly evolved pathogens and pathogens
vectored by their managed/domesticated animals (Larsen 1995; Mummert et al. 2011;
Cordain, Hickey, and Kim 2012; Berbesque et al. 2014; Dyble et al. 2019; Larsen et al. 2019;
chapter 2, this volume).

Agroecosystems

With the exception of microorganisms grown axenically in the lab, agriculture does not
consist only of a farmer and a cultivar; rather, it is a multipartite symbiosis. Agricultural
ecosystems provide reliable niches for diseases of farmers, for diseases of cultivars, for
diseases of diseases, for pests of stored products, and for “weeds” (i.e., for organisms able
to coevolve with and adapt to agroecosystems in order to directly or indirectly exploit the
resources supplied by the farmers to their cultivars such as cleared land, tilled soils, fertil-
izers, and water) (Fuller and Stevens 2017). In many cases weeds have been unintention-
ally artificially selected by farmers to mimic their domesticates (Harlan 1992; Spahillari
et al. 1999; Senda, Hiraoka, and Tominaga 2006; Thomas, Archer, and Turley 2011;
Howard, Archer, and Turley 2016; Fuller and Stevens 2017; chapter 10, this volume). In
some systems (e.g., maize, sorghum, rye, squash) even the ancestral progenitor may func-
tion as a weed (Wilkes 1977; Wilson 1990; Harlan 1992). Humans have developed many
methods for excluding or controlling unwanted agricultural symbionts, including, in low-
technology agriculture, the use of fire, mixed cropping, the cultivation of plant and animal
biocontrol agents, and weeding (Denevan 2001; Anderson and Wohlgemuth 2012), and,
in modern intensive agriculture, the use of herbicides, pesticides, biocontrol agents, and
genetic engineering.

Ants

Around 55-65 Mya, an ancestral hunting-gathering ant became physiologically dependent
on cultivating undomesticated leucocoprineaceous fungi and gave rise to lower-attine
agriculture. In so doing, it was able to escape competition with other hunting-gathering
ants by becoming fungivorous. Instead of competing with other litter-dwelling ants for
arthropod prey and plant carbohydrates, it competed instead with microbes for bits of
organic detritus, including insect frass, seeds, flower parts, wood particles, and dead
insects (Weber 1972; Murakami and Higashi 1997; Leal and Oliveira 2000; JeSovnik,
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Chaul, and Schultz 2018; Ronque, Feitosa, and Oliveira 2019). In terms of productivity,
lower-attine ant agriculture is not superior to hunting-gathering. Lower-attine ants generate
similar yields of ant biomass per unit foraging effort as equivalently sized colonies of
non-attine hunting-gathering ants (Turner 1974; Quinlan and Cherrett 1979; Bass and
Cherrett 1995). Most notably, by directly measuring whole-colony (ants plus fungus)
metabolism (i.e., mass-specific CO, emission rate), Shik et al. (2014) show that, relative
to hunting-gathering ants, lower-attine fungus-farming ant colonies have significantly
lower mass-specific metabolic rates and that a significant part of the colony biomass is
shifted into fungal (rather than ant) tissue. They hypothesize that transferring biomass from
ants into a fungal mutualist may generate energetic storage advantages, paralleling a
frequently-cited benefit of early human agriculture (Hayden 1995; Diamond 1997; Piperno
and Pearsall 1998).

Around 30 Mya, following the Terminal Eocene Event, a lower-attine ant ancestor
domesticated a lower-attine fungus and gave rise to higher-attine agriculture. As mentioned
above, this domestication event may have been driven by the increase in grasslands and
other seasonally dry habitats in South America, which separated fungal cultivars from
continuous genetic contact with their free-living, wet-forest-dwelling conspecifics.
Although extant non-leaf-cutting, higher-attine ants forage for substrates similar to those
taken by lower-attine ants, some species additionally cut tender shoots, leaflets, and
flowers (Leal and Oliveira 2000; Mehdiabadi and Schultz 2009; JeSovnik, Chaul, and
Schultz 2018; Ronque, Feitosa, and Oliveira 2019). Unlike lower-attine ants, the colony-
level metabolisms of higher-attine ants are higher than those of hunting-gathering ants
(Shik et al. 2014). However, the colony sizes (around 3,000 workers maximum) and levels
of social complexity of non-leaf-cutting higher-attine ants overlap with those of some
derived species of lower-attine ants (Mehdiabadi and Schultz 2009).

Around 20 Mya, a non-leaf-cutting higher-attine ant ancestor acquired the ability to cut
and process living plant material as the primary fungus-garden substrate. In so doing, it
ceased to compete with (mostly microbial) detritivores that feed on the same substrates as
lower-attine fungi and instead began to compete with vertebrate and invertebrate herbi-
vores. In addition to the key adaptation of utilizing fresh vegetation, extant leaf-cutting
ants in the genera Amoimyrmex, Acromyrmex, and Atta differ from non-leaf-cutting higher-
attine ants in their vastly larger colony sizes and polymorphic worker castes (Mehdiabadi
and Schultz 2009). In these traits Amoimyrmex and Acromyrmex species may be regarded
as “transitional” or less derived than Atfa species. For example, Amoimyrmex colonies
contain approximately 5,000 individuals and Acromyrmex colony sizes approach a
maximum of ~270,000 individuals, whereas standing populations of Atfa colonies can
reach 8 million individuals (Fowler et al. 1986; Wetterer 1995; Wetterer, Gruner, and
Lopez 1998; Ferguson-Gow et al. 2014; M. P. Cristiano, personal communication). Like-
wise, the degree of physical caste differentiation in Amoimyrmex and Acromyrmex is less
extreme than in Atta (Wetterer 1999; Cristiano et al. 2020). Following nest founding, an
Amoimyrmex or Acromyrmex queen, like almost all other foundress ant queens, must
forage for substrate until her first brood of adult worker ants emerges to take over that
task, a period of 40—60 days during which she is exposed to very high risks of predation
and disease. Nest-founding A#fa queens, in contrast, found their nests “claustrally” by
excavating a chamber in the soil, sealing off the entrance tunnel, and nourishing both the
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fungus garden and the first brood of workers with trophic (nonviable) eggs generated by
catabolized stored fat and wing muscle tissue (figure 14.1E) (Autuori 1956; Holldobler
and Wilson 2010).

Atta leaf-cutting ants are among the most highly eusocial of all organisms (Holldobler
and Wilson 2009, 2010) and are the obvious exemplars for comparisons with modern
human industrial-scale agriculture. Leaf-cutter colonies, which Carroll and Janzen (1973)
call “subdivided cows,” are the ecological equivalents of large herbivorous mammals in
terms of collective biomass, lifespan, and plant material harvested (Herz, Beyschlag, and
Holldobler 2007). Peregrine (chapter 2, this volume) concludes that increasingly refined
division of labor is one of a number of important components of agriculture, and this is
certainly the case for A#ta. Edward O. Wilson (1980) identified 29 discrete tasks performed
by Atta workers, the majority involved in the assembly-line processing of fresh vegetation
and performed by workers of specific size categories. A#fa workers are highly polymor-
phic, spanning a broad range of sizes in which the smallest, the gardener-nurses, weigh
200 times less than the largest, the defensive soldiers (figure 14.1F). Unlike all other attine
ants, Amoimyrmex, Acromyrmex, and Atta leaf-cutting ants are multiply mated: during
their mating flights queens mate with an average of three males, storing and nourishing
their sperm for life (Fjerdingstad, Boomsma, and Thorén 1998; Boomsma, Fjerdingstad,
and Frydenberg 1999; Fjerdingstad and Boomsma 2000; Murakami, Higashi, and Windsor
2000; Villesen et al. 2002; Wirth et al. 2003; M. P. Cristiano, personal communication;
chapter 5, this volume). In addition to supplying the sperm necessary for the many tens
of millions of female offspring (males are the products of unfertilized, haploid eggs) pro-
duced by an Atta queen during her ~15-year lifespan, multiple mating serves to increase
the genetic variability of the work force and thus overall resistance to disease (Hughes
and Boomsma 2004). The disadvantage of multiple mating is that it decreases the genetic
relatedness of workers in the colony, potentially decreasing the binding force of kin selec-
tion and increasing conflicts of interest over reproductive offspring. In leaf-cutter ants,
however, the potential for conflict of interest has been largely or entirely removed both in
the realm of sperm competition (den Boer, Baer, and Boomsma 2010) and in the realm of
worker-worker reproductive conflict (chapter 5, this volume). Primitively, non-fungus-
farming ant workers are able to lay haploid eggs that develop into males able to carry the
worker’s genes into the next generation. Workers of most attine ants, including non-leaf-
cutting higher-attine ants, retain this ability, which may be employed, for example, when
the colony queen dies. Among the leaf-cutting ants, workers of at least some Acromyrmex
species also retain the ability to lay haploid (male) eggs, whereas Affa workers are sterile
(Dijkstra, Nash, and Boomsma 2005). In the rare, small subset of A#fa workers that lay
viable eggs, the eggs hatch into sexually dysfunctional “dwarf” males (Dijkstra and
Boomsma 2006), which indicates that the ability to lay haploid eggs persists only as a
vestigial trait. In the logic of kin selection, the highly eusocial Atta superorganism could
not have evolved without a gigantic, polymorphic, genetically variable work force, which
could not have evolved without multiple mating, which could not have evolved without
the elimination of sperm and worker-worker conflicts over reproductive control. That all
of these conditions are met in A#ta species is the hard-wired ant equivalent of “increased
social control,” cited by Peregrine (chapter 2, this volume), as one of the consistent com-
ponents of human agriculture.



Convergent Evolution of Agriculture in Humans and Ants 301

Agroecosystems

Like human agroecosystems, leaf-cutter agriculture provides a vast, reliable niche for
thousands of symbiotic organisms, including arthropods, mollusks, annelid worms, nema-
todes, and reptiles (Autuori 1942; Weber 1972; Waller and Moser 1990; Schultz and
McGlynn 2000). In the beetles (Coleoptera) alone, 411 species belonging to 25 families
have been recorded from leaf-cutter nests (Navarette-Heredia 2001). Some species of
non-leaf-cutting higher- and lower-attine ants are attacked by “agro-predatory” ants in the
distantly related genera Megalomyrmex (subfamily Myrmicinae) and Gnamptogenys (sub-
amily Ectatomminae), which raid nests and consume both fungi and brood. In contrast,
the semi-mutualistic Megalomyrmex symmetochus cohabits with non-leaf-cutting higher-
attine ant hosts for many years as a social parasite, consuming resources but not at the
expense of host reproduction and even protecting the host from Gnamptogenys raids
(Adams et al. 2000b, 2013; Dijkstra and Boomsma 2003; chapter 8, this volume).

The gardens of leaf-cutter ants host an unknown but large number of bacterial species,
including nitrogen-fixing bacteria (Pinto-Tomads et al. 2009; Aylward et al. 2012) and a
cohort of three bacterial genera that consistently occurs in the gardens of fungus-farming
ants, beetles, and termites (Aylward, Currie, and Suen 2012; Aylward et al. 2014; Barcoto
et al. 2020). They also host hundreds of fungal species (Little and Currie 2007; Pagnocca
et al. 2008; Rodrigues et al. 2008, 2013; Mendes et al. 2012; Pagnocca, Masiulionis, and
Rodrigues 2012), including the consistently occurring mycoparasitic genera Escovopsis
and Escovopsioides (Ascomycota: Hypocreales), which have co-diversified with attine-
ant-associated fungi since the beginning of attine-ant agriculture (Currie et al. 2003;
Gerardo, Mueller, and Currie 2006; Augustin et al. 2013; Meirelles 2015a; Meirelles et al.
2015b; Osti and Rodrigues 2018; chapter 11, this volume).

Conclusion

As pointed out by McGhee (chapter 1, this volume), the most likely reason for evolution-
ary convergence of human and insect agricultural symbioses is functional constraint:
agricultural systems are bound to share similar elements because there is a limited number
of ways to solve the problem of growing your own food. This chapter has summarized
the many similarities as well as the obvious differences between human and fungus-
farming ant agriculture. Here I will point out five broad similarities that are likely due to
evolutionary convergence.

1. The ancestors of both human and ant agriculturalists lived in social groups that
obtained nourishment through central-place hunting-gathering. They altered their local
environments through niche construction/ecological engineering, creating reliable ecosys-
tems for and coevolving with preadapted plants and animals. At some point they added
incidental cultivation to their repertoires of mixed food acquisition. Central-place hunting-
gathering is an ancestral trait in ants, most ants are premiere ecological engineers, and
incidental fungal cultivation may be present in the close relatives of fungus-farming ants
in the genera Wasmannia and Blepharidatta.

2. At some point a commitment to cultivation occurred in both human and ant agricul-
turalists. It occurred at the origin of fungus-farming ants, probably due to the reliability
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of “stored” surplus in the form of fungus gardens rather than to superior productivity rela-
tive to hunting-gathering because fungus-farming ants continue to forage for garden
substrate and their colonies have lower overall metabolic rates than those of equivalently
sized hunting-gathering ant colonies. It is likely that commitment to agriculture occurred
in human cultural evolution for similar reasons—namely, because of the environmental-
buffering effect of stored surpluses and in spite of the longer-term positive feedback loop
between increasing reliance on stored surpluses, population growth, and initial adverse
effects on human health.

3. Human and ant cultivars became domesticated. Higher-attine fungi are genetically and
phenotypically modified, polyploid, and more productive than lower-attine fungi. They have
diversified into multiple species, and their wild ancestor is likely extinct. Higher-attine ant
colonies have higher overall metabolic rates than those of equivalently sized hunting-gathering
ant colonies. Most human domesticates are more productive than, and are essentially separate
species from, their wild progenitors, most are polyploid, and some are arguably, along with
their human farmers, the most successful species on planet Earth.

4. Both human and ant agriculture have produced large, complex societies with unprec-
edented levels of division of labor and social complexity. Colonies of leaf-cutting Atta
species are among the most highly eusocial of all organisms, possessing a range of physical
castes unparalleled among social insects and having evolved a suite of biological traits
that together reduce conflicts of interest among colony members and bind them and their
resident fungal clone into a cohesive superorganism (chapter 5, this volume). Holldobler
and Wilson (2010) refer to this extreme social cohesion as “civilization by instinct.”

5. Human and ant agriculture have produced agroecosystems consisting of hundreds or
thousands of species of animals, plants, fungi, and bacteria. In both systems, in addition
to farmers and cultivars, large numbers of species have come to rely on the huge, predict-
able niches produced by agriculture, including many species that have coevolved with the
farmers and cultivars. Because some of them feed on or compete with their cultivars,
farmers have evolved methods for controlling these “parasites”; some of these methods
involve promoting the growth of predators/pathogens of the parasites.

If these similarities are due to evolutionarily convergent solutions to shared ecological
problems, then it is very likely that, via a process of reciprocal illumination, we can dis-
cover the set of shared evolutionary and ecological rules that have produced and that
govern both human and ant agriculture (Schultz et al. 2005). A similarly comparative study
of convergence in strictly human agricultural evolution is underway due to a renaissance
in synthesizing and analyzing new knowledge from archaeology, genomics, archaeoge-
nomics, and population genetics (Allaby, Fuller, and Brown 2008; Fuller et al. 2014;
Larson et al. 2014; chapter 10, this volume). Perhaps knowledge gained in that endeavor
can inform the search for similar patterns in the comparative population genetics and
genomics of higher-attine fungi, lower-attine fungi, and free-living leucoprineaceous
fungi. During their evolution from wild progenitors to human domesticates, our plant and
animal symbionts traveled down fragmented temporal and spatial population-genetic path-
ways that, in spite of their complexity, produced convergent phenotypic traits and genomic
architectures. Did similar patterns of population-genetic evolution produce ant-cultivated
domesticated fungi? Although the vastly greater time spans involved could make answer-
ing this question challenging, there are many extant species of lower-attine and higher-
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attine fungi cultivated by many extant species of ants that provide dozens of comparative
microcosms for exploring population-level ant-fungus agricultural evolution, including
domestication, which may be in progress in a number of extant systems (Gerardo et al.
2004; Mehdiabadi, Hughes, and Mueller 2006, Mehdiabadi et al. 2012).

Boomsma (chapter 5, this volume) points out a fundamental difference between human
and leaf-cutter agriculture: the latter requires a lifetime “matrimonial” commitment
between the ant colony and its single clonal fungal cultivar in order to ameliorate potential
conflicts of interest between them. Humans, in contrast, retain the ability to recruit new
cultivar strains or species, whereas their cultivars, which are obligately dependent on them,
are under the asymmetrical control of their human farmers. Although this may be true of
human agricultural symbioses in principle, during the past century humans have become
increasingly reliant on the large-scale cultivation of monocultures of genetically monotonous
strains of a very few plant and animal species (Harris 2012; US Department of Agriculture
2020a, 2020b). This increasing dependency is so far associated with only a few known
human genetic adaptations, none of which is fixed across all human populations, but that
seems unlikely to remain the case. As we contemplate the long-term future of the human
species, it might be useful to do so with a better understanding of the industrial-scale agri-
culture practiced by leaf-cutting ant species in the genus A#fa. Given current concerns about
preserving genetic diversity in our domesticates and about maintaining biodiversity in our
agroecosystems, how is it that, possibly for as many as 20 million years, leaf-cutting ants
have managed to sustainably propagate a single, possibly asexual, fungal species; manage
an ever-present, ever-evolving microfungal crop disease; manage a diverse array of other
macro- and micro-organismal parasites and commensals; and manage the trees and grasses
on which they forage for substrates in their local environments? In spite of considerable
research, the answers to these questions are not at all well understood and their implications
for human agriculture, if any, are almost entirely unexplored.
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Holmes, M. A., 241

Holocene, 187, 193-194, 287, 297

Homoptera, 144146, 149, 152. See also
Ant-Homoptera associations

Homo sapiens, 11, 27, 177, 286, 287

Honeydew, 144-146, 149-150, 152, 290

Hordeum vulgare, 182—183, 185-186, 189, 288,
292-293

Horizontal symbiont transmission, 64, 66, 78, 80—82,
90, 96-100, 116, 118, 129, 162, 169-170, 201,
284-285

Horntail. See Xiphydriidae

Horses, 282

House mouse. See Mice; Mus musculus; Mus
musculus domesticus

Howe, J., 78, 79

Hubbard, H. G., 117, 119

Hulcr, J., 110, 121, 122

Human technology, analysis of convergent evolution
of, 7

Hunter-gatherer, 11, 25-27, 228, 233-234, 289-290,
295, 298. See also Forager

Hydnophytum, 162

Hymenoptera, 8, 10, 27, 97, 106

Hypothenemus curtipennis, 107, 127

Iberomaurisian Complex, 230

ILPs. See Insulin-like peptides

Inbreeding depression, 69, 292

Inclusive fitness, 57, 63, 75, 258. See also Kin selection
Indocryphalus, 108, 122, 125
Indocryphalus pubipennis, 108, 126
Insulin-like peptides (ILPs), 269, 270
Intermediate economies, 177, 186, 194, 289
Internal transcribed spacer (ITS), 294

Inuit, 242, 245

Ipomoea batatas, 191, 193-194, 200

Ips, 120

Iran, 226

Iraq, 31, 226

Irish potato famine, 100, 213
Iso-convergent evolution, 25-26

Iterative evolution, 26

ITS. See Internal transcribed spacer

Janzen, D. H., 300

Japanese chestnuts, 197
Jennings, P., 55

Jesovnik, A., 44, 143-159, 296
Johnsongrass, 289

Jomon, 229, 232, 243-244
Jurado, S. B., 240

Jute, 199

Kaarikia abrahamsonii, 108, 118, 125
Kaifu, Y., 242

Kaneko, T., 112

Kato, M., 12
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Kava, 282

Kay, A., 299

Kerstes, N. A. G., 99

Kiers, E. T., 49

Kilmer, W. L., 56

King Solomon, 154

Kin selection, 44, 52-53, 62-66, 129, 300. See also
Inclusive fitness

Kodo millet. See Paspalum scrobiculatum

Kooij, P. W., 295

Korb, J., 89-104

Krall, L., 297

KT boundary, 153

Kubanek, J., 15

Kudzu. See Pueraria montana

Kuk Swamp, New Guinea, 193-194

Landscape domestication. See Niche construction

Languriinae, 109

Larsen, C. S., 234, 239

Lasius flavus, 145

Lasius fuliginosus, 145, 147, 150, 152, 153

Lateral symbiont transmission. See Horizontal
symbiont transmission

Leaf-cutting ants, 1, 11-12, 15-16, 18, 20-21,
23-24, 33-34, 44, 74-75, 77, 79, 116, 151-153,
212, 216, 281, 283-286, 296297, 299-303.
See also Acromyrmex; Amoimyrmex; Atta

Lebanon, 31

Lecanopteris, 162

Lee, A. S, 245

Leeks, A., 99

Leguminosae, 50-51, 63—64, 66, 183, 185, 195,
199-200, 211, 291

Lens culinaris, 183—-184, 187

Lentil. See Lens culinaris

Leonardoxa africana, 150

Lepiota, 283

Leucoagaricus, 283

Leucoagaricus gongylophorus, 11, 16, 80, 286, 295,
296

Leucocoprineae, 273, 283, 290, 293, 294-295, 298,
302

Leucocoprinus, 283

Levant, 225-227, 229-232, 235, 237-238, 241, 246,
248

Levin, B. R., 56

Levinton, J. S., 14

Lieberman, D. E., 242

Lifetime commitment, 7385, 100, 117, 303.
See also Symbiont fidelity

Limpet snail (Scutellastra spp.), 11-14, 20-21,
23-24, 26

Linseed, 211, 217

Linum usitatissimum, 183, 211, 217

Lipids, 111-112, 147, 263, 290

Littoraria, 22, 26

Littoraria irrorata, 11, 14, 15

Littorinidae, 8-9, 14, 27

Livestock, 1, 61, 66, 69-70, 73, 80, 188, 200, 257,
262, 292. See also Cattle; Horses; Oxen; Pigs

Lizard beetles. See Doubledaya bucculenta;
Languriinae

Lloyd, M. W., 296
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Lower-attine ant agriculture, 151, 290, 293-294,
298-300

Lucanidae, 109

Lycaena xanthoides, 147

Lycaenidae, 144, 146

Lycett, S. J., 7

Lymexylidae, 109

Macaranga, 146, 147

Machua. See Tropaeolum tuberosum

Macrotermes annandalei, 96

Macrotermes bellicosus, 64, 80, 90, 91, 92, 93, 94,
95,97, 98, 100

Macrotermes carbonarius, 96

Macrotermes gilvus, 96

Macrotermes muelleri, 96

Macrotermes natalensis, 74, 98, 99

Macrotermes subhyalinus, 95, 98

Macrotermitinae, 10-12, 15, 18, 20-21, 23-24, 26,
74, 89-104, 106, 167-170

Magnaporthe, 213

Magnaporthe oryzae, 212, 217

Maize. See Poales; Zea mays

Mandible, human, 227-229, 235, 237-238, 240,
242-244, 246

Mandible, insect, 145, 281

Mango, 197

Manihot, 289

Manihot esculenta, 191

Manioc, 191, 193, 289. See also Cassava manihot;
Manihot; Manihot esculenta

Martinez-Abadias, N., 242

Masticatory-functional hypothesis (MFH), 236-237,
242

May, H., 243

Mayers, C. G., 105-142

Mayr, E., 236

Mazella, L., 14

McGhee, G. R., 7-30, 45, 301

McKenna, K. Z., 245, 257-280

McQuaid, C. D., 13

Mealybugs. See Pseudococcidae

Mecopelmus, 121

Medicago sativa, 188, 189—-190

Medicago truncatula, 51

Mediterranean, 190, 194, 197, 231

Mediterranean seagrass. See Posidonia oceanica

Megalomyrmex symmetochus, 152, 301

Megaplatypus, 107

Meiklejohn, C., 244

Melamed, Y., 288

Melampsora lini, 211, 217

Melons, 178, 184, 288

Membracidae, 144

Menéndez, L. P., 225-256

Meredithiella, 125

Mesoamerica, 32-34, 188, 197, 287, 298. See also
Central America

Mesolithic, 229-232, 242

Mesoplatypus, 107

Mesopotamia, 33-34

MFH. See Masticatory-functional hypothesis

Mice, 64, 182, 288. See also Mus musculus; Mus
musculus domesticus
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Microascales, 107-108, 112, 117-119
Microbial consortia. See Microbiomes
Microbiomes, 54, 56-57, 116, 171, 243, 286
Microcorthylus, 107, 124
Microperus, 108, 123
Microtermes, 64
Microtermes lepidus, 95
Microtermes subhyalinus, 95
Microtermes toumodiensis, 96
Millet, 185, 188, 190, 213, 292, 296. See also
Brachiaria deflexa; Digitaria exilis, Digitaria
iburua; Paspalum scrobiculatum; Pennisetum
glaucum
Mitochondria, 61, 63—64, 66, 76, 82. See also
Cytoplasmic genes
Mitosomac, 107
Mixed food-acquisition strategies. See Intermediate
economies
Mollusca, 8-9, 13, 20-21, 27, 45, 301
Monarthrum, 107, 117, 122
Monarthrum bicallosum, 107, 122, 124
Monoculture, 50, 64, 70, 101, 149, 151,
153, 169-171, 191, 201, 210, 212, 219, 303.
See also Clonal propagation; Vegetative
propagation
Monogamy. See Lifetime commitment
Morphospace, 259, 262
Mouse. See Mice
Mueller, U. G., 10, 49, 50, 57, 177, 299
Muir, W. M., 67, 68
Mullerian bodies, 147
Musa, 194. See also Banana
Mus musculus, 182
Mus musculus domesticus, 182
Mutualism, 2, 10-16, 61-64, 69-70, 73, 76-82,
96-97, 105, 109, 114-115, 126, 143-147, 150,
161-164, 178, 189, 200, 213-214, 282, 286, 299,
301. See also Symbiosis
defined, 282
Mycangia
coxal mycangia, 124
cranial sphere mycangia, 121
dual preoral pocket mycangia, 121-123
elytral notch mycangia, 123
fin-type pleural mycangia, 126
genal brush mycangia, 127
horseshoe pleural cavity mycangia, 125-126
mesonotal pouch mycangia, 123-124
mycangium cycle, 113-115
nonglandular mycangia, 121, 127
pleural cavity mycangia, 125-126
pro-mesonotal mycangia, 123
pronotal mycangia, 120-121, 126
prothoracic tube mycangia, 124—125
pseudomycangia, 127
setose patch mycangia, 126-127
single oral pocket mycangia, 124
understudied mycangia, 127-128
Mycetophylax asper, 284
Mycosphaerella, 11, 15
Mycosphaerella graminicola, 211
Myoplatypus, 107
Myrmecodia, 147, 162, 169
Myrmecodia tuberosa, 163
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Myrmecopterula, 283
Myrmecotrophy, 148
Myrmelachista schumanni, 149
Myrmicinae, 10, 106, 144, 282, 301

Nadel, D., 288

Nakashima, T., 120

Nassaney, M. S., 234

Nassariidae, 9, 14, 26

Natufian, 229

Natural selection, 2, 7, 18-19, 49-54, 55, 57, 73, 77,
81, 130, 185, 241, 258-259, 262, 272, 281,
291-293, 295-296

Nectaries. See Extrafloral nectaries (EFNs);
Post-anthetic nectaries

Neogastropoda, 8, 9, 27

Neolithic, 34, 185, 187, 198, 229-233, 241, 244,
2438, 298

Neolithic revolution, 32, 225

Neotrachyostus, 107

Neotropics, 146, 148, 151-152, 162-164, 215

Nereididae, 9, 14

Neutral theory of ecology, 258

Newell, S. Y., 14, 15, 22, 26

New Guinea, 32, 163-164, 169-170, 191, 193, 200,
225-226, 298, 301

Niche construction, 73, 90, 93, 100, 144, 199, 225,

282, 286291, 293, 298, 301. See also Agriculture:

landscape modifications and
Nitrogen, 13-14, 51, 64, 66, 89, 95, 111, 147, 166,
171-172, 248, 301-302
Nomadic or migrating herdsman, 145, 152
North America, 32, 183, 188, 194-195, 231,
234-235, 239-240
Arkansas, 233
California, 147, 227, 232
Eastern North America, 225-226
Georgia, 227, 231-234, 239
Illinois, 226-227, 232-234
Illinois Valley, 233
Louisiana, 233
Mississippi Valley, 32, 227, 232-234
Ohio, 226-227, 248
Ohio Valley, 227, 231-232, 234
South Dakota, 242
Southern North America, 233
Western and southern North America, 226
Notoplatypus, 107
Nuclear genes, 51-52
Nunberg, M., 109, 126, 127

Oats, 188-190, 216. See also Avena abyssinica;
Avena byzantina; Avena chinensis; Avena sativa;
Avena strigosa

Oca. See Oxalis tuberosa

Odontomachus, 148

Odontotermes, 96, 98, 99

Odontotermes formosanus, 11

Onion. See Allium

On the Origin of Species, 7, 259, 275

Oomycetes, 209-212, 217

Ophiostoma novo-ulmi, 113

Ophiostomatales, 107-108, 112—113, 118-120

Ophiostoma ulmi, 113
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Ortiz-Santiago, V., 15

Oryza sativa, 49-50, 52, 55-56, 61, 178, 181-186,
189, 212-213, 215-217, 232, 235, 289, 291-293

Osteoarthritis, human, 234

Oti Keran National Park (Togo), 95

Oxalis tuberosa, 194

Oxen, 282

Oxoplatypus, 107

Oxoplatypus quadridentatus, 122

Oyhenart, E. E., 240

Pachycondyla, 148

Palau, 195

Paleolithic, 34, 230, 241-242, 287, 289

Paleotropics, 146, 148

Papua New Guinea. See New Guinea

Parabiosis, 162

Parasitic domesticoids, 177, 181-182, 190, 195

Parasitism, 2, 10, 12-13, 15-16, 18, 96, 115116,
143-144, 146, 152-153, 161, 177, 181-182, 195,
209-210, 282, 286, 301-303. See also Agriculture:
diseases of; Parasitic domesticoids; Pests, pest
control; Symbiosis; Weeds, weeding

Paspalum scrobiculatum, 188, 190

Pastoralist, 228

Patella [=Scutellastra) longicosta, 13

Patellogastropoda, 8-9, 27

Pathogens (non-agricultural), 22, 38, 53-54, 101,
113, 147, 298, 302. See also Agriculture: diseases
of; Pests, pest control; Weeds, weeding

Pea. See Pisum sativum

Peach. See Amygdalus persicus

Pearl millet. See Pennisetum glaucum

Pei, A., 245

Peled, N, 243

Peng, S., 56

Pennisetum glaucum, 185, 292, 296

Peregrine, P. N., 1-4, 31-46, 300

Pereioplatypus, 107

Perez, S. 1., 244

Periwinkle snails (Littoraria spp.), 11-15, 20-21,
23-24, 26

Peroplatypus, 107

Perry, G. H., 245

Pests, pest control, 10-13, 15-16, 22, 35, 42, 52, 54,
55, 68-69, 143, 151, 153, 167, 172, 201, 283, 287,
298. See also Agriculture: diseases of; Weeds,
weeding

Petalomyrmex-Leonardoxa system, 151

Petalomyrmex phylax, 150

Phaerosphaeria, 11, 15

Phakopsora pachyrhizi, 210, 211

Pheidole, 148

Pheidole bicornis, 162

Phialophoropsis, 108, 126

Philidris, 81, 147

Philidris cordata, 162

Philidris nagasau, 148, 153, 163-172

Philodendron sp., 163

Phloeoborus, 107, 122, 127

Phloeoborus cft. niger, 111

Phoenix dactylifera, 198

Photosynthesis, 50, 52, 67, 153, 171, 282

Phytophthora infestans, 211, 213, 216
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Pigs, 264-267, 291

Pinhasi, R., 243, 244

Piper, 162

Pisum sativum, 183—184

Pityoborus, 127

Plaganyi, E. E., 13

Plant-farming ants, 146-149, 161-174

Platynereis, 26

Platynereis dumerilii, 11, 14

Platyphysus, 107

Platypodinae, 105, 107, 109, 117-118, 120-121, 124,
127-128

Platypodini, 121, 130

Platypus, 107, 120

Platypus cylindrus, 122

Pleomorphism. See Developmental plasticity;
Dimorphism, fungi; Sexual dimorphism, human

Poales, 42. See also Zea mays

Pokhojaev, A., 243

Polychaeta, 8-9, 11-12, 14, 20-21, 23-24,
26-27

Polymorphism. See Developmental plasticity;
Dimorphism, fungi; Sexual dimorphism, human

Polyneoptera, 8, 10, 27

Polynesia, 194-195, 200. See also Fiji

Polyploidy, 79, 151, 283, 295, 297, 302

Polysiphonia sp. 1, 11, 12

Porodic hyperostosis, 32

Posidonia oceanica, 14

Post-anthetic nectaries, 164—165. See also Extrafloral
nectaries (EFNs)

Potato. See Solanum tuberosum

Pre-domestication cultivation. See Cultivation:
pre-domestication (humans); Intermediate
economies

Premnobius, 108

Premnobius cavipennis, 111, 118, 122, 123

Protein, 1, 75-76, 89, 112, 144, 147, 152, 239-240,
245-246, 270-271, 273, 290, 296. See also
Amino acids

Proto-agriculture. See Agriculture: proto-agriculture
(ants)

Protohylastes, 121

Protoplatypus, 121

Protostomia, 9, 12—-13, 15, 17-18, 20-21

Pseudacanthotermes militaris, 95, 96

Pseudo-cereals, 188

Pseudococcidae, 145-147

Pseudomyrmex, 146

Pseudomyrmex peperi, 147

Pseudomyrmex triplarinus, 149

Pseudonocardia, 16, 53, 286

Psyllidae, 144

Pterocyclon bicallosum, 124

Pterulaceae, 151, 170, 283, 294

Pucciarelli, H. M., 230, 240, 241

Puccinia, 210, 211

Pueraria lobata, 195

Pueraria montana, 195

Pumpkin. See Cucumis humifructus; Cucurbita
pepo

Pyricularia graminis-tritici, 211, 213, 216

Pyricularia oryzae, 212, 213, 215, 217

Pyricularia spp., 213
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Qin, L., 289
Quantitative traits, 217, 269
Quseir al-Qadim (Egypt), 194

Raffaelea, 111, 113, 117, 118, 119, 121, 122, 123,
125, 128

Raffaelea cf. canadensis, 108

Raffaelea scolytidis, 107

Raffaelea sensu lato, 108

Raffaelea sulphurea, 107, 108

Raj, S. M., 245

Ralfsia verrucosa, 11, 13

Ramirez-Rozzi, F., 230, 241, 242

Rampelli, S., 243

Rat. See Rattus norvegicus

Rattus norvegicus, 270, 271

Reaction norms, 269-272

Red clover. See Trifolium pratense var. sativa

Red jungle fowl. See Gallus gallus

Reindeer, 52

Remansus mutabilis, 108

Retro-convergent evolution, 25, 27

Rhizobia, 51, 57, 63-64, 66

Rhizoctonia solani, 210, 212

Riccillo, F. L., 240

Rice. See Oryza sativa

Riodinidae, 144, 146

Roeper, R. A, 117

Rose, J. C., 234

Rosendahl, S., 98

Rouland-Lefevre, C., 98

Rubiaceae, 148-149, 162163

Ruderal, 181, 189-190

Rudinsky, J. A., 114, 116

Ruff, C. B., 234, 239, 241

Rye. See Secale cereale

Saccharum officinarum, 194, 195, 200

Sachs, J. L., 57

Sahel. See Africa: Sub-Saharan Africa

Saint-Hilaire, G., 257

Santos, J. C., 299

Sarcopterygii, 8, 27

Sardi, M., 242

Sardi, M. L., 230, 234, 241

Sarig, R., 243

Sauer, C. O., 200

Sauromatum nubicum, 195

Schedl, W., 110, 124

Schedlarius, 121

Schiett, M., 78, 79, 295

Schlamp, F., 245

Schneider, 1., 114, 116

Schnorr, S. L., 243

Schultz, T. R., 1-4, 10, 44, 49, 50, 143-159, 177,
281-313

Scolytinae, 10, 105, 107-108, 118-119, 125-126

Scolytini, 127

Scolytodes culcitatus, 107, 127

Scolytodes unipunctatus, 107, 127, 128

Scolytoplatypodini, 108, 126

Scolytoplatypus, 108-109, 122

Scolytotarsus, 121

Scolytus ventralis, 120
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Scutellastra chapmani, 13
Scutellastra cochlear, 13
Scutellastra flexuosa, 13
Scutellastra laticostra, 13
Scutellastra longicosta, 11, 13
Scutellastra mexicana, 13
Scutellastridae, 9, 13, 26
Seal, J. N., 299
Sebright, J., 259
Secale cereale, 188, 190, 298
Segetal, 181, 189-190
Sella-Tunis, T., 243
Sericomyrmex amabilis, 152
Setaria italica, 185
Sexual dimorphism, human, 229-230, 232, 234-235,
239, 244, 246
Sexual selection, 36, 258
Shade avoidance syndrome, 68
Shaw, P., 243
Shik, J. Z., 299
Ship-timber beetles. See Lymexylidae
Sieg, R. D., 15
Silkworm, 282
Sillen, A., 241, 244
Silliman, B. R., 14, 15, 22, 26
Silphidae, 109
Siricidae, 109
Sitophilus granarius, 182
Sitophilus oryzae, 182
Six, D. L., 10, 49, 50, 110, 177
Skeleton, human, 225-256
long bones, 227-228, 233
postcranial, 232-235
skull, 227-228, 236-237, 240-243, 246-247
Slime molds, 210
Smith, P., 241, 244
Snails, 171, 210, 257. See also Bullia; Bullia
digitalis; Littoraria; Littoraria irrorata;
Littorinidae; Platynereis; Platynereis dumerili;
Scutellastra chapmani; Scutellastra cochlear,
Scutellastra flexuosa; Scutellastra laticostra;
Scutellastra longicosta; Scutellastra mexicana;
Scutellastridae
Snir, A., 288
Social control, correlated with agriculture, 41, 43-45,
300
Solanum tuberosum, 42, 100, 191, 193194, 211,
213,216
Sorghum. See Sorghum bicolor
Sorghum bicolor, 182, 183, 189, 287, 289, 298
Sosa-Calvo, J., 296
South America, 188, 194, 213, 230, 232, 235,
239-240, 242, 244, 281-283, 290, 296, 299
Amazon, 81, 149, 170, 288, 298
Andes, 32
Andes, Argentinean, 227
Andes, Central, 33, 194, 226
Andes, Chilean, 227
Andes, Ecuadorian, 227
Andes, Peruvian, 194, 226-227
Andes, southern, 230, 234, 237
Argentina, 230, 232, 234
Brazil, 147, 213
Casma Valley, Peru, 194

Index

Chilca Canyon, Peru, 194
Chile, 232
Eastern South America, 298
Ecuador, 194, 231-232
Paloma, Peru, 231-232, 234
Peruvian Andes, 194, 226
Western South America, 225
Soybeans, 51, 178, 184, 211
Spartina alternifora, 15
Spathidicerus, 107
Sperm competition, 75-76, 81, 300
Spiralia, 9, 12-13, 20-21
Sporothrix schenkii, 113
Spurway, H., 272
Squamellaria, 81, 148, 149, 163, 164, 165, 166, 168
Squamellaria imberbis, 165, 171
Squamellaria major, 163
Squamellaria thekii, 163
Squamellaria wilsonii, 165, 171
Squash, 42, 288, 298
Stegastes nigricans, 8, 11-13, 18, 20-21, 23-24, 26,
70, 161
Stelinski, L. L., 110, 121, 122
Sternberg, M., 288
Stock, J. T., 245
Stomaphis quercus, 145
Strawberry. See Fragraria
Streptomyces, 282, 286
“Subdivided cows” (leaf-cutter ant colonies), 44,
151-152, 300
Sucking louse. See Haematopinus suis
Sueus, 108, 128
Sugarcane. See Saccharum officinarum
Superorganisms, 1, 75, 77, 151, 297, 300, 302
Sustainable agriculture, 49-50, 153-154, 166-167,
172, 303
Suwa, G., 244
Sweet potato. See Ipomoea batatas
Swenson, W., 56
Symbiont fidelity, 119, 215, 285. See also Lifetime
commitment
Symbiosis, 10, 12, 51, 66, 73-74, 78-79, 83, 89-90,
93, 99-100, 105106, 116, 120, 126, 128-130,
144, 148-151, 162-165, 181, 198, 281-282, 286,
291, 294, 298. See also Agriculture: as a form of
symbiosis; Agriculture: commensal organisms of;
Agriculture: diseases of; Commensalism;
Mutualism; Parabiosis; Parasitic domesticoids;
Parasitism; Pests, pest control; Weeds, weeding
defined, 282
Sympatric speciation, 292
Syria, 31

Tacca leontopetaloides, 195

Taforalt site, Algeria, 230

Taro. See Colocasia esculenta

Task specialization. See Agriculture: division of labor
and

Taurodemus, 108

Taveuni. See Fiji

Teeth, human, 32, 227, 231-232, 235, 237-238, 242,
244, 246-247

Telford, M. J., 17

Teloplatypus, 107
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Temporomandibular joint (TMJ), 229

Terminal Eocene Event, 296

Termites, 75, 79, 290. See also Fungus-growing
termites; Macrotermitinae

Termitomyces, 11, 15, 16, 78, 79, 81, 89, 90, 97, 99,
100

Terra preta, 288, 298

Tetraponera aethiops, 147

Thawornwattana, Y., 17

TMJ. See Temporomandibular joint

Tobacco, 282

TOCs. See Tragedies of the commons

Tomato, 211, 216, 288

Tomicus, 120

Toshionella, 108, 126

Trachymyrmex septentrionalis, 284

Trachyostus, 107

Tragedies of the commons (TOCs), 61, 67-70, 75-76

Trapa natans, 178, 183

Treptoplatypus, 107

Trifolium pratense var. sativa, 188

Triozastus, 107

Triticum dicoccon, 183

Triticum monococcum, 183

Triticum timopheevi, 183

Tropaeolum tuberosum, 194

Trypodendron, 108, 112, 113, 117, 122, 125, 126

Trypodendron betulae, 111

Tudge, C., 289

Turkey, 31

Ule, Ernst, 162

Ulluco. See Ullucus tuberosus

Ullucus tuberosus, 194

Ultrasociality, 297

Ulva, 14

Unconscious selection, 61, 182—-183, 191-192, 200,
213, 288

Ustilago maydis, 212

Ustilago spp., 210

Vachellia, 162

Van Gerven, D. P., 236, 244

Vanua Levu. See Fiji

Vavilov, N. 1., 188

Vegecultural pathway to domestication.
See Domestication: pathway to, vegetative

Vegetative propagation, 181, 189, 191-197, 199-201,
272-273, 289. See also Clonal propagation;
Domestication: pathway to, vegetative;
Monoculture

Vertical symbiont transmission, 63—64, 78-82, 90,
96-100, 108, 128-129, 150-151, 169-170, 210,
283,294

Vicia faba, 183

Vicia sativa, 188—190

Virk, P., 56

Wasmannia, 290, 301

Watanabe, K., 12

Water chestnuts. See Trapa natans

Weeds, weeding, 10, 12, 13-16, 18, 22, 35, 42, 44,
53, 63,70, 114, 116-117, 147, 151-153, 161,
167-168, 178-182, 187-191, 195, 199, 201, 213,
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286, 288-290, 298. See also Agriculture: diseases
of; Pests, pest control

Weevils. See Curculionidae; Sitophilus granarius;
Sitophilus oryzae

Weismann, A., 257

Wells, J. C., 245

West, S. A., 49, 99

Wheat, 55, 182-183, 185-187, 211, 213, 216, 288,
291-293, 297. See also Triticum dicoccon;
Triticum monococcum;, Triticum timopheevi

Wheeler, W. M., 75, 77

Whelk snail. See Bullia digitalis

Willey, D., 15

Wilson, D. S., 56

Wilson, E. O., 300, 302

Wolfe, K., 15

Wolff’s law, 237-239, 242, 247

Wolfgangiella, 108

Woltereck, R., 269

Woo, J. Y., 110

Woodin, S. A., 14

Wood wasp. See Siricidae

Wright, S., 18

Xing, D., 56

Xiphydriidae, 109

Xyleborini, 10, 108, 117, 122-123, 167, 169-170
Xyleborinus, 108, 117, 122
Xyleborinus attenuatus, 123
Xyleborinus gracilis, 123

Xyleborinus saxesenii, 111, 123
Xyleborinus schreineri, 123
Xyleborinus sentosus, 123

Xyleborus, 108, 117, 122
Xylosandrus, 108, 111, 114, 117, 122
Xylosandrus amputatus, 111
Xylosandrus compactus, 106
Xylosandrus germanus, 111, 112
Xyloterini, 108, 117, 122, 125-126
Xyloterinus politus, 108, 111, 122, 125

Yams (Dioscorea spp.), 191, 193, 289, 296

Yayoi, 229, 232

Yeast agriculture, fungus-farming ants, 283-285,
293-295, 297

Yeasts, 116, 282. See also Chaetothyriales (black
yeasts); Yeast agriculture, fungus-farming ants;
Yeasts, “yeast-like” growth, ambrosia beetles

Yeasts, “yeast-like” growth, ambrosia beetles, 113,
115, 123

Y’Edynak, G., 238, 244

Younger Dryas, 287

Yuan, W., 56

Zea mays, 32,42, 55, 68, 182, 185, 211-212, 240,
261, 291-292, 298

Zhao, Z., 289

Zheng, Y., 289

Zingiber officinale, 191

Zoonotic diseases, 219

Zupo, V., 14

Zymoseptoria tritici, 211
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