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Abstract

Evolution has been viewed as occurring primarily through selection among
individuals. We present a framework based on multilevel selection for evalu-
ating evolutionary change from individuals to communities, with supporting
empirical evidence. Essential to this evaluation is the role that interspecific
indirect genetic effects play in shaping community organization, in gener-
ating variation among community phenotypes, and in creating community
heritability. If communities vary in phenotype, and those phenotypes are her-
itable and subject to selection at multiple levels, then a community view of
evolution must be merged with mainstream evolutionary theory. Rapid en-
vironmental change during the Anthropocene will require a better under-
standing of these evolutionary processes, especially selection acting at the
community level, which has the potential to eliminate whole communities
while favoring others.

587


mailto:Thomas.Whitham@nau.edu
https://doi.org/10.1146/annurev-ecolsys-011720-123655
https://www.annualreviews.org/doi/full/10.1146/annurev-ecolsys-011720-123655

Annu. Rev. Ecol. Evol. Syst. 2020.51:587-612. Downloaded from www.annualreviews.org

by thomas.whitham@nau.edu on 11/06/20. For personal use only.

Individual selection:
differential survival
and/or proliferation of
individuals

Community:

an association of
interacting species that
lives in a particular
area; not to be
confused with an
assemblage of species
that does not
necessarily require
interspecific indirect
genetic effects (IIGEs)
that have fitness
consequences

Coevolution:
reciprocal evolutionary
change in interacting
species

Diffuse coevolution:
the evolutionary
responses of individual
species to complexes of
species with which
they are interacting

Neutral theory:
population and
community change
arise only through
ecological drift,
stochastic but limited
dispersal, and random
speciation, and all
individuals within a
trophic level have the
same chances of
reproduction and
death regardless of the
species identity;
neutrality is defined as
per capita ecological
equivalence among all
individuals of every
species in a given
trophically defined

community
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1. INTRODUCTION

Williams (1966, p. 5) asserted that selection acts most effectively, if not exclusively, at the individual
level. He argued that “[i]n explaining adaptation, one should assume the adequacy of the simplest
form of natural selection, that of alternative alleles in Mendelian populations, unless the evidence
clearly shows that this theory does not suffice.” Williams’s thesis was greeted with certainty by
most behavioral, ecological, and evolutionary biologists, a consensus that largely persists today.
Individual selection theory was also widely accepted in studies of community organization. Trait
evolution in considerations of pairwise or multispecies interactions (e.g., coevolution, diffuse co-
evolution, evolutionary hot and cold spots; Ehrlich & Raven 1964, Janzen 1980, Levin et al. 1990,
Thompson 1994) is explained in terms of selection acting on individuals via interactions imposed
by individuals of other species. Selection acting at the individual level also allows ecological com-
munities to be viewed as assemblages of interchangeable units, in the sense that either they repre-
sent random associations of populations (i.e., neutral theory; Hubbell 2001) or individual species
are functionally equivalent in how they contribute to ecosystem function (Hubbell 2005). These
species may sort themselves into operationally indistinguishable units in which local communities
have little to contribute to our understanding of ecology and evolution (Ricklefs 2008). Indeed,
most biologists accept that selection occurs only at the individual level and that no components
of fitness exist at higher levels (but see Sections 2.2 and 2.3 on group selection and community
selection, respectively).

We argue that to understand the evolution of complex communities it is necessary to in-
voke the existence of a more elaborate system by which phenotypes are expressed, the ways in
which genetic elements are transmitted, how fitness is measured, and how each of these elements
changes over time. This greater complexity is supported by agricultural literature (Robertson
1957, Griffing 1967, Falconer & McKay 1996, Simmonds 1996, Wade et al. 2010) and by em-
pirical studies of group and higher levels of selection by Wade (1977, 2016), Wilson (1975, 1983),
and Goodnight (1990a,b; 1995; 2000), which have expanded into the field of community genetics
(Antonovics 1992). This combined framework has led to studies of the genetic interactions that
occur within and among species to yield complex communities (e.g., Whitham et al. 2003, 2006,
2008; Neuhauser et al. 2003; Shuster et al. 2006; Allan et al. 2012; Crutsinger 2016; Weber et al.
2017; terHorst et al. 2018).

The distinctions among these alternative hypotheses of community organization (random asso-
ciations of populations, assemblages of interchangeable units, or genetically interconnected com-
plex communities) are important for both basic and applied reasons. Knowing how communities
are organized is fundamental to understanding the principles of community assembly and evolu-
tion, which in turn greatly affects their management, especially in times of great challenges such as
climate change. Figure 1 shows an increasingly common example of stand-level habitat loss due
to record drought (Williams et al. 2020). Using this example, we ask whether selection operates on
individual trees, groups of conspecific trees, whole communities, or all three levels simultaneously.
The community and ecosystem consequences of this disturbance depend on the levels of selec-
tion involved and the genetics-based linkages among the many species that, in turn, depend on
this critical habitat type for their survival. For example, if communities are assemblages of inter-
changeable units, then the loss of one species is unlikely to cascade to affect whole communities
and ecosystems. In contrast, if communities consist of genetically linked assemblages of inter-
acting species, then losses of individual species, especially highly interactive species, are likely to
have much greater consequences for biodiversity and ecosystem stability. Here we experimentally
examine these possibilities.

Akey distinction between community and population genetics is that “community genetics rev-
olutionizes the way genes are functionally annotated, because the genes that cause a phenotype in
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Figure 1

Remains of a gallery riparian forest that was decimated by the megadrought in which most trees and shrubs died due to declining stream
flows and water table. Tree ring analyses indicate that the period 2000-2018 in the American Southwest was the second-worst drought
in 1,200 years (Williams et al. 2020). The opportunity for selection during such events can be very high and may operate at individual,
group, and community levels across this landscape. This forest provides critical habitat for many rare, sensitive, and endangered species
(LCR MSCP 2004). () Overview of the Bill Williams National Wildlife Refuge, Arizona, USA. (§) Inside view of a stand. Photo in
panel # by Hillary Cooper, 2017 (public domain), reproduced from Whitham et al. (2020). Photo in panel by Tom Whitham, 2017.

one species can reside in the genome of another” (Wade 2007, p. 186). Gilbert et al. (2012) extend
this perspective, asserting that the individual is a conceptual fallacy because plants and animals
intimately interact with symbiotic microorganisms that are essential to their survival. This view
suggests that because classical population genetics does not consider multispecies complexity, a
community genetics approach is necessary for understanding how selection influences the compo-
sition, structure, and evolution of communities. Statistical methods now exist for partitioning the
evolutionary effects of selection at multiple levels (Goodnight et al. 1992; Wade 1977, 1978, 2016).

Community genetics, like other multilevel selection frameworks, assumes that selection acts
simultaneously at molecular, genetic, individual, family, group, and higher levels of organization
(Wade 1985, Stevens et al. 1995, Wilson 1997, Whitham et al. 2003). Multilevel selection oc-
curs when relative fitness depends on the phenotype of the individual, as well as on the pheno-
types of the group(s) to which individuals belong (e.g., a plant—pollinator community or a plant—
mycorrhizal fungal community). Here we evaluate the concept of community evolution, which we
define as the outcome of selection operating at multiple levels that results in the differential sur-
vival and proliferation of communities. Thus, community evolution can be detected as a change
in the average community phenotype (i.e., the richness and abundance of species associated with
an individual organism; Whitham et al. 2003) through time. This concept differs from some uses
of the phrase “evolution in a community context” (cf. Rausher 1996, Strauss & Irwin 2004, Weber
et al. 2017, terHorst et al. 2018), which is based on individual-level selection, does not involve
multilevel selection, and is more equivalent to coevolution and diffuse evolution that operate at
lower levels (Levin et al. 1990, Thompson 1994; see Supplemental Appendix 1).
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Group selection:
covariance between
group phenotype and
group fitness allows
certain group
phenotypes to
propagate in
disproportionate
numbers

Community
selection: differential
survival and/or
reproduction of
communities

Community
genetics: the study of
the genetic
interactions that occur
among species and
their abiotic
environment in
complex communities
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Multlevel selection:
selection that occurs
when relative fitness
depends on the
properties of
individuals, as well as
on the properties of
the group(s) to which
individuals belong

Community
evolution: the
outcome of selection
operating at multiple
levels that results in
the differential survival
and proliferation of
communities and can
be detected as a
change in the average
community phenotype
in response to a
selection event
through time

Community
phenotype:

the richness and
abundance of species
associated with an
individual host
organism that result
from IIGEs; these can
be summarized using
multivariate statistics
as a univariate trait
that can be analyzed as
a quantitative trait

Evolution in a
community context:
evolution that occurs
in response to more
than one species
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Our emphasis on multilevel selection also separates our discussion from considerations of holo-
biont and associated hologenome theory (Zilber-Rosenberg & Rosenberg 2008), as well as from
its critics (Foster et al. 2017). This theory emphasizes the holobiome, usually a multicellular host
and its microbial symbionts, as the primary unit of selection (Bordenstein & Theis 2015), whereas
critics emphasize difficulties associated with the resolution of conflict between individual- and
higher-level selection, or the possibility that symbionts have evolutionary trajectories indepen-
dent of their hosts (Moran & Sloan 2015, Douglas & Werren 2016). When selection is presumed
at the outset to occur on multiple levels of biological organization, this debate is no longer rel-
evant because multilevel selection makes no a priori assumptions about the preeminence of one
level of selection over another, or the necessity that members of a community evolve as a unit
(Wade 2016, Roughgarden et al. 2017).

While individual and community approaches may appear to be mutually exclusive, evolution-
ary biologists have begun to consider that individual, group, and higher levels of selection exist as
a continuum. For organisms with few interactions with other species, classic ecology and popula-
tion genetics may suffice, but for other organisms with many complex interactions (e.g., species
of large community effects, such as a long-lived tree, a pathogen, or an invasive annual grass, that
affect associated communities), multilevel selection may be needed to understand the evolution-
ary process. Here, following a well-established causal framework (Darwin 1859, Lewontin 1970,
Lande & Arnold 1983, Falconer & McKay 1996, Wade 2016), we consider evolutionary change
at any organizational level as requiring three elements: (#) variation in phenotype among units,
(&) heritability underlying unit phenotypes, and (¢) selection acting among unit phenotypes, that is,
the differential survival and/or proliferation of units on the basis of phenotypic differences. Note
that phenotypic variation and heritability are considered separately because the existence of phe-
notypic variation does not mean that it is heritable, which must be demonstrated. We expand upon
this conceptual framework to illustrate how these processes may simultaneously operate at indi-
vidual, group, and community levels of organization, and we provide evidence of these processes
on the basis of experimental studies suggesting that intraspecific genetic variation and species in-
teractions contribute to community evolution. This framework provides testable hypotheses for
establishing the relative importance of each of these elements and how they contribute to evo-
lutionary change at each level of organization, allowing researchers to focus on the appropriate
levels for their particular system. The next section provides the theoretical framework for un-
derstanding multilevel selection, and the subsequent sections present empirical examples of how
multilevel selection is manifested in natural complex communities.

2. THE ELEMENTS OF EVOLUTIONARY CHANGE
2.1. Individuals

For evolution to occur at the individual level, variation must occur among individual phenotypes,
heritability must exist such that progeny inherit their parents’ traits, and selection upon individuals
must ensue whereby a covariance between individual phenotype and individual relative fitness
allows certain phenotypes to propagate in disproportionate numbers.

2.1.1. Variation. Phenotypic variation among individuals within populations arises from varia-
tion in individual genotype, the environment in which those individuals are reared, the interactions
between genotype and environment, and the interactions among individual phenotypes within the
population that affect phenotypic expression.

Whitham et al.
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2.1.2. Heritability. The inheritance of individual traits depends on genetic factors that underlie
phenotypic resemblance among related individuals (Falconer & McKay 1996). Heritability in the
broad sense, H?, equals the proportion of total phenotypic variation, V', that is due to variation
in genetic factors, V. Thus, H> = Vg/Vp, where Vp = Vg + Vi and Vi equals variation in
environmental influences on phenotype (assuming no gene—environment interactions, although
this and other genetic interactions can make additive effects context dependent). Heritability in
the narrow sense, 4°, equals the proportion of total genetic variation influencing a trait, Vg, that
is capable of producing a lasting response to selection. The latter component of variation is the
additive genetic variance underlying phenotypic traits, or V5. Thus, 5> = Vy/V5p.

2.1.3. Selection. Differential survival and/or proliferation of individuals is most readily de-
scribed by estimating the opportunity for selection, which, as Crow (1958) showed, compares
the average fitness of the entire population with that of the breeding parents, and simplifies
to the more familiar ratio of the variance in fitness to its squared average (Vy/W? = I). I mea-
sures the variance in relative fitness or the maximum change in phenotype that is possible due
to a single episode of selection. When traits affecting fitness can be identified, selection can be
defined as a covariance between phenotype and relative fitness, Cov[z, wji] (Price 1972), where
z equals phenotype, w equals the relative fitness, and the subscript ik identifies the value for the
kth individual bearing the jth phenotype in the ith population. Like hierarchical components of
variance, this covariance can be partitioned within and among the levels of biological organization
at which selection occurs. Relative fitness can be defined in terms of performance, but survivor-
ship and reproduction provide direct fitness measures. Relative fitness, w, equals absolute fitness,
a;, divided by the average fitness of all individuals in the population, W, or w = a;/W.

2.2. Groups of Conspecific Individuals

For evolution to occur at the group level, variation must occur in average group phenotype, heri-
tability must exist such that progeny groups inherit their parent groups’ traits, and selection must
ensue whereby a covariance between group phenotype and group fitness allows certain group phe-
notypes to propagate in disproportionate numbers. We include group selection because, despite
persistent skepticism, group components of variation, heritability, and fitness are now increas-
ingly recognized within multilevel selection models (Wade 2016). However, because we do not
specifically consider these elements of group selection within our empirical community studies,
we develop the conceptual framework for this section in Supplemental Appendix 2.

2.3. Communities of Interacting Species

For evolution to occur at the community level, variation must occur among community pheno-
types (V7z¢), heritability must exist such that progeny communities inherit their parent commu-
nities’ traits (H?¢), and selection among communities must ensue whereby a covariance between
community phenotype, Z¢, and community fitness, wc (= Cov[Zc, wc]), allows differential sur-
vival and reproduction of certain community phenotypes, resulting in community evolution. Note
that these definitions represent parameters specific to community-level processes and organiza-
tion (see also Supplemental Appendix 2). They do not simply represent the sum or average of
individual components of phenotypic variation, heritability, and selection, as explained below.

2.3.1. Variation. Consistent with multilevel selection frameworks (Whitham et al. 2003), all
factors that influence variation at the individual and group levels described above contribute to
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Broad sense: refers to
clonal heritability, or
the contribution of all
genetic factors
(additive, dominant,
epistatic) to the total
variance in phenotype;
H? is the broad-sense
heritability of a
traditional phenotype,
and H%¢ is the
broad-sense
heritability of a
community or
ecosystem phenotype

Narrow sense: refers
to sexual reproduction;
? equals the
proportion of total
phenotypic variation
influencing a trait that
has lasting response to
selection in sexually
reproducing organisms
(includes additive
genetic variation)
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Interspecific indirect
genetic effects
(IIGEs): interactions
among individuals in
one species that affect
trait expression and
fitness in another
species; note that
IIGEs are different
than indirect genetic
effects (IGEs) that are
restricted to
interactions among
conspecific individuals

Community genetic
correlations: changes
in the composition of
one community
among plant
genotypes that are
mirrored by changes
in the composition of
another community
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phenotypic variation at the community level. Within communities, genetics-based interactions
among individuals in one species can be responsible for changes in the expression of traits in
other associated species (cf. Wade 2007). These interspecific indirect genetic effects {IGEs) occur
because genetic variation underlying functional traits in a host species can influence the tendency
for individual genotypes in other species to associate actively with that host or to avoid that host
altogether. Such variation in the fitness of individuals in associated species causes selection to occur
within a community context (cf. Shuster et al. 2006, Allan et al. 2012) and leads to differences in
the numbers of individuals in different species that associate with particular host genotypes.

Although the influence of host genotype on community phenotype is clear, few studies have ex-
plored genetic variation or trait expression within associated species. However, some studies pro-
vide direct evidence that IIGEs drive particular host-symbiont associations. For example, Evans
etal. 2008) showed strong genetic differentiation among mite populations found on cottonwoods;
reciprocal transfer experiments confirmed that distinct mite lineages perform best on their na-
tal host genotype (see reviews by Mopper 1996 and Mopper et al. 2000). Gehring et al. (2017)
showed that mycorrhizal taxa associated with drought-tolerant and drought-resistant Pinus edulis
host trees belong to different fungal phyla. Lamit et al. (2015a) showed consistent and strong
community genetic correlations between canopy arthropod and leaf pathogen communities asso-
ciated with individual cottonwood genotypes. More than 60 studies reviewed by Whitham et al.
(2012) provide a critical test of the IIGE hypothesis (Shuster et al. 2006). Specifically, an observed,
significant association of particular arthropod communities with individual plant genotypes pro-
vides evidence that selection within a community context has occurred and that there was a strong
genetic component to community structure.

When the genotype of one species affects the fitness of another species but not the reverse, the
IIGE is unidirectional. Such interactions appear to occur when community members are associ-
ated with long-lived hosts such as lichens on trees (Lamit et al. 2015b). These relationships are
analogous to any other phenotype associated with the host organism (Johnson & Stinchcombe
2007). When the genotype of one species affects fitness and causes an associated change in the
genotypic frequency of another species, which in turn causes a change in fitness for the first
species (e.g., plant-mycorrhizal associations; Gehring et al. 2017), the IIGE is reciprocal. Such
interactions are more difficult to study because they are dynamic, but they more readily increase
the among-community component of the total variance in community phenotype compared with
unidirectional interactions.

Phenotypic plasticity in functional traits of organisms (e.g., plant phenology; Cooper et al.
2019) has the potential to affect community phenotypes due to environmental change and subse-
quent changes in species interactions among community members (Fordyce 2006). While some
community phenotypes are remarkably constant with environmental change (Keith et al. 2010),
others are more plastic (Stone et al. 2018). Thus, phenotypic plasticity in one or more organisms
within a community can create variation in community phenotypes.

Whereas descriptions of individual- and group-level variation can be understood by parti-
tioning the components of phenotypic variance arising at the individual and group levels (see
Supplemental Appendix 2), community phenotypes must instead be quantified in terms of the
abundances of each species that constitutes the community. This approach links community
genetics concepts with quantitative genetics methodology. Quantitative genetics allows the
cumulative influences of alleles of small effect to be summarized as a normally distributed
quantitative trait. In an analogous way, Whitham et al. 2003, 2006, 2012) have shown that the
abundances of species comprising communities on different genotypes of trees can be summarized
with nonmetric multidimensional scaling (NMDS) ordinations using the Bray—Curtis measure
for dissimilarity among pairs of community samples (Faith et al. 1987, Minchin 1987, Clarke
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1993). One-way analysis of variance (ANOVA) of univariate NMDS scores grouped by host tree
genotype captures the details of community organization as they are reflected in phenotypic
covariance among communities associated with genetically related host organisms (Shuster
et al. 2006, Whitham et al. 2006). We do not discuss the mechanisms of gene expression and
interaction in this review, but this is not necessary for the inheritance of the community-level
trait to be understood. Additional statistical methods for documenting species and community
coassociations exist (Lamit et al. 2015a, Lau et al. 2016).

2.3.2. Heritability. Goodnight (1990a,b, 2000; see also Williams & Lenton 2007) notes that
when interspecific interactions occur, genetically correlated traits between species are likely to
arise, allowing a lasting response to community-level selection in a way that does not exist when
selection acts on individuals alone. Goodnight (1990a, p. 1615) states that “if the interactions
among the members of the community are passed intact from the ‘parent’ community to the ‘off-
spring’ community the interaction will be heritable at the community level” (see also Goodnight
& Craig 1996).

Estimates of broad-sense community heritability, H>c (Shuster et al. 2006, Whitham et al.
2006), make use of the same statistical tools described above for documenting variation in
community phenotype, but these results are used in a novel way to document heritability at the
community level. To document community phenotype, NMDS provides a multivariate summary
of the numbers of associated species present on genetically distinct host plants. This same
statistical procedure collapses this variation into a unidimensional score that can be analyzed
using standard methods for estimating the heritability of quantitative traits (Falconer & McKay
1996). ANOVA of the univariate NMDS scores of species abundances on host tree clones, grown
in a common garden and grouped by genotype, identifies the fraction of total genetic variance
influencing the composition of ecological communities that are associated with particular host
organisms. This approach is identical to methods for identifying the broad-sense heritability of
quantitative traits (H2) (Becker 1985, Lynch & Walsh 1998). However, community heritability,
H?, is defined as “the contribution of all genetic factors influencing community phenotypic
variation: H?¢ = azamong genotype/ 0% oral” (Shuster et al. 2006, p. 993). This definition is appropriate
because all plant genotypes with their associated communities were represented by multiple
clones planted at random in common gardens (Whitham et al. 2003, 2006). Estimates of H*¢
also summarize the fitness consequences of genetically based interactions among individuals in
different species as a result of selection acting within a community context; thus, H2¢ captures the
“among-community fraction of the genetic variance affecting coevolving traits” (sensu Goodnight
& Craig 1996). Note that this use of the term coevolving is not confined to descriptions of the
evolutionary trajectories of pairs or even groups of species (sensu Ehrlich & Raven 1964) but
rather refers more generally to how trait expression in one species influences trait expression
and thus fitness in another species, that is, to IIGEs. Shuster et al. (2006, p. 993) further noted
that “in addition to providing a means for documenting the existence of IIGEs among species
within communities, estimates of H provide a statistical estimate of the phenotypic covariance
of communities on groups of related host organisms.” Stated differently, within estimates of Hc,
the observational components of community resemblance and the causal components of genetic
variance within and among communities are equivalent.

2.3.3. Selection. Whitham et al. (2003; after Price 1972, Goodnight et al. 1992) considered
multilevel selection by letting individual relative fitness, w, equal the combined effects of individ-
ual, group, and community components (i.e., multilevel selection). Here, the relative magnitude
and sign of selection acting at individual, group, and community levels were identified by the
partial regressions of relative fitness on individual, group, or community phenotype, respectively,

www.annualreviews.org o Community Evolution

Community
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tendency of related
individuals to support
similar communities
and ecosystem
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phenotypic covariance
of communities on
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Opportunity for
community
selection:

a quantitative
assessment of the
variance in the relative
fitness of communities;
when measured in
terms of the extinction
and proliferation of
foundation species
individuals, lcommunity
equals the variance in
community fitness
divided by its squared
average, or
VWcommunity/

I/Vz community

Foundation species:
a single species that
defines much of the
structure of a
community by
creating locally stable
conditions for other
species; other terms,
such as keystone
species, ecosystem
engineers, or dominant
species, have similar
meanings and overlap
in their definitions
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with the effects of each other level held constant. The values for the relative fitness of individuals,
groups, and communities, in turn, were multiplied by the values for individual phenotype, average
group phenotype, or average community phenotype to yield an expression that summarized total
selection for any trait identifiable across individual, group, and community levels. This aspect of
the multilevel approach is important because it offers an empirical answer to the widely held as-
sumption that among-group or among-community variation will always be smaller in magnitude
and similar in sign when compared with individual-level variation. The application of a contextual
approach allows partitioning of each level’s relative importance for total selection, which has been
applied to laboratory analyses of communities (Goodnight 1990a,b; Goodnight & Craig 1996).
Contextual analyses within species provides convincing evidence that family and group selection
are responsible for significant evolutionary change (Goodnight et al. 1992, Stevens et al. 1995; see
review in Wade 2016).

Although the multilevel selection approach identifies components of fitness that have arisen
over evolutionary time (see also Queller 2014), it does not specifically measure the differential ex-
tinction or proliferation of communities. Selection imposed on host organisms supporting com-
munities does produce this type of result and could be quantified in the same way, wherein a
particular host phenotype (e.g., phenology) correlates with a community’s ability to survive or re-
produce (Smith et al. 2015). Thus, the covariance between host phenotype, Zos, and its fitness
relative to other hosts, Whost, COV[Zphost,Whost), could serve as a proxy for community-level selec-
tion. Alternatively, community phenotype can be represented using multivariate statistics (Shuster
etal. 2006, Whitham et al. 2012). The covariance between a particular community phenotype, Zc,
and its fitness relative to other communities, wc, Cov[Z¢,wc], could provide a similar and per-
haps more accurate measure of community-level selection, particularly if communities are closely
associated with particular host species individuals (see Section 5.2.1, below).

When community phenotype is difficult to quantify, but differential survival and proliferation
can be measured, the opportunity for community selection provides an estimate of the maximum
change in community phenotype resulting from an episode of selection. Here, the variance in the
relative fitness of communities, measured in terms of the survival and proliferation of foundation
species individuals, equals the variance in community fitness divided by its squared average, or
Vi community/ w? community- 1f some measure of community fitness such as productivity is available,
where C,q and Veproq equal the average and variance in community productivity, respectively,
and where pgs and pg equal the proportions of surviving and extirpated communities, respectively
(ps + po = 1), then, following Wade & Shuster (2004), the total variance in fitness would consist
of two components, the average variance in community fitness within surviving communities,
evaluated as (ps)(Vcprod), plus the variance in the average community fitness that exists between
the surviving and the extirpated communities, evaluated as C*(po)(ps).

The following sections provide empirical examples that use the above conceptual framework.
In our evaluation of community evolution, we emphasize that a multilevel selection approach
assumes the existence of evolutionary processes occurring at individual, group, and community
levels. This approach does not assume the a priori predominance of any level. We consider these
processes to be more common than is currently appreciated, and when taken together at all levels,
they lead to the evolution of complex communities.

3. EVIDENCE OF PHENOTYPIC VARIATION AT THE
COMMUNITY LEVEL
3.1. Effects of Genetic Variation on Community Phenotype

The generation of variation in community phenotype is crucial for the evolutionary process be-
cause it provides variation for selection to act on whole communities. Among plants, variation in
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community phenotype is determined by intraspecific differences in many functional traits (e.g.,
phenology, growth, phytochemistry; see reviews in Whitham et al. 2012, Crutsinger 2016, Des
Roches et al. 2018). When all of these traits are combined, the differences among plant genotypes
can be so great that different genotypes have different community phenotypes supporting distinct
communities of organisms and ecosystem processes. For example, Whitham et al. (2012) found
that of 75 communities evaluated, 85% significantly differed in community composition among
genotypes of the focal plant species (28 genera from 15 plant families that included trees, shrubs,
forbs, and grasses). At a finer level, aboveground arthropod and plant communities responded
most strongly, with 94% and 89% significantly affected by plant genotype, respectively, while be-
lowground litter/soil invertebrates and microbial communities were significantly affected by plant
genotype in 75% of the studies. Organisms exhibiting significant community associations to indi-
vidual plant genotypes represented a wide range of interactions, including mutualism, parasitism,
commensalism, facilitation, and competition.

The genetic population structure of organisms can also influence variation in community phe-
notype. Genetically dissimilar plants of the same species support more distinct communities than
genetically similar plants (Bangert et al. 2006a,b; Zytynska et al. 2011, 2012). For example, in a
common garden, Barbour et al. (2009b) found that the greater the differences in quantitative traits
of phytochemistry and morphology were among eight races of Eucalyptus globulus, the greater the
differences were in their associated communities.

3.2. Strong Interactors Influence Community Phenotype

Since interactions among species are responsible for generating the variation in community phe-
notype for selection to act upon, here we review the various types of IIGEs that are likely to be
widespread and measurable in the field.

3.2.1. Foundation species.
impose IIGEs on other species and whole communities? Foundation species are prime candi-
dates. Ellison et al. (2005) concluded that dominant species, keystone species, ecosystem engi-

Which species are likely to have genetics-based interactions that

neers, and other strong interactors qualify as foundation species, which are defined as species
that create locally stable conditions for other species by modulating and stabilizing fundamental
ecosystem processes. Thus, IIGEs imposed by interacting foundation species, because of their
strong influence on associated species, disproportionately affect the expression of community

phenotypes.

3.2.2. Unidirectional interactions. If genetics-based interactions among species (i.e., IIGEs)
(Shuster et al. 2006, Allan et al. 2012) affect evolution at higher levels, interaction networks
are expected to reveal the underlying components of IIGEs. For example, in a common garden
experiment with coastal willow Salix hookeriana, Barbour et al. (2016) found that plant resistance
traits affected the abundances of four galling insect species, which in turn affected the abundances
of six insect parasitoids, such that willow genotypes differed by 73% in the average composition
of their trophic interactions. Simulations revealed that increasing plant genetic diversity from
1 to 26 different genotypes increased food web complexity by 20%, which further increased
genetics-based community structure. In another common garden study, Lau et al. (2016) used
community interaction network analysis to show that 44 species of arthropods were significantly
affected by Populus angustifolia genotype (Figure 2). For example, susceptible tree genotypes
attracted highly interactive herbivores or groups of species whose presence directly and indirectly
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An arthropod community of 44 canopy species (top nodes) shows a nonrandom interaction network that differs among 10 different
replicated genotypes of Populus angustifolia planted at random in a common garden (bottom nodes). Nodes are scaled by their totals of
arthropod species richness and abundance. Nodes are arranged in order of increasing interactions, which corresponds to increasing
centralization (i.e., a tendency for one or a few nodes to dominate the edges of the network) from right to left. Different colors
represent different module membership (i.e., groups of interacting species). Lines represent interactions between individual tree
genotypes and individual arthropod species scaled by the average abundance of each arthropod species across all individuals in a given
genotype. Figure adapted from Lau et al. (2016).
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attracted or repelled other species. Thus, genetics-based interactions contributed to the structure
of direct and indirect interactions among trees and their associated arthropod community.

Not only do individual plant genotypes support different communities on the same plant,
but also these communities may covary with one another such that one community (e.g., plant
pathogens) may interact with another community (e.g., arthropods) to produce community ge-
netic correlations (Lamit et al. 2015a). Thus, IIGEs can occur between two species or can involve
multiple communities, resulting in repeatable patterns in community phenotype. Lamit et al.
(2015a) estimated community genetic correlations from community abundances of twig endo-
phytes, ectomycorrhizal fungi, soil bacteria, soil fungi, epiphytic lichens, foliage arthropods, and
fungal leaf pathogens on replicated tree genotypes in a common garden (Figure 3). These tests
showed moderate to strong community—genetic correlations, in which changes in the composition
of one community among plant genotypes were mirrored by changes in the composition of other
communities.

Because these community—genetic correlations may result from interactions between com-
munities or both communities may be attracted to the same plant genotypes without interactions
being involved, experiments are needed to separate these alternative hypotheses. For example,
Busby et al. (2015) showed that with the addition of a common leaf pathogen, the arthropod
community sharply declined relative to controls, confirming that they strongly interact (see
Section 3.2.4). Thus, if selection were to favor particular tree genotypes resistant to a particular
pathogen community, a whole suite of interacting communities may be affected, as depicted in

Figure 3.
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Common garden studies show that significant community genetic correlations exist among communities of
twig endophytes, ectomycorrhizal fungi, soil bacteria, soil fungi, epiphytic lichens, leaf- or stem-modifying
arthropods, and fungal leaf pathogens. Individual tree genotypes that supported a unique assemblage of
species for one community were also likely to support a unique assemblage of species for a different
community, and these communities covaried within tree genotypes. These tests showed moderate to strong
community—genetic correlations, which were defined as changes in the composition of one community
among plant genotypes that are mirrored by changes in the composition of another community. Almost half
of all of the possible pairwise comparisons were significant, demonstrating a high level of genetics-based
structure and interactions that define very different communities. Figure adapted with permission from
Lamit et al. (2015a).

3.2.3. Reciprocal interactions. In addition to foundation species being strong interactors,
some communities may be especially important because their combined effects provide important
feedbacks that can enhance phenotypic variation, that is, reciprocal IIGEs. These include micro-
bial communities that can positively or negatively affect plant performance (e.g., decomposers,
mycorrhizae, and pathogen communities can feed back to affect plant performance). Although
no single species may stand out, as a community they can affect plant performance with nutrient
cycling and water uptake (see reviews in Fischer et al. 2014, Ware et al. 2019).

3.2.4. Experimental elimination or addition of interactions. The experimental breakup of
IIGEs is expected to influence the among-community variance in phenotype as well as the fitness
of community members lacking such interactions, as shown in laboratory studies with Tribolium
beetles (e.g., Goodnight 1990a,b; Goodnight & Craig 1996). In the field, Turkington & Harper
(1979) argued that interactions between white clover (Trifolium repens) and each of four competing
grass species resulted in effects consistent with IIGEs. When clover was grown next to its natal
grass species, it outperformed nonnatal plantings in three out of four trials. In a similar experiment
with Populus fremontii, Salix exigua, and Salix gooddingii, Grady et al. (2017) found that annual net
primary productivity was greater for each of the three species when grown in sympatric blocks (all
three species collected from the same site, where they may have adapted to one another) than in
allopatric blocks (same genotypes used in sympatric blocks, but mixed from different collection
sites). These experiments argue that individual species within a community have evolved different
IIGEs when associated with different competitors.
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Nonmetric multidimensional scaling (NMDS) ordination shows that interspecific indirect genetic effects between foundation species
create greater variation in community phenotypes for selection to act upon. In a common garden with different genotypes of Populus
fremontii, Populus angustifolia, and their natural hybrids, the genetics-based plant—pathogen interaction predictably affected a foliar
arthropod community of 32 species, including herbivores, predators, scavengers, and parasites, to produce new community phenotypes.

In this ordination analysis,

each symbol represents the arthropod community supported by the genotypes of each tree species and their

hybrids. On control trees without pathogens, the arthropod communities of each tree cross type significantly differed from one another.
When an experimental group using the same genotypes was inoculated with pathogens, the plant—pathogen interaction produced a new
set of community phenotypes that differed from one another and their corresponding cross types in the control group. Centroids
+1 SE are shown for each treatment and control group. Thus, the interaction of two foundation species (the tree and a pathogen)
effectively doubled the variation in arthropod community phenotypes that selection could act upon. Photos at right show typical species
associated with tree cross types and treatment versus control groups. Abbreviation: SE, standard error. Figure adapted from Busby et al.

(2015).
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As a test of the importance of IIGEs generating variation in community phenotypes, Keith etal.
(2017) experimentally removed the aphid Pemphigus betae, which forms galls on the cottonwood
Populus angustifolia and affects an arthropod community of 139 species. Because the interaction
networks on aphid-resistant and -susceptible trees differed greatly, the presence of aphids gen-
erated more community phenotypes than when aphids were absent, as is expected when genetic
and associated environmental interactions exist. Busby et al. (2015) showed a similar effect of
a genetics-based plant-pathogen interaction in generating increased variation among arthropod
community phenotypes, which effectively doubles the observed arthropod community phenotypes
that can arise via IIGEs (Figure 4). Studies of the fungal leaf pathogen Drepanopeziza populi on
Populus spp. have shown genetic variation in symptom severity (e.g., leaf necrosis, premature leaf
abscission; Busby et al. 2013) that can result in reduced growth, canopy dieback, and mortality
(Ostry & McNabb 1985). In a common garden experiment, Busby et al. (2015) found that plants
inoculated with the leaf pathogen and control plants without the pathogen supported very differ-
ent arthropod community phenotypes. Because pathogens negatively affect their host plants and
there is significant variation in pathogen resistance within and among cross types of P, fremontii,
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P. angustifolia, and their natural hybrids, selection acting on the tree is also acting on a diverse
arthropod community of herbivores, predators, scavengers, and parasites.

3.3. Environmental Influences on Interspecific Indirect Genetic Effects

Gene-by-gene-by-environment interactions are known to affect the evolutionary process (e.g.,
Wade 2016). Here we review some of these interactions to show how they can change across the
landscape, how they can affect entire communities, and how common garden studies can facilitate
their quantification.

3.3.1. Environmental gradients. Changes in latitude or elevation produce environmental gra-
dients thatalter plant phenotype (Smith etal. 2011, Cooper et al. 2019). Such changes are expected
to shift the nature of IIGEs on particular host genotypes, which in turn may cause their associated
communities and interactions to change (Gilman et al. 2010). Evans et al. (2016) used common
gardens of the same tree genotypes of P. angustifolia reciprocally planted across their natural range
from Arizona, USA, to Alberta, Canada, to investigate evidence of past selection on bud phenology
and tree growth. They found that, compared with an observed lack of genetic structure for neutral
genetic sequence data, there was evidence of strong phenotypic differentiation in these functional
traits associated with their latitude of origin, emphasizing the role climate has played in divergent
selection throughout this species’ range. Consistent with this result, the arthropod community of
53 species measured on tree populations within a common garden were distinct from one another
in a way consistent with tree trait divergence, and community metrics were positively correlated
with tree productivity. These results suggest that divergence in key tree traits affects differenti-
ation in associated arthropod communities. Similarly, in a common garden experiment in which
eight geographical races of E. globulus were planted together, significant environmentally induced
differences in tree phytochemistry and leaf morphology led to differences in associated arthropod
and fungal communities (Barbour et al. 2009b).

3.3.2. Phenotypic plasticity at the community level. The ability of an organism to express
different phenotypes in response to different environmental conditions (West-Eberhard 1989)
can affect community richness, abundance, resiliency, and IIGEs. The phenotypic plasticity at the
community level of a foundation willow species affected both above- and belowground species
richness to a greater degree than its intraspecific genetic variation (Barbour et al. 2019). When
the environment changes, phenotypic plasticity in traits related to resource use can alter a species’
fundamental and realized niche, affecting the niche space of other species and the degree of species
coexistence and diversity within the community (Berg & Ellers 2010). For example, with an arthro-
pod community of more than 250 species on pinyon pine (P, edulis), Stone et al. (2018) found that
during a drought, species richness and abundance were greatly depressed but that the following
year, when conditions improved, the community rebounded (Figure 5). However, the degree of
community resiliency (i.e., the ability to return to predisturbance composition) was greatly affected
by the tree’s resistance to the scale insect Matsucoccus acalyptus. Arthropod diversity and abundance
on pinyons that were genetically susceptible to scale insects exhibited no community response
(i.e., shallow reaction norm), whereas pinyons resistant to scale insects showed large community
responses over time (i.e., steep reaction norm). Additionally, when scales were removed from ge-
netically susceptible trees and allowed to recover, these otherwise scale-susceptible trees had the
same reaction norms as genetically resistant trees, demonstrating that scales were a causal agent
of community change. Thus, the plasticity in IIGEs of individual plant genotypes and an insect
herbivore in response to drought define arthropod community phenotype and enhance variation
in community phenotypes.
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In a community of more than 250 arthropod species, reaction norms show that the phenotypic plasticity of Pinus edulis genotypes is
genetically variable and defined by environmental change (drought) and interspecific indirect genetic effects with the scale insect
Matsucoccus acalyptus. The year 2002 was a record drought year, while 2003 was near normal. Tree outlines show that resistant trees
support a full complement of needles, whereas the feeding of many thousands of scales causes premature needle abscission, giving
susceptible trees their distinctive “poodle tail” architecture. Each line represents the reaction norm for an individual tree genotype

(n = 16 tree genotypes). (#) The change in arthropod species richness for individual tree genotypes in the drought year 2002 followed
by the normal year 2003. Scale-susceptible tree genotypes exhibit little or no community response (brown dashed lines), while
scale-resistant genotypes exhibit high community response (b/ue dotted lines). Scale-susceptible trees with scales experimentally excluded
for 15 years or more are indistinguishable from scale-resistant trees (green solid lines), confirming that tree genotype interactions with
scales cause a change in tree community phenotype and that climate interacts with tree genotype to affect plasticity at the community
level. () The same general pattern in reaction norms is observed with arthropod abundance for the same individual tree genotypes
shown in panel . Figure adapted from Stone et al. (2018).

4. EVIDENCE OF COMMUNITY HERITABILITY
4.1. Estimates of Community Heritability

Community heritability is essential to quantify because not all genetic variation is heritable and
responsive to selection. Estimates of community heritability are based on individual plant geno-
types that have been clonally replicated and randomly planted in a common garden. Such stud-
ies have estimated H2¢ for arthropods (Shuster et al. 2006, Keith et al. 2010), soil-decomposing
fungi and bacteria (Schweitzer et al. 2008), twig endophytes (Lamit et al. 2014), ectomycorrhizal

;22:2:11;11?; ?Itlatll)llilty: mutualists (Lamit et al. 2016), lichens (Lamit et al. 2015b), pathogens (Busby et al. 2013), and
community aquatic macroinvertebrates (Compson et al. 2016). Ecosystem traits of individual plant genotypes
composition of including decomposition, nitrogen mineralization, trophic structure, biodiversity, and community
associated species stability (Bailey et al. 2006; Schweitzer et al. 2008, 2012; Keith et al. 2010, 2017) can also be heri-

across years for
individual foundation
species’ genotypes or ] ‘ 5 e )
populations et al. 2015a). Because different genotypes support different communities, significant community
heritability underscores why plant genetic diversity is crucial to maintain biodiversity (e.g., Wimp

et al. 2004; Bangert et al. 2006a,b; Hughes et al. 2008; Ferrier et al. 2012).

table. In combination, these heritable traits are reflected by IIGEs that produce genotype-specific
community interaction networks (Lau et al. 2016) and community—genetic correlations (Lamit
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The lichen community comprising nine species found on Populus angustifolia is a heritable plant trait that is
largely defined by bark roughness, which varies among tree genotypes. Nonmetric multidimensional scaling
(NMDS) ordination was used to graphically present tree genotype/community findings. Each colored
symbol represents the lichen community composition of an individual tree genotype £1 SE and its replicate
clones planted at random in a common garden (18 tree genotypes with two to nine replicates per genotype;
76 total trees). The effect of tree genotype on species richness was tested with REML-based linear models.
Variance components were used to estimate broad-sense community heritability (H?¢ = 0.20). The
differences among lichen communities were most closely associated with differences in bark roughness traits
among tree genotypes of the same age, which was also a heritable trait (> = 0.48). In general,
rougher-barked tree genotypes supported greater lichen cover that differed in lichen composition from that
of smoother-barked tree genotypes. Structural equation modeling further supported the hypothesis that
genetic variation in rough bark is a mechanism linking tree genes to variation in lichen communities.
Abbreviations: REML, restricted maximum likelihood; SE, standard error. Figure adapted from Lamit et al.
(2015Db).

One of numerous community heritability examples is the lichen community on trees, even
though these epiphytes that use another organism as a substrate might seem insensitive to indi-
vidual tree genotypes. Lamit et al. (2015b) quantified how a lichen community of nine species
was distributed among genotypes of P. angustifolia in a common garden (Figure 6). They found
significant broad-sense heritability in which different tree genotypes supported different lichen
communities (H?¢ = 0.20). The differences in lichen communities were most closely associated
with differences in bark roughness traits, which were also heritable (H? = 0.48). Similar findings
have been observed with a community of 180 arthropod species associated with heritable variation
in bark traits of E. globulus in Australia (Barbour et al. 2009a).

Hidden players such as soil microbial communities can differentially interact with individual
plant genotypes to fundamentally affect ecosystem processes such as decomposition and nutrient
cycling. Schweitzer et al. (2008) quantified the soil microbial community on replicated genotypes
of P. angustifolia and found a broad-sense community heritability of H? ¢ = 0.78, which is important
because the soil microbial community affects biomass carbon and nitrogen pools. These microbial
differences in community composition were most closely related to intraspecific genetic variation
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in leaf condensed tannins that slow down decomposition. Schweitzer et al. (2012) subsequently
quantified significant broad-sense heritability of the annual rates of net nitrogen mineralization
(H? = 0.66) that can feed back to affect other plant traits such as fine root production (Fischer
etal. 2014).

4.2. Evidence of Community Heritability over Time

If community heritability is consistent over time, the potential for directional selection to act
on community phenotypes is enhanced relative to communities that are more variable in their
heritability. Keith et al. (2010) quantified the composition of 103 arthropod species for three con-
secutive years for the same genotypes of P. angustifolin in a common garden. They found that
community heritability in each of the three years was H*c = 0.60, 0.66, and 0.62, demonstrating
that community heritability was highly repeatable. The consistency of community composition
across years also provides a quantitative measure of community stability that significantly differs
among tree genotypes. Depending on tree genotype, community similarity across years ranged
from 24% to 61%, and community stability was shown to be a significantly heritable trait (H*c =
0.32). These findings show that community heritability can be consistent over time and that com-
munity stability is genotype dependent. With many examples of significant community variation
that is heritable, we next examine whether selection acts upon this variation.

5. EVIDENCE OF COMMUNITY SELECTION RESULTING
IN EVOLUTION
5.1. Laboratory Examples

Community evolution is the outcome of selection operating at multiple levels that results in the
differential survival and proliferation of communities. Although we emphasize complex natural
communities, laboratory studies of community-level selection paved the way for addressing com-
munity evolution in the wild. Goodnight (1990a,b) and Goodnight & Craig (1996) observed that
community-level selection imposed on high and low productivity in two-species communities of
Tribolium beetles led to positive responses in each species, as well as to correlated responses in pro-
ductivity and emigration rate occurring within and between species. This result confirmed that
community-level selection on heritable community-level traits leads to evolutionary change in the
average community phenotype. In another system, Swenson et al. (2000a,b) imposed community-
level selection on soil and pond microbial communities on the basis of both the dry weight of
plant biomass the community could support and its ability to decompose 3-chloroaniline, as well
as on the pH generated by pond microbial communities within their aquatic habitats. The au-
thors favored communities that generated high and low extremes in a community phenotype that
arose through the combined interactions of community members. They identified community
heritability as significant among-community variance in traits associated with interspecific com-
petitive outcome within communities, providing a genetic explanation for why community-level
selection led to a change in the average community phenotype.

5.2. Field Examples

Demonstrating evidence of selection and evolution at the community level is critical for under-
standing complex communities in the field. We present two examples based on studies in the wild
followed by common garden studies that document genetics-based evidence for community phe-
notypic change over time or space.
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5.2.1. Goldenrod. Solidago velutina and other native plants, including aspen, are heavily browsed
by introduced Rocky Mountain elk (Cervus canadensis nelsoni) in Arizona, USA. After elk fences
were constructed to protect vegetation, Smith et al. (2015) found that goldenrod growing inside
the fences flowered 3 weeks earlier than plants immediately outside, where they also supported
a different pollinator/arthropod community. These findings suggest that elk imposed selection
on S. velutina outside the fences, causing these plants to diverge in phenotype relative to those
inside, and, concomitantly, that IIGEs influencing the communities these plants supported had
also changed.

To test the hypotheses that phenological and community differences were genetically based
and that selection on host plants can lead to a change community phenotype, Smith et al. (2015)
collected seeds from goldenrod growing inside and outside the fences, germinated them in the
greenhouse, and planted them back into the wild in an enclosed common garden. In the sec-
ond growing season, the flowering phenologies and arthropod communities of progeny plants
resembled those of their parents, confirming that introduced elk imposed selection that changed
flowering phenology as well as the pollinator/arthropod community. Overall, this study quanti-
fied genetic variation underlying goldenrod and its community phenotype inside and outside the
elk fence, as well as the heritability of flowering phenology and the pollinator/arthropod commu-
nity. Moreover, it demonstrated that selection on the host plant changed the frequency of IIGEs
capable of influencing community phenotype and thus changed the frequency of particular pheno-
types among communities. If the frequency of particular IIGEs among communities changes, the
average community phenotype will also change. Thus, selection on host genotype led to an evolu-
tionary change in the arthropod community phenotype in which different arthropod community
phenotypes were supported by changes in plant phenology.

5.2.2. Pine. A 32-yearstudy of pinyon pine (P, edulis) showed an adaptive, genetics-based change
in its ectomycorrhizal fungal (EMF) community phenotype accompanying a change in climate
(Williams et al. 2020) that greatly affected the survival and distribution of dominant plant species
throughout the American Southwest (Mueller et al. 2005, Brusca et al. 2013). Two groups of trees
that differed in architecture and insect herbivory were found to be genetically distinct in their
ability to withstand drought (Sthultz et al. 2009a). Long-term EMF studies showed that trees
with a shrub-like architecture were drought tolerant and were dominated by fungal species in
the phylum Ascomycota. In contrast, trees with upright architecture were drought intolerant and
were dominated by fungal species in the phylum Basidiomycota (Sthultz et al. 2009b). Commu-
nity phenotype was heritable because seedlings from the two tree groups inoculated with EMF
communities acquired them only from their parental groups (Figure 74) (Gehring et al. 2017).
The reciprocal experiment, in which trees received the EMF inoculum of the opposite tree type,
could not be performed because of the high specificity of EMF communities to either tolerant or
intolerant seedlings.

These consistent differences in EMF communities between the two groups of pinyons con-
tributed strongly to their differences in drought tolerance. When drought-tolerant seedlings were
inoculated with their tolerant EMF community, they achieved nearly twice the growth rate of
intolerant seedlings when inoculated with their EMF community, and both performed better
than control plants that grew in sterile soil without EMF communities in drought conditions
(Figure 7b) (Gehring et al. 2017, Patterson et al. 2019). Thus, EMF communities benefit both
tree types and are specific to their tree types, but the EMF communities of tolerant trees pro-
vided greater positive feedbacks than those of intolerant trees in dry conditions and generated
distinct community phenotypes with respect to drought tolerance. Furthermore, in the absence
of their specific EMF communities, intolerant and tolerant seedlings did not differ in growth,
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but when inoculated with their distinct EMF communities, tolerant seedlings outperformed in-
tolerant seedlings; in other words, EMF community differences drive the different responses to
environmental change.

Record droughtin 2002 changed the genetic structure of the tree population such that drought-
intolerant trees suffered 68% mortality compared with only 21% mortality for drought-tolerant
trees (Figure 7¢) (Sthultz et al. 2009a). The EMF community phenotype also changed after the
drought. Tolerant trees changed little in their EMF communities before and after the drought;
however, the population of intolerant trees dramatically changed its EMF communities via tree
mortality and EMF community death. Surviving intolerant trees also exhibited a shift in their
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Figure 7 (Figure appears on preceding page)

Community evolution involving selection acting on drought-tolerant and -intolerant genotypes of Pinus edulis and its ectomycorrhizal
fungal (EMF) community in response to climate change. Tree icons represent the different architectures of these tree classes in which
drought-tolerant genotypes have a shrub-like architecture and drought-intolerant genotypes have an upright architecture (for more
explanation of architecture differences, see Sthultz et al. 2009a). (#) A nonmetric multidimensional scaling (NMDS) ordination of the
EMF communities on drought-tolerant and -intolerant mature trees (Jarge dots) and seedlings (small squares). EMF communities differ
for each tree drought-tolerance class (variation in community phenotype), and seedlings acquire the same EMF communities as mature
trees in their respective drought-tolerance class, demonstrating that the community is heritable. (6) Drought-tolerant seedlings benefit
nearly twice as much from receiving drought-tolerant EMF communities as drought-intolerant seedlings benefit from receiving
drought-intolerant EMF communities (so/id bars). The reciprocal experiment, in which each receives an EMF community from the
other tree class, could not be conducted because seedlings did not form associations with EMF communities from the other tree class
(represented by red asterisks). This reflects a high level of specificity in which seedlings acquire only the EMF communities of their
respective tree class. When seedlings were grown in sterile soil without EMF communities (open bars), seedling performance declined
relative to those with EMF communities, demonstrating that both tree classes benefit from the positive feedbacks from their EMF
communities, but tolerant seedlings benefit much more than intolerant seedlings. (c) Before a record drought, drought-intolerant trees
dominated the population, but after the drought, they were nearly equally abundant, demonstrating that selection differentially acted
on the tree population, resulting in a change in the tolerant/intolerant phenotypes (an example of selection acting at the individual
level). (d) Nonmetric multidimensional scaling (NMDS) ordination shows that selection acts on the EMF community. The EMF
communities on drought-tolerant trees changed little from 1994 to 2010, whereas the EMF communities on drought-intolerant trees
changed greatly over the same time span (an example of selection differentially acting on EMF communities over time). Panels # and &
adapted from Gehring et al. (2017). Panel ¢ adapted with permission from Sthultz et al. (2009a). Panel d adapted with permission from
Gehring et al. (2014).

EMF communities to more closely resemble those of tolerant trees, but the two groups remained
significantly different in composition (Figure 7d) (Gehring et al. 2014).

In summary, for these pinyon/EMF communities, genetics-based variation in community phe-
notype was demonstrated and the community phenotype was shown to be heritable. Community-
level selection due to drought favored drought-tolerant trees with their associated EMF commu-
nities that provided better protection from drought than drought-intolerant EMF communities,
and the proportion of drought-tolerant communities increased. In effect, these tree types and their
associated communities experienced selection as functional units with high relative fitness; that s,
they were adaptive (Wilson 1975, 2016).

5.2.3. The opportunity for community-level selection. Using the pine example and the
method described in Section 2.3.3, we estimated the opportunity for community-level selection.
We combined the average and variance in productivity for the surviving communities with the
proportions of surviving and extirpated communities (Figure 7) to estimate the mean and vari-
ance in relative community fitness (cf. Wade & Shuster 2004). We first estimated the variance
in fitness within and between both sets of tree/EMF communities. We then estimated the op-
portunity for selection before (I = 0.09; Nyees > 1,000) and after the drought (I = 3.3; Nyees =
892). Lastly, we partitioned the opportunity for community-level selection into pre-drought and
post-drought components. We found that the total opportunity for community-level selection
(I = 0.64) was more than seven times stronger than the opportunity for community-level selec-
tion during pre-drought conditions. This partitioning also showed that more than 71% of the total
opportunity for community-level selection occurred between the pre- and post-drought intervals,
a selection event that changed the relative proportions of drought-tolerant and drought-intolerant
trees and their communities.

To help readers appreciate the magnitude of the opportunity of community-level selection in
the pinyon system, we compare our findings with a major human disease outbreak, the bubonic
plague pandemic of the mid-fourteenth century (the Black Death). One-third of the European
population died, and the opportunity for selection during this event was I = 0.84. In contrast,
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during the American Southwest megadrought from 2000 to 2018 (Williams et al. 2020), the op-
portunity for selection, I = 3.3, on P. edulis communities was nearly four times stronger (Herlihy
1974; S.M. Shuster, unpublished data). In other words, community-level selection can be intense,
and with ongoing climate change, this higher level of selection may be critical for assessing its
impacts on whole communities.

The EMF species compositions were strongly determined by pinyon tree genotype (Gehring
et al. 2017), suggesting that the variance in fitness of individuals and groups within these fungal
communities was strongly determined by the overall fitness of the communities in which they were
found (i.e., drought-tolerant versus drought-intolerant communities). Thus, if the opportunity
for community-level selection represents the maximum possible strength of selection due to that
episode of selection, then all lower levels of selection, and particularly the selection coefficients on
individual traits within these lower levels, were likely nested within this community-level selection
opportunity (Hersch & Phillips 2004). It seems likely that the catastrophic mortality of foundation
species due to droughts, fires, storms, and other increasingly common global change events is
imposing previously unimagined evolutionary consequences on biodiversity.

6. CONCLUSIONS

We present two lines of evidence challenging the dogma that selection is largely, if not exclusively,
restricted to the individual level (Williams 1966). First, in studies of complex communities in na-
ture, we show that significant variation in community phenotypes exists, that these phenotypes are
heritable, and that selection can occur at the community level, resulting in community evolution.
Second, our findings argue that selection can and likely does act at multiple levels from individuals
to communities.

Experimental findings of community heritability, community interaction networks, commu-
nity genetic correlations, and interaction removal studies show genetics-based community struc-
ture (i.e., different genotypes support different communities and interactions) that cannot be ex-
plained by neutral theory, or the equivalency of species as interchangeable units (Hubbell 2001,
2005). These findings refute the notion that local communities have little to contribute to our
understanding of ecology and evolution (Ricklefs 2008). They also argue that evolutionary biolo-
gists need to focus far more on species interactions, as they are essential to accept or refute higher
levels of selection and to understand the relative roles of individual-, group-, and community-
level selection on organizing complex ecosystems. The finding by Compson et al. (2016) that the
genotypes of leaf litter produced in a riparian terrestrial ecosystem affect community composi-
tion and emergence of macroinvertebrates in an adjacent aquatic ecosystem demonstrates that
the community genetic footprint of plant genotypes can extend beyond the local environment of
an individual plant. Just how far these genetic effects extend is unknown, but several studies have
shown that plant genetic diversity can extend to the stand level in nutrient cycling (e.g., Schweitzer
etal. 2012) and to the stand and regional levels with species diversity (Wimp et al. 2004, Bangert
et al. 2008). This genetics-based connectedness has the potential to greatly affect land manager
policy, in which the choice of specific genotypes used in restoration can affect their survival in a
changing environment as well as the diversity and stability of associated communities (e.g., Keith
etal. 2010).

Most studies are not designed to go beyond quantifying selection acting solely at the individ-
ual level. The explicit inclusion of phenotypic variation, heritability, and selection at each level
of biological organization allows consideration of the relative importance of each of these fac-
tors for the overall evolutionary process. The use of multivariate statistics to visualize community
phenotypes and to quantify community heritability allows community genetics to be explored
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with well-established quantitative genetics methodology. An important research frontier will in-
volve testing for community evolution in complex systems by quantifying genetic variation and
structure among community members, as well as accounting for interspecific trait interactions
that produce IIGEs. The need to quantify the genetic basis of interactions is emphasized, for
example, by the ecosystem consequences of beavers in Yellowstone National Park. Using repeat
photographs, Chadde & Kay (1991) found that with beavers and the ponds they created, there
was a rich aquatic/riparian ecosystem, but once beavers and their interactions were lost, the dams,
ponds, aspens, and willows disappeared to become a vastly different ecosystem of dry grassland.
Although additional examples exist (e.g., otter—sea urchin—kelp interactions; Estes et al. 2016), we
generally lack the underlying studies of the genetic basis of these interactions, so little can be said
about their evolution and the communities they affect.

The genetic basis of community organization can be explored using common garden exper-
iments with clonal, full-sib, or half-sib replication to quantify community heritability as well as
associated differential performance and survival of these communities over time. Changes in bi-
otic and abiotic environmental conditions, such as those resulting from IIGEs (Figures 4 and 5),
climate change (Figures 1, 5, and 7), and introduced species (Smith et al. 2015), are common.
They result in vegetation shifts, die-offs at the landscape level, changes in community composi-
tion, and community interaction networks and community genetic correlations (Figures 2 and 3)
that provide ideal opportunities to evaluate community evolution in real time (Figure 7).
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