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Synopsis  The invasion of the land was a complex, protracted process, punctuated by mass extinctions, that involved multiple
routes from marine environments. We integrate paleobiology, ichnology, sedimentology, and geomorphology to reconstruct
Paleozoic terrestrialization. Cambrian landscapes were dominated by laterally mobile rivers with unstable banks in the absence
of significant vegetation. Temporary incursions by arthropods and worm-like organisms into coastal environments apparently
did not result in establishment of continental communities. Contemporaneous lacustrine faunas may have been inhibited by
limited nutrient delivery and high sediment loads. The Ordovician appearance of early land plants triggered a shift in the pri-
mary locus of the global clay mineral factory, increasing the amount of mudrock on the continents. The Silurian-Devonian rise
of vascular land plants, including the first forests and extensive root systems, was instrumental in further retaining fine sediment
on alluvial plains. These innovations led to increased architectural complexity of braided and meandering rivers. Landscape
changes were synchronous with establishment of freshwater and terrestrial arthropod faunas in overbank areas, abandoned
fluvial channels, lake margins, ephemeral lakes, and inland deserts. Silurian-Devonian lakes experienced improved nutrient
availability, due to increased phosphate weathering and terrestrial humic matter. All these changes favoured frequent invasions
to permament establishment of jawless and jawed fishes in freshwater habitats and the subsequent tetrapod colonization of
the land. The Carboniferous saw rapid diversification of tetrapods, mostly linked to aquatic reproduction, and land plants,
including gymnosperms. Deeper root systems promoted further riverbank stabilization, contributing to the rise of anabranch-
ing rivers and braided systems with vegetated islands. New lineages of aquatic insects developed and expanded novel feeding
modes, including herbivory. Late Paleozoic soils commonly contain pervasive root and millipede traces. Lacustrine animal
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communities diversified, accompanied by increased food-web complexity and improved food delivery which may have favored
permanent colonization of offshore and deep-water lake environments. These trends continued in the Permian, but progressive
aridification favored formation of hypersaline lakes, which were stressful for colonization. The Capitanian and end-Permian
extinctions affected lacustrine and fluvial biotas, particularly the invertebrate infauna, although burrowing may have allowed
some tetrapods to survive associated global warming and increased aridification.

Introduction

During the Paleozoic Era [approximately 538-252 mil-
lion years ago (Ma)], the face of the continents changed
dramatically as waves of colonization by animals and
plants induced novel interactions between non-marine
life and physical environments (Little 1990; Buatois
and Mangano 1993a; Davies and Gibling 2010a, b;
Minter et al. 2016a, b, 2017; Buatois et al. 1998; Clack
2002; Gibling and Davies 2012; Kenrick and Strullu-
Derrien 2014; Shillito and Davies 2020; Davies et al.
2021a; Donoghue et al. 2021; Strother and Foster 2021;
Zeichner et al. 2021). This Paleozoic phase of the inva-
sion of the land involved multiple routes from marine
environments, along with profound evolutionary events
on the land surface, punctuated by several mass ex-
tinctions. Traditionally, Paleozoic terrestrialization was
studied based on individual lines of evidence. However,
complex feedbacks occurred among multiple biotic and
abiotic factors, interacting synergistically. Milestones in
terrestrialization are recorded by intertwined changes to
alluvial landscapes, the evolution of plants, the expan-
sion of burrowing invertebrates, the availability of plant
remains as substrates for arthropod feeding, and inno-
vations in vertebrate body plans. In this paper, we ap-
proach this complexity by (1) analyzing multiple lines
of evidence in paleobiology, ichnology, sedimentology,
and geomorphology, and (2) integrating these datasets
in a comprehensive reconstruction of the Paleozoic in-
vasion of the continents, including transitions to fresh-
water and terrestrial environments.

Precambrian prelude to Paleozoic
terrestrialization

Migration of life from the oceans to the continents
through marginal-marine and coastal plain settings was
a protracted, complex process that started in the Pale-
oarchean, as indicated by 3.5 Ga microbial biosigna-
tures in hot spring deposits (Djokic et al. 2017) and
3.2 Ga microbial mats in fluvial strata (Homann et al.
2018), and continues today, as evidenced by mollusks
and fish (Lovejoy et al. 1998; Vermeij and Wesseling,
2002; Aguirre et al. 2022; Kolmann et al. 2022). Dur-
ing the Neoarchean, microbial communities were es-
tablished in lakes, as indicated by stromatolites (Buick
1992; Lepot et al. 2008; Wilmeth et al. 2019), and in re-
golith, as indicated by geochemical signatures (Driese

et al. 2011). Evidence of Proterozoic microbial activ-
ity (e.g., microbially induced sedimentary structures) in
eolian (Simpson et al. 2013; Basilici et al. 2020), fluvial
(McMahon and Davies 2018a; Prave 2002; Fedorchuk
et al. 2016), lacustrine (Prave 2002; Callow et al. 2011;
Fedorchuk et al. 2016; Wacey et al. 2017; Brasier et
al. 2017), and emergent tidal flat facies (McMahon et
al. 2021, 2022) suggests that microbial colonization on
land became more widespread after the initial Archean
invasion (Fig. 1B). This was paralleled by the Pro-
terozoic first appearances of terrestrial microfossils of
cyanobacterial affinities, preserved in paleokarst sur-
faces (Horodyski and Knauth 1994) and lacustrine de-
posits (Strother et al. 2011; Battison and Brasier 2012;
Lehn et al. 2019), and of fungi in estuarine deposits
(Loron et al. 2019). However, it was not until the Pale-
ozoic that the terrestrialization process significantly af-
fected the face of the continents.

Vegetation and landscapes

The Paleozoic records the evolution and spread of
early land vegetation, from initial pioneer plants to
widespread wetlands and diverse, drought-tolerant veg-
etation by the end of the era (Fig. 1A, C-H). Pre-
cambrian and early Paleozoic soils and regoliths were
immature (e.g., Jutras et al. 2009; Driese et al. 2011;
Fralick and Zaniewski 2012) (Fig. 2B) and probably
cryptogamic in origin. A key aspect of mid Paleozoic
terrestrialization was the development of soils in the
critical zone, where plants and a few animals interacted
with rock and sediment, groundwater, and the atmo-
sphere (Fig. 2C-H). Molecular clock analyses and fos-
sil evidence increasingly converge on the timing of em-
bryophyte (land plant) origins. Molecular clocks sug-
gest a mid-Cambrian to Early Ordovician emergence of
embryophytes (Donoghue et al. 2021). Recent palyno-
logic evidence favours the end of this bracket and indi-
cates that the first land plants evolved from freshwater
charophyte algae, adapting to terrestrial settings by at
least the Early Ordovician time (c. 480 Ma) (Strother
and Foster 2021) (Fig. 1A). Cryptospore fossils recur
worldwide from the Middle Ordovician (Dapingian; c.
467-470 Ma) onwards (Rubinstein et al. 2010). Lim-
ited diversity in these microfossils implies a 30-40 mil-
lion year interval of evolutionary stasis during which
early land plants were diminutive, simple, and of low
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Fig. | The plant and microbial record of Precambrian and Paleozoic terrestrialization with selected fossil representatives. (A)
Cryptospores from the Lower Ordovician Nambeet Formation of the Canning Basin, Australia (image from Strother and Foster 2021). (B)
Lacustrine stromatolites from the Neoproterozoic Copper Harbour Conglomerate, Horseshoe Bay, Michigan, United States. (C)
Parautochtonous early vascular plant (zosterophyll) debris in braided fluvial bar top facies from the Lower Devonian Red Bay Group,
Buchananshalvgya, Svalbard. (D) Carbonaceous compressions from the lower Silurian Massanutten Sandstone, Passage Creek, Virginia,
United States. (E) Early standing tree (archeopterid?) with surrounding vegetation induced sedimentary structure in alluvium from the
Middle Devonian Planteklafta Formation, Mimerdalen, Svalbard. (F) Large woody debris accumulation from the Middle Devonian Tordalen
Formation, Mimerdalen, Svalbard. (G) Large log jams from the Carboniferous Scremerston Formation, Rumbling Kern, Northumberland,
England. (H) Upright lycopsid tree with projecting root from the Pennsylvanian Joggins Formation, Nova Scotia, Canada
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Fig. 2 Selected sedimentary successions illustrating Precambrian and Paleozoic alluvial landscapes. (A) Sheet-braided alluvium entirely
composed of laterally continuous beds of sandstone from the Neoproterozoic Applecross Formation, Bealach Na Ba, Scotland. (B) Thin
soil on igneous basement and below alluvial fan deposits from the Cambrian Frehel Formation, Brittany, France. (C) Thin mudstone
developed within distal fluvial deposits from the Ordovician Bald Eagle Formation, Pennsylvania, United States. (D) Thin paleosols in a
volcanic succession from the Middle Ordovician Dunn Formation, Arisaig, Nova Scotia, Canada. (E) Small meandering channel recorded by
lateral accretion sets from the Lower Devonian Traeth Lligwy Beds, Anglesey, Wales. (F) Thick well-developed vertisol fabric in overbank
mudrocks from the Lower Devonian St Maughan’s Formation, Lydney, Gloucestershire, England. (G) Fixed channel alluvium—ribbon
channel bodies surrounded by overbank fines and recording anabranching fluvial style from the Upper Carboniferous Arroyo del Agua
Formation, New Mexico, United States. (H) Root trace fossils in red paleosol from the Lower Carboniferous Cheverie Formation, Nova
Scotia, Canada
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diversity (Wellman et al. 2013). The earliest em-
bryophytes appear to have been outcompeted by vas-
cular plants; spores and macrofossils indicate that a
late Silurian-Early Devonian adaptive radiation of land
plants (diversification, morphological innovation, and
increasing size) began around the end of the Llandovery
Stage (c. 433 Ma) (Wellman et al. 2013). This radiation
was apparently focused within mid-latitude regions of
Laurussia and Gondwana, rather than tropical regions
of these continents or the scattered equatorial micro-
continents that existed at the time (Wellman et al. 2022).

The Early to Middle Devonian was characterized
by a major evolutionary adaptation in terrestrial veg-
etation (Raven and Andrews 2010). The paleobotanic
record shows a geologically rapid transition from small
leafless plants in the earliest Devonian (Kenrick and
Strullu-Derrien 2014), through the evolution of vas-
cular plant roots, with meristems of rooting axes ap-
pearing in the Lochkovian (c. 411 Ma: Matsunaga and
Tomescu 2016; Hetherington and Dolan 2018), the ear-
liest primary xylem (“wood”) in the Pragian-Emsian
(407 Ma: Gerrienne et al. 2011; Strullu-Derrien et al.
2014), the earliest trees of a few metres height by the
Eifelian (390-388 Ma: Berry and Fairon-Demaret 1997,
2002; Giesen and Berry 2013), and the earliest forests
by the Givetian (385 Ma: Stein et al. 2012, 2020). Addi-
tionally, Prototaxites, a gigantic (up to 8 m tall) fungal
fruiting body with rooting structures, originated in the
late Silurian and dominated landscapes locally until the
rise of vascular-plant forests (Hueber 2001; Boyce et al.
2007). By the end of the Silurian, enough biomass was
present to promote wildfires caused by lightning and to
generate charcoal (Glasspool et al. 2004a, 2006). This
further increased into the Lower Devonian, recorded by
the first coals and coaly shales in wetland settings by the
Emsian (Kennedy et al. 2013).

Major reorganization of plant communities took
place at the Devonian-Mississippian transition, as the
earliest trees, archaeopteridalean progymnosperms, be-
came extinct, and diverse arborescent lignophytes ap-
peared (Decombeix et al. 2011). Further changes oc-
curred through the Carboniferous “coal age” and into
the Permian, recorded in three major paleobotanic
shifts. First, the Mississippian-Pennsylvanian bound-
ary is characterized by major increases in wetland
species diversity (Meyen 1982; Gastaldo et al. 2009),
and the origination and diversification of the earliest
cordaitaleans and conifers (DiMichele et al. 2010). Sec-
ond, rainforest biomes experienced marked turnover at
a time of increasing aridity near the beginning of the
Kasimovian (~305 Ma), leading to reduction in the area
of tropical forests (Cleal and Thomas 2005), extinction
of diverse lycopsids, and a shift in predominant peat-
mire vegetation from lycopsids to tree ferns (Phillips et
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al. 1985, DiMichele et al. 2009). Third, the Permian saw
the rise to dominance of woody seed-bearing plants and
trees with improved drought tolerance (DiMichele and
Aronson 1992; DiMichele et al. 2009, 2010, Decombeix
et al. 2011; Bashforth et al. 2021). Icehouse climates
sporadically limited the extent of Carboniferous for-
est cover on Pangea (Matthaeus et al. 2021), and the
base Kasimovian and base Permian extinctions may re-
flect increased intensity of glacially driven seasonal dry-
ness (DiMichele et al. 2009; Falcon-Lang and DiMichele
2010). The evolution of freezing and drought tolerance
may have been a response to these environmental pres-
sures and favoured the dominance of a drought-tolerant
flora in the Permian (Matthaeus et al. 2021).

The rise of a terrestrial flora revolutionized the way
in which Earth surface processes and landscapes oper-
ated on the continents (Schumm 1968). Modern ana-
logues attest to the efficacy of plants as biogeomorphic
engineers (e.g., Corenblit et al. 2007, 2015, 2020; Horton
et al. 2017; Kleinhans et al. 2018; Larsen 2019). Roots
increase substrate shear strength and resistance to ero-
sion, and canopies and litter reduce the efficacy of rain-
drop impact and reduce surface runoff. Within soils and
regolith, plant and fungal symbionts induce weather-
ing, and organic matter can change sediment proper-
ties such as cohesiveness. Plants promote the accretion
of landforms by capturing sediment through baffling
(standing plants acting as obstacles to the flow of air and
water), thereby changing turbulence properties through
friction and drag effects, and by binding sediment in
place (e.g., Larsen, 2019).

Sedimentologic and stratigraphic evidence supports
the contention that even the earliest Paleozoic land
plants had profound impacts on Earth surface processes
and geological products. Ordovician fossil evidence for
the advent of land plants is synchronous with a ma-
jor increase in the amount of mudrock (sedimentary
rocks dominated by grains smaller than 0.0625 mm)
on the continents—a 1.4 order of magnitude change
that, like land plant evolution, appears to have oc-
curred only once in Earth history (Davies and Gib-
ling 2010a; McMahon and Davies 2018b; Davies et al.
2017). Prior to the evolution of embryophytes, terrige-
nous mudrocks were produced primarily by physical
erosion, with limited formation of clay minerals via
soil processes (Rafiei and Kennedy 2019) (Fig. 2A-B).
The earliest land plants shifted the primary locus of the
global clay mineral factory from the oceans to the land
(Kalderon-Asael et al. 2021) by inducing novel path-
ways in biologically mediated weathering.

Fossil evidence shows how Silurian plants, along with
bacterial and fungal symbionts, formed cryptogamic-
like ground covers that would have enhanced clay min-
eral weathering (Mitchell et al. 2019). Early Devonian
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meristems (Hetherington and Dolan 2018) would fur-
ther have increased the volume of the critical zone for
terrigenous weathering, promoting the growth of larger
root systems with a greater surface area and reactive
near-surface environment (Moulton et al. 2000), mark-
ing the first appearance of the rhizosphere (Kenrick et
al. 2012). The volume of mud and clay on the continents
was likely amplified by the retentive influences of land
plants as obstacles and stabilizers in lowlands (Davies
and Gibling 2010a; McMahon and Davies 2018b; Davies
and McMahon 2021; Ielpi et al. 2022) and by or-
ganic matter inducing mud flocculation and deposition
(Zeichner et al. 2021). The most important types of
soils were established by the Devonian-Carboniferous
(Genise et al. 2016).

Effects of prolonged residence of mud on the con-
tinents, coupled with increasing biological activity, are
archived in the rock record as greater diversity of pa-
leosol signatures (e.g., Brasier 2011; Xue et al. 2016)
and clay minerals (e.g., Hazen et al. 2013) through-
out the Paleozoic. The Early Devonian Rhynie Chert
of Scotland and Battery Point Formation of eastern
Canada record the earliest known mycorrhizal fungi
and fungal-plant symbiosis (Remy et al. 1994; Lalica
and Tomescu 2021), and fungi may have played a cru-
cial role in land-plant evolution and colonization of
the terrestrial surface. Rhynie and other Early Devo-
nian localities also record arthropods such as millipedes
and springtails, and nematodes that are components
of modern soils (Shear et al. 1996; Dunlop and Gar-
wood 2017). Through the Devonian and Carboniferous,
new developments included wetland soils (peat), forest
soils (Mintz et al. 2010), and dryland soils as plants be-
came drought-tolerant and developed deeper root sys-
tems (Fig. 2F, H). These developments expanded the
habitats available for nascent terrestrial biotas.

From the mid-Paleozoic onwards (~443 Ma), rivers
transported a range of particles that had not previously
existed, including elongate woody debris, charcoal, and
other carbonaceous particles, as well as bone and shell
fragments (Fig. 1F). Rivers would have transported in-
creased amounts of dissolved and colloidal organic mat-
ter (“blackwater rivers”) as plants colonized wetlands
and peat was generated (Davies and Gibling 2013). As
paleosols thickened and diversified, pedogenic mud ag-
gregates (Simon and Gibling 2017) and reworked nod-
ules and rhizoconcretions became prominent compo-
nents. Fluvial and wetland deposits were cemented by
more diverse minerals (including siderite, pyrite, gyp-
sum, and barite) as the near-surface geochemical envi-
ronment and groundwater composition evolved.

Physical sedimentary processes and products on the
continents were also influenced by evolutionary adap-
tations of plants (Davies et al. 2020), whose binding
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and baflling effects corralled channels and promoted
complexity in river geomorphology at various spatio-
temporal scales (Davies and Gibling 2010a; Corenblit
et al. 2015; Davies and McMahon 2021). A prominent
impact is the rising abundance of heterolithic lateral-
accretion elements in alluvial strata during the Silurian
and Devonian (Davies and Gibling 2010b), distinguish-
ing them from older alluvium (Long 2019) and attesting
to an increase in meandering river planforms (Fig. 2E).
Although rapidly migrating sandy meandering systems
almost certainly predate the evolution of land plants
(Davies and Gibling 2010a; Ielpi and Lapdtre 2019), the
Silurian and Devonian ushered in the first abundant
mesoscale, muddy meandering channels (McMahon
and Davies 2018c), which lengthened source-to-sink
sediment conduits and maintained stable floodplains as
long-lived sediment staging areas. Further changes to
fluvial landscapes occurred during the Carboniferous,
with the apparent onset of fixed-channel anabranch-
ing rivers (Davies and Gibling 2011, 2013) (Fig. 2G),
promoted as trees evolved deeper rooting strategies.
Disturbance-tolerant plants such as calamitaleans were
effective colonisers of the riverbed, where they nucle-
ated sediment bars (Ielpi et al. 2015). A final impact of
land plants on the sedimentary record is seen in the
abundance of vegetation-induced sedimentary struc-
tures (Rygel et al. 2004). Deflection of sedimentary lam-
inae around standing and decaying vegetation records
small-scale topographic variation, induced by larger
land plants and trees, in Devonian and younger strata
(Hillier and Williams 2007; Davies et al. 2021a), be-
coming particularly common in Carboniferous strata
(Rygel et al. 2004). Woody debris also became com-
mon from around the same time (Davies et al. 2021a)
and apparently was a major control on fluvial landforms
through the formation of logjams (Gastaldo and Degges
2007; Gibling et al. 2010) and sediment obstructions
(Gulbranson et al. 2020; Triimper et al. 2020) during the
later Carboniferous and Permian (Fig. 1G).

The invertebrate fossil record

Many of the key invertebrate clades involved in Pa-
leozoic terrestrialization are present as body fossils
in marine strata as old as Cambrian, including an-
nelids (Slater and Willman 2019), arthropods (Budd
and Telford 2009), and mollusks (Butterfield 2008).
Others, such as nematodes, are known from contem-
poraneous trace fossils (Mangano and Buatois 2020).
Terrestrial representatives of some of these clades
first appear as body fossils roughly 100 million years
later, underscoring the lag between the colonization
of marine and continental environments. The earli-
est terrestrial arthropod body fossils (e.g., millipedes,
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springtails), terrestrial nematodes, and freshwater gas-
tropods come from upper Silurian to Lower Devonian
strata (Shear et al. 1996; Hunt and Young 2012; Dunlop
and Garwood 2017; Edwards et al. 2017). The earliest
trace and body fossils of non-marine bivalves are Late
Devonian (Bridge et al. 1986; Knoll et al. 2017). The
earliest unequivocally freshwater ostracods are from the
early to middle Carboniferous (Carbonell et al. 1988;
Horne 2003), having occupied brackish estuaries since
atleast the late Silurian (McGairy et al. 2021). Other epi-
faunal and infaunal groups that moved to continental
settings during the Paleozoic include sponges and tes-
tate rhizopods (thecamoebians), both found in Devo-
nian brackish facies (Mason 2012) and Pennsylvanian
freshwater facies (Wightman et al. 1994; Schindler et al.
2008). Terrestrialization of all these animals presented
evolutionary challenges, with adaptations needed to
breathe atmospheric oxygen, retain and conduct water
in the body, move around subaerially, cope with varying
water salinity, and protect against UV radiation. For or-
ganisms adapting to locomotion on emergent and sub-
aerial substrates, key physical differences between water
and air as surrounding media (density, viscosity, spe-
cific heat, and oxygen diffusion) needed to be overcome
to benefit from associated advantages. Advantages in-
cluded: (1) extended visibility for organisms with eyes;
(2) higher diffusion of chemical cues of mates, preda-
tors, and food; (3) a wider range of tolerable temper-
atures; and (4) the capacity to move further and faster
(Denny 1993; Vermeij and Grosberg 2010; Dunlop et al.
2013).

Heightened diffusion of oxygen in air benefitted
many terrestrial pioneers but was less amenable to the
taphonomic survival of a reliable fossil record, partic-
ularly of organisms entombed in granular sediment or
those with predominantly soft body parts. Thus, the
body fossil record of the first terrestrial invertebrates is
markedly imperfect due to both preservation and col-
lection biases (Kenrick et al. 2012; Dunlop et al. 2013;
Giribet and Edgecombe 2019; Edgecombe et al. 2020),
and often is discordant with molecular clock models
that estimate a much earlier terrestrialization (Rota-
Stabelli et al. 2013; Lozano-Fernandez et al. 2016, 2020).

Empirical evidence for terrestrialization amongst in-
vertebrates is most readily found in the trace fossil
record of trackways, trails and burrows produced by
the first pioneers (Fig. 3A-H). This record has the
added benefit of revealing behavioral interactions be-
tween animals and their physical environment (sedi-
ments). Trace fossils possess several helpful attributes
that distinguish them from body fossils, in that they
are usually preserved in situ and record the activities
of both soft-bodied animals and those with hard parts.
Trace fossils can pre-date the oldest known body fos-
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sils of their producers (e.g., Mangano and Buatois 2014;
Lichtig et al. 2018). As manipulations of physical sed-
iment, they suffer from fewer taphonomic filters than
organic matter, and their preservation potential is of-
ten no less than that of other sedimentary structures
(Davies and Shillito 2021). These attributes give trace
fossils great value in ascertaining the timing and path-
ways of invertebrate terrestrialization, because the body
fossil record of these events can be opaque and appar-
ently conservative, as discussed above. Finally, a unique
characteristic of trace fossils is that they can represent
the activities of sediment-modifying ecosystem engi-
neers. Together, these traits permit evidence from trace
fossils and sedimentary facies to be combined to elu-
cidate: 1) what animals were doing to affect their physi-
cal environment; 2) with which other animals they were
doing it; and 3) where, when, and under what condi-
tions they were doing it. As a result, invertebrate trace
fossils are used increasingly to reconstruct the history
of life (Minter et al. 2016a, b, 2017); Miller 1984; Maples
and Archer 1989; Buatois et al. 1998; Miller and Laban-
deira 2002; Buatois and Mangano 1993a, 2007.

New frameworks and methods, based on trace-fossil
and feeding types, tiering (depth of emplacement), and
motility, have led to the establishment of ichnoguilds (as
defined by bauplan, tiering, and feeding type), modes
of life, and the quantification of occupied ecospace for
points in space and time (Minter et al. 2016a, b, ¢, 2017);
Bromley 1996; Bambach et al. 2007. Comparing trace-
fossil diversity to the range of behavioral programmes
(ichnodisparity; Buatois & Mangano, 2013), amount of
occupied ecospace, and level of ecosystem engineering
during terrestrial colonization, reveals repeated early
burst patterns of diversification. In this scenario, trace
fossil diversity reaches a plateau later than other met-
rics, suggesting that the colonization of each new envi-
ronment by invertebrates was a novelty event (Minter et
al. 2017).

Alluvial environments

The earliest unequivocal invertebrate trace fossils in al-
luvial environments that were intermittently subaeri-
ally exposed (e.g., floodplains) are found around the
Silurian-Devonian boundary (Morrissey et al. 2012a)
(Fig. 3C). The Tumblagooda Sandstone of Australia
(probably Silurian) was thought to provide evidence
for earlier colonization of fluvial, eolian dune, sand
sheet and pond environments, including assemblages
of arthropod trackways, trails, and a variety of types of
horizontal to vertical and simple to complex burrows
(Trewin and McNamara 1995). However, pervasive ma-
rine influence recently has been documented through-
out the facies that yield trace fossils, which thus record
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Fig. 3 The invertebrate trace-fossil record of Paleozoic terrestrialization with selected examples. (A) Arthropod trackways in coastal
eolian deposits from the Potsdam Group, Ontario, Canada. (B) The trackway Diplichnites crossing emergent ripple crests from the Upper
Ordovician Borrowdale Volcanic Group, Lum Pot, Cumbria, England. (C) Possible euthcarcynoid trackway within bar top fluvial sandstones
from the Lower Devonian St Maughan’s Formation, Sennybridge, Wales. (D) Shallow burrow (Polarichnus) in desiccated alluvial mudrock
from the upper Silurian Sundvollen Formation, Kroksund, Norway. (E) The arthropod trackway Keircalia multipedia in lake-margin deposits
from the Lower Devonian Lower Old Red Sandstone, Dunure, Scotland. (F) The xiphosurid trackway Kouphichnium in distal lake deposits
of the Lower Carboniferous Bude Formation, Devon, England. (G) Tambia spiralis in abandoned channel deposits from the lower Permian
Tambach Formation, Bromacker Quarry, northern Thuringian Forest, Germany. (H) Treptichnus pollardi in floodplain deposits from the
middle Permian Abrahamskraal Formation, Gansfontein paleosurface, Karoo Basin, South Africa
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the activities of amphidromous pioneers (organisms
able to temporarily migrate between marine and fresh-
water environments) in a nearshore tidal setting, rather
than permanent non-marine communities (Shillito and
Davies 2020). With the development of aquatic and ri-
parian ecosystems along Devonian rivers, a reciprocal
link would have emerged between the two modes, as
in modern rivers (Baxter et al. 2005). Stream-dwelling
invertebrates would have provided a large energy bud-
get for fish and other aquatic organisms, while terres-
trial invertebrates would have nourished riparian con-
sumers.

The constituents of early floodplain ichnofaunas per-
sisted from the late Silurian at least until the end of
the Paleozoic (e.g., Lucas et al. 2011; Avanzini et al.
2011; Hedge et al. 2019; Buatois et al. 2021), exempli-
fied by trackways and meniscate burrows of a mobile
deposit- and detritus-feeding shallow infauna to epi-
fauna (e.g., Morrissey et al. 2012a; Minter et al. 2016b,
2017; Morrissey and Braddy 2004; Marriott et al. 2009;
Shillito and Davies 2017; Fillmore et al. 2020) (Fig.
3C-D, G-H). The impacts of these animals on sedi-
ments ranged from minimal compressive effects at the
sediment surface to acting as conveyers that moved
sediment particles within and between all tiers whilst
feeding. A few invertebrates created open-structured
dwelling burrows that acted as conduits for oxygenated
fluids and nutrients to infiltrate the sediment and for
sediment particles to move deeper from the surface and
shallower tiers; in the process, they also excavated sed-
iment from depth to the surface where it could be re-
worked by sedimentary processes (Minter et al. 2016b,
2017).

Burrowing in soils was of extremely limited diver-
sity in the Paleozoic. The most common biogenic struc-
tures by far are root trace fossils (Genise et al. 2016) and
millipede traces, the latter illustrated by the ichnogenus
Palliedaphichnium (Agnihotri et al. 2021). Intense bio-
turbation documented in some late Paleozoic soils pre-
sumably was due to burrowing by millipedes but also
by other arthropods, such as isopods and insect larvae
(Hembree and Blair 2016; Hembree and Bowen 2017).
Although much more common in post-Paleozoic de-
posits, the ichnogenus Camborygma, a vertical burrow
produced by freshwater crayfish, occurs sporadically in
Permian paleosols (e.g., Hembree and Swaninger 2018).

Within subaqueous alluvial environments, such as
active fluvial channels, Silurian to Permian ichnofaunas
are typified by vertical burrows of suspension feeders,
similar to those found in high-energy lake margin set-
tings, which would have been conduits for fluids, nu-
trients, and sediment particles to move down through
the sediment profile (Morrissey et al. 2012a; Minter et
al. 2016b, 2017); Fitzgerald and Barrett 1986; Buatois
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and Mangano 2004. Large (up to 23 cm wide) meniscate
burrows, assigned to the ichnogenus Beaconites (and
to the related ichnotaxon Gariwerdichnus; Gouramanis
et al. 2021), are present at the top of channel-fill suc-
cession, indicating colonization after channel abandon-
ment (e.g., Allen and Williams 1981; Graham and Pol-
lard 1982; Morrissey and Braddy 2004; Pearson and
Gooday 2019). There is growing agreement that the
most likely producers were myriapods (Morrissey and
Braddy 2004; Fayers et al. 2010; Pearson and Gooday
2019), which would have acted as conveyors for mov-
ing sediment within and between tiers in the sediment.
Arthropod gigantism is also evident from trackways in
fluvial deposits of this age. The large (up to 50 cm wide)
Diplichnites cuithensis (Briggs et al. 1979) has been at-
tributed to Arthropleura and exhibits a stratigraphic and
paleogeographic range from the early Carboniferous
(Visean) to the early Permian (Asselian) in Eurameri-
can (paleoequatorial) strata (Pearson 1992; Chaney et
al. 2013; Davies et al. 2021b).

Eolian environments

The earliest evidence of animal activity in eolian envi-
ronments (settings dominated by wind transport and
deposition) is from arthropod-produced trackways in
the mid-Cambrian Potsdam Group of southeastern On-
tario (MacNaughton et al. 2002) (Fig. 3A) and north-
ern New York State (Hagadorn et al. 2011). The track-
ways likely record temporary excursions into marginal-
marine dune fields by amphidromous euthycarcinoids,
a group of extinct arthropods with probable affinities to
myriapods. It has been suggested that the Ontario oc-
currences were produced in inland eolian dune fields
(Sanford and Arnott 2010; Lowe 2016; Lowe et al. 2017)
but such a setting would be anomalous for arthropods in
the Cambrian (Minter et al. 2016a). The “in-phase” gait
of the track-makers shows no adaptation to non-marine
life (MacNaughton et al. 2002) and the lateral strati-
graphic relationships of the Ontario occurrences are not
well constrained. The better-constrained New York oc-
currences show evidence for marginal-marine deposi-
tion, including interfingering eolian and aquatic strata,
and trackway morphologies that reflect subaerial and
subaqueous formation (Hagadorn et al. 2011). The first
evidence for true colonization of inland-desert eolian
deposits comprises trackways, surficial trails, and infau-
nal horizontal and vertical burrows preserved in damp
interdune deposits of the Silurian Mereenie Sandstone
of Australia (Shillito and Davies 2021). Dune facies of
the Mereenie Sandstone are barren of trace fossils. Not
until the Middle Devonian are trackways and burrows
found on and within dune deposits, as recorded in the
Caherbla Group of Ireland (Morrissey et al. 2012b).
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These represent pioneers making excursions from flu-
vial habitats to forage (Morrissey et al. 2012b). Inter-
dune deposits of the Caherbla Group also contain track-
ways, resting traces, and meniscate burrows (Morrissey
et al. 2012b). Extensive colonization of eolian environ-
ments, including dunes and wet and dry interdune set-
tings, is recorded in Permian strata (e.g., Brady 1947;
Sadler 1993; Braddy 1995; Krapovickas et al. 2016).
Most of these trace fossils are surficial and had minimal
impact on the sediment profile, although animals that
would have acted as infaunal sediment conveyors were
present at the time (Minter et al. 2016b, 2017).

Lacustrine environments

Myriapod  trackways (Diplichnites) and trails
(Diplopodichnus) from the Ordovician Borrowdale
Volcanic Group of the UK (Fig. 3B) originally were
inferred to have formed in an emergent freshwater
lacustrine environment (Johnson et al. 1994; Briggs et
al. 2019). However, Shillito and Davies (2018) empha-
sised that there are no conclusive criteria for lacustrine
deposition within the trace-fossil bearing strata, and
the looping nature of the traces implies they may be
mortichnia (death trails) associated with the volcanic
ash sediment in which they occur. Shillito and Davies
(2019) agreed with Johnson et al. (1994) that some
trackways in the Borrowdale Volcanic Group were
produced under emergent conditions, with trackways
preferentially preserved on the crests of wave ripple
marks rather than in troughs. However, in the absence
of diagnostic evidence for non-marine deposition, and
of other contemporaneous lacustrine ichnofaunas, the
null hypothesis is that the environment was marginal
marine.

Unequivocal evidence for colonization of lakes comes
from Silurian ephemeral lacustrine (playa) facies and
Devonian marginal lacustrine facies (Minter et al.
2016b, 2017; Smith 1909; Pollard et al. 1982; Pollard and
Walker 1984; Walker 1985; Buatois and Mangano 1998;
Buatois et al. 1998; Flannery-Sutherland 2021) (Fig. 3E).
These early lacustrine trace-fossil assemblages are simi-
lar to those of contemporaneous alluvial environments,
comprising trackways and horizontal burrows and trails
of mobile deposit feeders and predators that mostly had
minimal impact on the sediment profile (Minter et al.
2016b, 2017). Other marginal lacustrine environments
preserve trace-fossil assemblages with vertical burrows
of suspension feeders, reflecting frequent wave rework-
ing of the sediment (Buatois and Mangano 1998). In
general, however, deposits of larger and deeper Devo-
nian lakes lack evidence of bioturbation.

Fully lacustrine environments were colonized by
the Pennsylvanian and contain high-diversity, high-
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abundance trace-fossil assemblages of horizontal to
subhorizontal non-specialized grazing and feeding
traces produced by mobile deposit feeders, with sub-
ordinate locomotion traces (Goldring 1978; Pickerill
1992; Buatois and Mangano 1993b, 1995, 1998) (Fig.
3F). Deep lacustrine trace-fossil assemblages differ from
deep marine equivalents in their lower complexity and
diversity. This is a behavioral response to the greater
abundance of resources, and hence lower competi-
tion, in lacustrine environments (Buatois and Mangano
1998, 2004). Not until the Mesozoic was there signifi-
cant colonization of the sediment profile in fully lacus-
trine environments (Buatois and Mangano 1998).

Arthropod-plant interactions: The fossil
record of arthropod feeding

Paleozoic evolution of land plants (see above) pro-
vided novel resources for arthropods. The first such re-
sources came from the earliest lineages of nonvascu-
lar bryophytes (liverworts, hornworts, and mosses) and
polysporangiophytes, and vascular plants that included
extinct rhyniophytes and extant lycopsids and euphyl-
lophytes (Kenrick and Crane 1997; Morris et al. 2018).
Later plant material included the euphyllophytes, vas-
cular plants with true leaves (megaphylls). These in turn
gave rise to spore-bearing ferns and horsetails, as well
as seed plants, including extinct progymnosperms, a
disparate assemblage of “seed ferns.” This group con-
sisted of lyginopterids, callistophytans, medullosans,
peltasperms, and corystosperms, and toward the end of
the Paleozoic, cycads, ginkgophytes, conifers, and gne-
tophytes (Bateman et al. 1998).

A sparse yet diverse fossil record exists for preda-
ceous arthropods that coexisted with these plant lin-
eages (Edwards et al. 2017), beginning during the late
Silurian to Middle Devonian and continuing through-
out the Paleozoic. Predaceous arachnid lineages in-
cluded scorpions, trigonotarbids, whip scorpions, a
spider, and mites; myriapod lineages included cen-
tipedes and probably Rhyniognatha, an extinct arthro-
pod of uncertain affinities (Kevan et al. 1975; Shear
et al. 1984; Jeram et al. 1990; Shear and Kukalova-
Peck 1990; Subias and Arillo 2002; Haug and Haug
2017). Non-predaceous lineages included fungivores,
detritivores, and herbivores. Arachnid fungivores in-
cluded a harvestman, alicorhagid and oribatid mites,
and the earliest known hexapod, a springtail (Whalley
and Jarzembowski 1981; Norton et al. 1988; Kethley
et al. 1989; Tihelka et al. 2020). Arachnid detritivores
were comparatively plentiful oribatid mites and less
abundant harvestmen, and myriapodian kampecarids,
diplopods (millipedes), and arthropleurids (Shear et al.
1996), the latter likely responsible for distinctive, large
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coprolites (Edwards et al. 2012). Herbivores fed on
vegetative tissues of stems, sporophylls, and sporan-
gia, based on coprolitic evidence and especially dam-
age done to plant stems that indicates collembolan and
bristletail hexapods and possibly millipedes as the cul-
prits (Shear et al. 1984; Edgecombe 1998). Primary pro-
ductivity of early terrestrial ecosystems was overwhelm-
ingly trophically channeled through detritivory (Shear
and Kukalova-Peck 1990), whereas herbivory was lim-
ited (Labandeira et al. 2014).

Mississippian terrestrial arthropod fossils are as un-
common as those of the Silurian and Devonian. The
hexapod gap, lasting 60 million years until immediately
before the beginning of the Pennsylvanian (Schachat et
al. 2018), reveals virtually nothing about insect ecol-
ogy (Fig. 5). Nevertheless, terrestrial arthropod di-
versity dramatically increased during the Pennsylva-
nian and the Permian (Schachat et al. 2018). Thir-
teen hexapod lineages enter the fossil record 12 million
years after the Mississippian-Pennsylvanian boundary
(Labandeira 2019). Of these lineages, nine likely had
partly to entirely herbivorous habits (Labandeira 2019).
They include: four orders of Paleodictyopteroidea, with
stylate mouthparts for piercing and sucking inner
plant tissues (Shear and Kukalova-Peck 1990); Archae-
orthoptera and Orthoptera, with mandibulate mouth-
parts for processing foliage; Hemipteroidea, with sty-
late mouthparts, consisting of the ancestors to mod-
ern thrips and aphids, cicadas and bugs with sty-
late mouthparts that replaced paleodictyopteroids; and
Holometabola, whose varied mouthparts and feeding
habits were based mostly on larval versus adult differ-
ences. For holometabolan adults, diverse feeding habits
emerged in the Permian, such as using tubular mouth-
parts to siphon pollination drops of gymnosperm
ovules (Labandeira 2010). In addition to zoophagy, the
four major dietary guilds of Paleozoic terrestrial bio-
tas are detritivory, fungivory, herbivory, and palynivory.
Antiherbivore defenses are locally evident in this fossil
record.

The first winged insects appeared during the
Mississippian-Pennsylvanian boundary interval, in
an environment of many vegetation types in which 10
orders of insects appeared. The earliest winged insect,
Delitzschala bitterfeldensis (Brauckman and Schnei-
der, 1996), of latest Mississippian age, was a member
of the Paleodictyoptera that possessed piercing-and-
sucking mouthparts and likely was a fluid feeder on
sub-epidermal tissues of trees (Labandeira and Phillips,
1996a). Within several million years, the Paleodicty-
optera and several other diverse lineages of insects
entered into the new, expansive, three-dimensional
habitat of the air (Phillips et al., 1985; Shear and
Kukalova-Peck, 1990). This resulted in a trophic web
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within tree canopies that included herbivores, pollina-
tors, predators, and other feeding guilds (Labandeira,
1998).

Detritivory

Detritivory is the consumption of dead plant and fun-
gal tissue. The record of detritivory begins in the late
Silurian and continues through the Paleozoic. Almost
all evidence for Paleozoic detritivory comes from orib-
atid mite tunneling of dead plant tissue, or from copro-
lites. Diminutive oribatid mite borings typically con-
tain small ovoid coprolites from consumption of hard-
ened plant tissues, although there likely is subsistence
on fungi associated with the comminution of wood
(Labandeira et al. 1997). Subsistence on fungi would re-
quire a cellulose digesting gut microbiome (Sustr and
Stary 1998) to consume dead tissues like the root man-
tles of Psaronius tree ferns (Labandeira et al. 1997).

Fungivory

Fungivory is the consumption principally of fungal
spores and hyphae, and is primarily recorded by spore-
laden coprolites. Some of these coprolites indicate con-
sumption of a single fungal source (Edwards et al. 2012).
Paleozoic evidence for fungivory is sporadic and relies
principally on the availability of macerated coprolites
for study.

Herbivory

The study of herbivory is prominent in modern and fos-
sil ecosystems (Labandeira and Currano 2013). The var-
ied types of Paleozoic herbivory are evaluated based on
the types of damage left by arthropod and pathogen her-
bivores on their plant hosts. Recent work has qualita-
tively formalized and quantitatively analyzed the study
of herbivory, resulting in explicit diagnoses for describ-
ing varied herbivore damage in the fossil and modern
record (Fig. 4). At the coarsest level, herbivore damage
on plants is categorized by the four feeding classes of
ectophytic, ectoendophytic, endophytic, and pathogen
(Xiao et al. 2021). Each feeding class is further di-
vided into functional feeding groups (FFGs), defined by
the mode of feeding, which generally is related to the
arthropod mouthpart type. Each of the 10 Paleozoic
FFGs, in turn, are divided into damage types (DTs)
that are defined, diagnosable forms of arthropod or
pathogen damage on plants and that recur in time and
space (Labandeira et al. 2007).

The ectophytic feeding class consists of damage cre-
ated by a feeding arthropod in which its body, including
mouthparts, is entirely external to its plant host, as ex-
emplified by a grasshopper. The four types of Paleozoic
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Fig. 4 The component herbivore community of the medullosan seed plant Macroneuropteris scheuchzeri, the most herbivorized plant of the
latest Pennsylvanian Williamson Drive flora of north-central Texas. Depicted are 17 of the most prominent of the 29 damage types (DTs)
on this plant host. (Not present are hole feeding DT |, margin feeding DT 13, DT 14, and DT233, skeletonization DT 16, surface feeding
DT29,DT30,and DT31,and piercing-and -sucking DT46, DT47, DT48,and DT56.) The whole-plant taxon of this plant host consists of
Macroneuropteris scheuchzeri foliage, Trigonocarpus sp. seeds, and W-medullosan-axis branches. This image comes from Fig. S| of the
associated Supplementary Material; see Xu et al. (2018) for additional details

ectophytic herbivory are the hole feeding, margin feed-  earliest known hole feeding was on the thalli of liver-
ing, skeletonization, and surface feeding FFGs (Fig. 4).  worts (Labandeira et al. 2014), not on vascular plant

Hole feeding is consumption of a plant organ in  leaves (Labandeira 2007). After a major hiatus during
which its entire thickness is ingested as a perforation  the hexapod gap, hole feeding appears sporadically on
and the excised edge is rimmed by reaction tissue. The  plants and rarely is present even in well documented
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floras (Labandeira 2006) (Fig. 5). Hole feeding is over-
shadowed by margin feeding and is not abundant un-
til the mid Permian, when it displays higher DT rich-
ness and abundance in Euramerica and Cathaysia on fo-
liose, gigantopterid taxa such as Gigantopteridium and
Cathaysiopteris (Beck and Labandeira 1998; Glasspool
et al. 2003).

Margin feeding, like hole feeding, is the consump-
tion of a plant organ in which the entire blade thick-
ness is excised along an edge that almost always has a
bordering rim of reaction tissue. Other features, such
as patches of necrotic tissue and wisps of veins along
the grazed edge, often result from the chewing process.
The earliest margin feeding is on foliose Middle Devo-
nian liverworts (Labandeira et al. 2014), but reappears
during the Late Mississippian on lyginopterid seed fern
pinnules (Iannuzzi and Labandeira 2008) and also has
been recorded earlier in that period (M. Donovan, pers
comm.). Margin feeding increases in occurrence on
medullosan seed ferns during the Pennsylvanian (Scott
and Taylor 1983) (Fig. 4), and becomes the dominant
FFG during the Permian, where it is especially associ-
ated with seed plants (Plumstead 1963).

Skeletonization is feeding on foliage whereby the en-
tire leaf-blade thickness is consumed but one or more
ranks of leaf venation are left unconsumed; the en-
tire patch is surrounded by a bordering rim of reac-
tion tissue. The resulting damage has a lattice-like as-
pect. Skeletonization occurs least frequently of any Pa-
leozoic FFG, and its mid-Cisuralian expansion is curi-
ous, as mandibulate mouthparts capable of skeletoniz-
ing foliage were present throughout the Pennsylvanian
(Labandeira, 2006). Skeletonization increases in abun-
dance during the Permian, but almost exclusively on
gigantopterids in a few Euramerican and Cathaysian
localities (Beck and Labandeira 1998; Glasspool et al.
2003), and is rare in almost all floras until the Cre-
taceous expansion of angiosperms. The depauperate
record of skeletonization likely reflects the delayed ori-
gin in the Cretaceous of externally feeding lepidopteran
lineages with appropriate mouthpart structure to access
the inter-areas of robustly veined angiosperms (Bernays
and Janzen 1988).

Surface feeding is the removal of one more layers of
tissue from a plant organ by delicate chewing, abrasion,
or delamination, without consumption of the entire or-
gan thickness, resulting in a bordering rim of reaction
tissue. The fossil record of early surface feeding is simi-
lar to that of hole feeding, albeit with fewer occurrences.
Surface feeding first appears on Middle Devonian liv-
erworts (Labandeira et al. 2014), is not recorded dur-
ing the hexapod gap, and reappears in the later Penn-
sylvanian (Fig. 5). Like hole feeding, surface feeding ex-
panded on large leaves of gigantopterid gymnosperms,
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which have been compared to angiosperms in foliar
structure (Glasspool et al. 2004b).

The ectoendophytic feeding class is a condition
whereby the ovipositor or mouthparts of an insect or
mite are buried within plant tissues, but the body re-
mains external to the plant host. An example is a feed-
ing cicada. The two Paleozoic ectoendophytic types are
the oviposition and the piercing and sucking FFGs.

Oviposition creates a lesion of a surrounding scar
and deeper disrupted plant tissue as a female insect in-
serts eggs using an egg-laying device, the ovipositor.
Oviposition is not a feeding activity but it produces a
distinctive fossil record of damage and is treated simi-
larly to FFGs that involve feeding. The oldest evidence
for oviposition occurs on Early Pennsylvanian calamite
stems (Laafl and Hoff 2015), produced by several in-
sect lineages with cutting or puncturing ovipositors.
Although oviposition on stems persisted through the
Permian, the midribs and other primary veins of seed
plants served as a new resource for ovipositing insects
(Prevecetal. 2009). Insect candidates for oviposition are
Protodonata (extinct precursors of modern dragonflies
and damselflies), Paleodictyopteroidea, orthopteroids,
and early Hemipteroidea, all of which possessed promi-
nent, laterally compressed, slicing ovipositors that often
bore sawtooth edges (Shear and Kukalova-Peck 1990;
Shcherbakov 2000; Béthoux and Nel 2005).

Piercing and sucking is the puncturing of plant tis-
sues to various penetration levels by the stylate mouth-
parts of an insect or mite. Such punctures create a circu-
lar or elliptical surface feature surrounded by a promi-
nent upraised rim, with disrupted tissue at depth. With
the exception of spore consumption, piercing and suck-
ing was probably the earliest form of arthropod her-
bivory in terrestrial ecosystems, being recorded in the
Rhynie chert ecosystem on stems of early vascular land
plants (Kevan et al. 1975). Most evidence for Devonian
and Pennsylvanian piercing and sucking is from ac-
etate peels or thin sections of permineralized plant axes
(Scott and Taylor 1983; Labandeira and Phillips 1996a).
Evidence for Permian piercing and sucking is from sur-
ficial puncture marks on horsetail and medullosan fo-
liage (Xu et al. 2018) and on cordaitalean gymnosperm
seeds (Shcherbakov et al. 2009), and from ovate to
elliptical impression scars left by sessile scale insects
(Schachat et al. 2014). Stylate mouthparts of paleodicty-
opteroid insects were functionally similar to their eco-
logical replacements, Hemipteroidea. Both clades are
associated with several piercing-and-sucking feeding
modes involving particular plant tissues (Labandeira
and Phillips, 1996a; Labandeira 2019).

The endophytic feeding class occurs when the body
of a feeding insect, typically a larva, including its
mouthparts, is entirely ensconced within its host’s
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Fig. 5 Distribution of terrestrial Paleozoic functional feeding groups and antiherbivore defenses of arthropods, biotas from which the data
was sourced, and position of the hexapod gap. See Table S2 for sources
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tissues. An example is a gall consisting of numerous
miniscule chambers, each of which contains a devel-
oping, immature mite. The three Paleozoic endophytic
types of herbivory are the galling, seed predation, and
borings FFGs. Mining, a major endophytic FFG, has
not been detected definitively in the Paleozoic, although
several reports have documented mine-like features
(Beck and Labandeira 1998; Adami-Rodrigues et al.
2004).

Galling results in a variously shaped, three-
dimensional growth composed of an inner chamber
inhabited by an immature arthropod, surrounded by
nutritive tissue and enveloped by a hardened outer
wall. Galls record parasitic interactions, induced by
an arthropod galler that takes developmental control
of the plant host, including a connection to the host’s
vascular system. Although the earliest plant gall (Mid-
dle Devonian) is likely fungal in origin (Labandeira et
al. 2014), galls have a hiatus until the Pennsylvanian,
when they occur on vegetative and axial organs such as
the stems, strobili, and cones of horsetails, ferns, and
seed plants (Labandeira and Phillips 1996b; Correia
et al. 2020). In the Permian, a shift in galling strategy
favored diverse gall morphologies on gymnosperm
foliage (Labandeira 2021), induced by small insects
such as early hemipterans and thrips (Schachat and
Labandeira 2015).

Seed predation is the consumption of part of a seed
that potentially leads to death of the plant embryo or
otherwise forfeits seed viability. This can happen by
multiple modes of consumption, including chewing,
piercing-and-sucking, or mining. Seed predation thus is
unique among FFGs in that several DTs from disparate
insect lineages contribute to it (Barbosa dos Santos et al.
2020). This FFG appears late, after a 60 million-year lag
when seed plants were diversifying (Labandeira 2007).
The most persistent associations of seed predation are
Pennsylvanian medullosans, especially the radiosper-
mic seed Trigonocarpus (Scott and Taylor 1983) and
Permian cordaitaleans such as the platyspermic seeds
Cordiacarpus and Samaropsis (Shcherbakov et al. 2009;
Santos et al. 2021).

Borings are three-dimensional excavations in hard-
ened tissues that may be simple tunnels or complex net-
works consisting of entry and exit holes, mating gal-
leries, and larval tunnels that serve specific functions.
Borings typically are found in trunk wood and cam-
bial tissues of gymnosperms, and likely were produced
by beetles (Feng et al. 2017). Boring in cambial tis-
sues is considered as herbivory because trunk cambia
are meristematic tissues that contain several layers of
live, actively dividing cells, although cambial borings
are connected to tunnels in secondary xylem (wood)
and other dead tissues (Solomon 1995). The earliest
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non-marine borings were made by unknown, medium-
size arthropods in hardened tissues of the huge De-
vonian fungus Prototaxites (Hueber 2001), but there
is little other record until the Pennsylvanian, when
borers attacked arborescent coal-swamp plants such
as lycoposids, calamites and medullosans (Rothwell
and Scott 1983). Permian borings are found on trunk
and branch woods exclusively on cordaitalean and
coniferalean gymnosperms (Rofler and Feng 2014).

Pathogens induce necroses resulting from assimila-
tion of live surface tissues of their host plants; this oc-
casionally may produce a fructification, but more com-
monly a reaction front distinct from the confined reac-
tion rims caused by arthropodan surface feeding. The
pathogen may be an epiphyllous virus, bacterium, or
fungus that destroys live surface tissues of its plant host,
such as the Fusarium fungal wilt that damages sweet
potato leaves. Only the single pathogen FFG is present
within the pathogens feeding class; the pathogens con-
sist overwhelmingly of fungi that consume live plant
surface tissues and are considered herbivores in the
broad sense of the term (Schuldt et al. 2017). Fun-
gal pathogens are at least as old as the Early Devo-
nian Rhynie Chert, being a major constituent of the
earliest well-documented terrestrial ecosystem (Strullu-
Derrien et al. 2019). Pathogens largely are absent from
the fossil record until the Pennsylvanian, where they are
anatomically preserved in coal balls. During the Per-
mian, pathogens occurred on gymnosperm foliage and
silicified gymnosperm wood (Labandeira and Prevec
2014).

Palynivory, nectarivory, and pollination

Several lines of evidence point to insect consumption of
spores, pollen, pollination drops, and eventually seed-
plant pollination. Late Silurian coprolites laden with
land plant spores indicate that sporangia were accessed
for their spore protoplasts (Habgood et al. 2004). This
pattern continues with sporadic Mississippian occur-
rences of plant spore-bearing coprolites, but increases
substantially during the Pennsylvanian, paralleling in-
creases in seed-plant pollen, exemplified by coprolites
containing monospecific occurrences of cordaitalean
Florinites pollen (Labandeira 2006). Interaction of in-
sects with seed-plant reproduction is evident in the mid
Permian, with insect guts filled with pollen (Krassilov
and Rasnitsyn 1996), and establishment of two unre-
lated insect lineages with long-proboscid mouthparts
(Vilesov 1995; Bashkuev 2005).

The vertebrate fossil record

The transition to terrestrial and freshwater habitats by
fish and tetrapods began in the Silurian and continued
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through the Devonian. The first skeletonizing jawless
fishes (astraspids, arandaspids) originated in very shal-
low marine settings in the Middle Ordovician (Allulee
and Holland 2005; Davies and Sansom 2009; Sallan et al.
2018). Fish lineages diversified primarily in nearshore
environments (Sallan et al. 2018) but the sedimen-
tary context of body fossils reveals frequent invasions
of freshwater by jawless fish from the mid Silurian
(Llandovery) onwards (Boucot and Janis 1983; Blom
et al. 2001) and by jawed fish from the Early Devo-
nian (Lochkovian) onwards (Zhu and Fan 1995; Thanh
et al. 2013) (Fig. 6B). Distribution of the sinuous fish-
swimming trace fossil Undichna provides further ev-
idence for the colonization of freshwater habitats by
gnathostomes, and is reported from subaqueous flu-
vial (Morrissey et al. 2004; Wisshak et al. 2004) and
shallow lacustrine facies (Trewin and Davidson 1995;
Tindal et al. 2021) throughout the Early and Middle De-
vonian. Deep lacustrine occurrences of Undichna are
known from the Pennsylvanian (Higgs 1988; Buatois
and Mangano 1994) (Fig. 6C).

The fish to tetrapod transition, which involved the
acquisition of air-breathing organs and weight-bearing
limbs, occurred during the Devonian, likely in inter-
tidal areas where such adaptations would have been
advantageous to osteichthyans (bony fish) that needed
to breathe in oxygen-depleted tidal pools and navi-
gate shallow intertidal zones (Clack 1992; Ahlberg 2018;
Byrne et al. 2020; Maclver and Finlay 2022). For a long
time, the only tetrapods documenting this transition
were Ichthyostega (Fig. 7B) and Acanthostega (Fig. 7A)
from Frasnian deposits of Greenland (Jarvik 1980, 1996;
Clack 1988). These have been bolstered by new discov-
eries of tetrapods, such as Elginerpeton, Tulerpeton, and
Ventastega (Ahlberg 1995; Lebedev and Coates 1995;
Ahlberg et al. 2008), and tetrapodomorph fish (elpis-
tostegids), particularly Panderichthys, Elpistostege, and
Tiktaalik (Schultze and Arsenault 1985; Boisvert 2005;
Downs et al. 2008).

The timing of the tetrapod water-to-land transition
is bedevilled by contradictory trace and body fossil ev-
idence. On one hand, Middle and Late Devonian oc-
currences of tetrapod footprints at several localities in-
dicate subaerial walking. Middle Devonian outcrops
on Valentia Island in Ireland (Stossel 1995; Stossel et
al. 2016) provide unequivocal evidence of tetrapods
walking on land (Fig. 6A) from three sites with nu-
merous clearly impressed and long trackways, pre-
served in proximal floodplain deposits of sandy rivers.
Some trackways were produced subaerially and oth-
ers on very shallowly flooded substrates (Stossel et al.
2016). Additionally, three other localities are largely
accepted as containing Devonian tetrapod trackways,
namely Zachelmie (Eifelian) in Poland (Niedwiedzki et
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al. 2010), Tarbat Ness (Frasnian) in Scotland (Rogers
1990), and Genoa River (Famennian) in Australia
(Warren and Wakefield 1972).

On the other hand, the Late Devonian (Frasnian) saw
appearances of multiple tetrapods that, though limbed,
retained multiple aquatic characters such as internal
gills for aquatic respiration, fin rays on the tail, and poly-
dactylia on the autopodium, and thus were more related
to an aquatic type of locomotion (Jarvik 1980, 1996;
Pierce et al. 2012). The subaerial footprints, together
with such other lines of evidence as morphological and
physiological interpretations about the role of gills and
kidneys in carbon dioxide and nitrogen excretion, point
towards an earlier onset of a higher degree of terrestrial
function than is revealed by currently known Late De-
vonian tetrapods and epistostegids (Clack 1997; Janis
and Farmer 1999; Ahlberg 2018). Ahlberg (2018) pro-
posed a novel scenario for tetrapod origins by revising
their stratigraphic and environmental framework. This
includes a Middle Devonian tetrapod origin in inland
river basins, sabkha plains and ephemeral coastal lakes
that preserve few, if any, body fossils, and a Frasnian
replacement of elpistostegids by tetrapods in riverine-
deltaic environments where body fossils are most fre-
quently recorded.

From the Devonian onwards, aestivation burrows
(burrows of animals that lived in water bodies that
dried out seasonally) appear in alluvial strata. They
record periods during which drought or heat caused an-
imals to adopt an inactive, metabolically reduced state
(Hembree et al. 2004; Hembree 2010). Paleozoic aestiva-
tion and dwelling burrows, some containing the fossils
of the burrower, are known in association with Devo-
nian to Permian lungfish, Permian lysorophid amphib-
ians, and Permian dicynodont reptiles (see review in
Krapovickas et al. 2013).

Mississipian tetrapod diversity mainly comprised
such non-amniotes as tetrapodomorphs and tem-
nospondyls, and stem-amniotes, including anthra-
cosaurs, seymouriamorphs, diadectomorphs, and lep-
ospondyls (Coates et al. 2008; Sahney et al. 2010; Clack
et al. 2017). Tetrapod diversity peaked during the Late
Mississippian (Serpukhovian) and Middle Pennsylva-
nian (Moscovian) (Dunne et al. 2018). The Mississip-
pian record of tetrapod tracks and body fossils has tra-
ditionally been considered sparse, but recently has im-
proved with heightened collection (e.g., Sarjeant and
Mossman 1978; Scarboro and Tucker 1995; Keighley
and Pickerill 1998; Wood and Miller 2007; Fillmore et
al. 2013; Anderson et al. 2015; Stimson et al. 2016; Bird
et al. 2020; Clack et al. 2019; Otoo et al. 2019; Bennett
et al. 2021). Trace fossil occurrences in multiple inland
(e.g., alluvial and lacustrine) and coastal (e.g., lagoon
and delta plain) environments suggest that this time
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Fig. 6 The vertebrate record of Paleozoic terrestrialization with selected trace- and body-fossil representatives. (A) Tetrapod trackway
from the Middle Devonian of Valentia Island, Ireland (photograph courtesy of lwan Stossel). (B) Headshield of jawless fish Hemicyclaspsis
within alluvium from the Lower Devonian Kerrera Sandstone Formation, Isle of Kerrera, Scotland. (C) The fish locomotion trail Undichna
insolentia from the Carboniferous Agua Colorada Formation, Sierra de Narvéez, Argentina. (D) Ichniotherium sphaerodactylum, produced by
non-amniote tetrapods, in abandoned channel deposits from the lower Permian Tambach Formation, Bromacker Quarry, northern
Thuringian Forest, Germany. (E) Dinocephalian trackways in floodplain deposits from the middle Permian Abrahamskraal Formation,
Gansfontein paleosurface, Karoo Basin, South Africa. (F) The trackway Chelichnus in eolian deposits from the middle Permian Coconino
Sandstone of Arizona, United States

interval corresponded with the transition to full terres-  tinuation of the terrestrialization process in both inland
triality amongst tetrapods (Anderson et al. 2015). The  and coastal environments (Lucas 2019).

Pennsylvanian record of tetrapod tracks is more abun- Most Carboniferous tetrapods (i.e., temnospondyls
dant than the Mississippian record, suggesting a con-  and stem amniotes) were still linked to water by aquatic
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Fig. 7 The vertebrate record of Paleozoic terrestrialization with reconstructions of selected fossil representatives. (A) The basal tetrapod.
Acanthostega from the Upper Devonian of East Greenland (modified from Ahlberg 2018). (B) The basal tetrapod. Ichthyostega from the
Upper Devonian of East Greenland (modified from Ahlberg 2018). (C) The basal temnospondyl Dendrerpeton from the Lower
Pennsylvanian locality of Joggins, Nova Scotia (modified from Holmes et al. 1998). (D) The stem-amniote, diadectomorph Orobates from
the lower Permian of Germany (modified from Berman et al. 2004). (E) The stem-amniote seymouriamorph Seymouria from the lower
Permian Cutler Formation of north-central New Mexico (modified from Berman et al. 1987). (F) The basal synapsid, sphenacodontid
Dimetrodon from the lower Permian of Texas (modified from Romer and Prize 1940)

reproduction (Klembara 1995). Adults, however, are
mostly interpreted to have been independent of wa-
ter, perhaps as terrestrial lissamphibians are today. A
key event within tetrapod evolution occurred during
the Early Pennsylvanian: the evolution of the amniote

egg and definitive independence from the water (Fig.
7C). Nevertheless, amphibians still comprised most of
the tetrapod diversity during the rest of the Carbonif-
erous (Sahney et al. 2010; Brocklehurst et al 2018).
There are at least three ichnologic sites containing
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putative evidence for the first occurrence of amniote
footprints, all predating the earliest known amniote
skeletal remains (Hylonomus and Paleothyris) from the
Joggins Formation (Bashkirian) in Nova Scotia. Falcon-
Lang et al. (2007) reported Pseudobradypus from the
Lower Pennsylvanian (Bashkirian) Grande Anse For-
mation of New Brunswick, Canada, together with de-
tailed analyses of the morphometrics of osteologic and
ichnologic characters that sustained the interpretation.
However, Keighley et al. (2008) pointed out uncertain-
ties regarding the precise age of the Grande Anse For-
mation and questioned the feasibility of differentiating
between amniotes and pentadactyl stem amniotes (an-
thracosaurs, seymouriamorphs and diadectomorphs)
(see also Falcon-Lang and Benton 2008). Wood and
Miller (2007) reported Late Mississippian (Serpukho-
vian) pentadactyl footprints ascribed to Pseudobrady-
pus from the Enragé Formation in New Brunswick,
Canada. Finally, Keighley and Pickerill (1998) reported
other putative amniote footprints (pentadactyl) from
the Mabou and Cumberland groups, and the Port Hood
Formation (Serpukhovian-Bashkirian) of Cape Breton
Island in eastern Canada, retaining the material in open
nomenclature due to generally poor preservation. Pre-
cise affinities of these footprints with amniotes or stem
amniotes have yet to be confirmed. In spite of these mi-
nor discrepancies, the osteologic and ichnologic records
mostly coincide about the origin of amniotes.

Tetrapod  diversification in Euramerica has
been linked to a major turnover of dominant vege-
tation lineages (Sahney et al. 2010; Brocklehurst et
al. 2018; Dunne et al. 2018). Visean to Moscovian
times saw marked biodiversity increases for coal forest
and tetrapod taxa (Sahney et al. 2010). Following the
Kasimovian vegetation turnover, tetrapod diversity
dropped abruptly before increasing steadily through
the Permian (Figs 6D-753 F, 7D-F). Early Permian
drying and warming (Tabor and Poulsen 2008) seem
to have been devastating to amphibians, but amniotes
(with amniotic eggs and impermeable skin) were less
affected. The cause of Permian tetrapod diversification
is debated. Sahney et al. (2010) proposed habitat frag-
mentation (endemism) as a trigger, but Dunne et al.
(2018) found evidence for tetrapod cosmopolitanism,
resulting from dispersal in more open environments in
a gradual transition from wetlands to drylands.

There is a marked compositional change from
early Permian to middle-late Permian tetrapod fau-
nas. Early Permian faunas included diverse and abun-
dant amphibians and the dominant amniotes were basal
synapsids (“pelycosaurs,” such as sphenacodontids and
edaphosaurids) and eureptiles, with captorhinids as the
most common taxa (Olson 1962; Ruta and Benton
2008; Brocklehurst et al. 2017). The middle-late Per-
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mian fauna mostly consisted of therapsids (including
dinocephalians, therocephalians, gorgonopsians, and
dicynodonts); parareptiles were also diverse, while am-
phibian diversity was reduced (Olson 1962; Sahney and
Benton 2008). In spite of changing faunal composi-
tions, amniotes have had a cosmopolitan distribution
since the early Permian (Cisuralian) (Brocklehurst et
al. 2018). Eureptiles and synapsids, the major amniote
components of the Permian faunas, do not seem to have
been differentially suited to the drier and warmer Per-
mian ecosystems, as they followed similar patterns of
dispersal in both settings (Brocklehurst et al. 2018). In
consequence, the tetrapod ichnologic record also shows
cosmopolitan distribution (Lucas 2019). The Permian
also saw the last step of tetrapod terrestrialization: the
invasion of deserts (Fig. 6F). Although some earliest
Devonian tetrapods traversed eolian substrates (Rogers
1990), the Carboniferous-Permian footprint record at-
tests to full colonization of deserts (Krapovickas et
al. 2016). The first dune field-dwelling tetrapods are
evidenced by fossil footprints from the Pennsylva-
nian Manakacha Formation in Grand Canyon, Arizona
(Rowland et al. 2020). In terms of feeding behavior,
most Devonian and Carboniferous tetrapods were pis-
civorous and insectivorous (Sahney et al. 2010), whereas
Permian terrestrial ecosystems had abundant herbi-
vores and fewer macro carnivores, achieving a more
complex, modern trophic structure (Sues and Reisz
1998).

Discussion
Paleozoic colonization phases

By integrating the lines of evidence outlined in previous
sections, we are able to provide a comprehensive pic-
ture of the colonization of the land during the Paleozoic,
which we characterize in five main phases (Fig. 8).

Phase |: Cambrian to Early Ordovician

The Cambrian to Early Ordovician phase can be viewed
as a prelude to terrestrialization (Minter et al. 2016a),
during which animals expanded into marginal-marine
environments rather than onto land (Buatois et al. 2005;
Mangano et al. 2014; Getty and Hagadorn 2009; Collette
et al. 2010). Without plant cover, landscapes were char-
acterized by limited, transient landforms, and domi-
nated by laterally mobile rivers with unstable banks
(Davies and Gibling 2010a). Temporary incursions by
arthropods into coastal environments predated estab-
lishment of continental communities, as recorded no-
tably by amphidromous trackways in coastal eolian
dunes of middle to late Cambrian age (MacNaughton
et al. 2002; Hagadorn et al. 2011). Freshwater lacus-
trine faunas are not known and may have been inhibited
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Fig. 8 Evolutionary milestones in Paleozoic terrestrialization. Many of the identified milestones represent protracted innovations. See text
for details

by limited nutrient delivery and high sediment loads
(Cohen 2003). Overall, lakes during this phase were
shallow and rapidly filled with sediment (Cohen 2003).
Microbial and algal communities, as evidenced by stro-
matolites and microfossils, were the only common bi-
otic components of early Paleozoic lakes (White and
Young 1980; Wellman and Strother 2015).

Phase 2: Middle to Late Ordovician

The most fundamental innovation of the Ordovician
Period was the first appearance of land plants, rep-
resented by embryophytes (Rubinstein et al. 2010;
Strother and Foster 2021). This had a significant global
impact, indicated by increased amounts of mudrock on
land (Davies and Gibling 2010a; McMahon and Davies
2018b; Davies et al. 2017; Zeichner et al. 2021). Fluvial
landscapes began to be transformed by this abundance
of cohesive sediment, and overbank deposits archived
thick mudstone intervals for the first time by the Mid-
dle Ordovician (Davies and Gibling 2010a). Marine or-
ganisms continued to penetrate upstream in marginal-
marine environments (e.g., Mangano et al. 2021). Yet,
as with the Cambrian to Early Ordovician, no unequiv-
ocally terrestrial faunas have been documented for the
Middle to Late Ordovician (Shillito and Davies 2018,
2019), and lacustrine environments continued to be
dominated by microbial and algal communities (Cohen
2003).

Phase 3: Silurian and Devonian

The Silurian and Devonian record the onset of a true
invasion of the land by animals. During the Silurian-
Devonian, vascular land plants with deeper rooting
systems and fungal symbiosis began to take over the
continents, and were instrumental in retaining fine-

grained sediments in alluvial plains (McMahon and
Davies 2018b). This was accompanied by the rise of
novel physical landscapes, including self-sustaining me-
andering rivers with small channels and long-lived,
mud-rich floodplains, as well as biological landscapes
with a progressively increased biomass that included
forests. These landscapes witnessed the earliest faunas
to colonize rivers, lake margins and inland deserts. The
Silurian-Devonian was also characterized by a remark-
able increase in the diversity and disparity of trace fos-
sils in fluvial overbank and abandoned channel deposits
(Buatois et al. 1998; Minter et al. 2017), consistent with
the expanding body-fossil record of freshwater verte-
brates (e.g., osteostracans and anaspids fishes; Sallan et
al. 2018) and arthropods (e.g., trigonotarbid arachnids,
arthropleurids, centipedes; Minter et al. 2016b). The
earliest tetrapod trackways and body fossils also date
from the Devonian (Clack 2002). Ephemeral lakes were
colonized as well, indicated by the presence of trackways
and simple burrows (e.g., Wright et al. 1995; Marriott
and Wright 2004; Davies et al. 2006). Lakes and wet-
lands saw increased nutrient availability due to a rise
in phosphate weathering and terrestrial humic matter
(Kennedy et al. 2012, 2013). This may have triggered
increasingly complex lacustrine food webs, accompa-
nied by more diverse and abundant lacustrine verte-
brate (e.g., fish) and invertebrate (e.g., arthropods) bio-
tas. Evidence from plant-arthropod interactions sug-
gests that the late Silurian-Devonian evolution of ter-
restrial trophic strategies included initial detritivory,
fungivory, and sporivory, followed by the appearance
of pathogens and the herbivory of surface feeding,
piercing and sucking, and borings, subsequently end-
ing in hole feeding, margin feeding, and galling, with
the appearance of antiherbivore defenses. Damp eolian
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interdunes were colonized during the Silurian (Shillito
and Davies 2021) and eolian dunes during the Middle
Devonian (Morrissey et al. 2012b).

Phase 4: Carboniferous

The Carboniferous phase marks an explosion in evo-
lutionary innovations for plants and animals (inverte-
brates and vertebrates) and an expansion in colonized
environments. The Carboniferous saw rapid diversifi-
cation of land plants, including gymnosperms. Deeper
root systems further stabilized riverbanks, contributing
to the rise of anastomosing rivers and braided systems
with vegetated islands. Increased heterogeneity of ripar-
ian habitats may have promoted diversification, as re-
vealed by a renewed increase of trace-fossil diversity in
overbank environments (Buatois et al. 1998; Davies and
Gibling 2013; Minter et al. 2017). Soils typically con-
tained pervasive root and millipede traces (Genise et al.
2016). Lakes displayed increasing animal diversity (e.g.,
crustaceans, mollusks, fish) accompanied by a further
increase in food-web complexity. Increased delivery of
food supply may have favoured permanent colonization
of offshore and deep-water lake environments. New lin-
eages of aquatic insects were established, resulting in
the expansion of new feeding modes that included her-
bivory. Few interactions of plants with other organisms
have been documented for the Mississippian, and most
are a continuation of earlier interactions. Three new
functional feeding groups emerged during the Penn-
sylvanian (skeletonization, oviposition, and seed preda-
tion), while other herbivore feeding groups, detritivory,
and palynivory became more common. Fungivory ap-
parently abated, but there is increasing evidence for
anti-herbivore defenses. The appearance of the amniote
egg made tetrapods independent from water, as demon-
strated by their expansion into a wider variety of inland
environments (Clack 2002; Krapovickas et al., 2016;
Lucas, 2019). Piscivorous and insectivorous functional
feeding groups were dominant within tetrapods during
the Devonian and Carboniferous (Sahney et al. 2010).

Phase 5: Permian

Trends begun in the Carboniferous continued into the
Permian. However, communities were affected first by
the Kasimovian rainforest turnover, then the Capita-
nian mass extinction, and ultimately the end-Permian
extinction event. In addition, progressive aridification
during the assembly of Pangea was conducive to for-
mation of hypersaline lakes, which were stressful for
animal colonization. Increased aridity was particu-
larly devastating for amphibians. Permian Pangea was
also characterized by extensive desert areas that were
host to a variety of animal-sediment interactions, with
trace-fossil assemblages dominated by non-mammalian
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synapsids, spiders and scorpions (Krapovickas et al.
2016). Detritivory, all herbivory feeding functional
groups, and palynivory continued into the Permian, but
there is little evidence for fungivory and anti-herbivore
defenses. Skeletonization considerably expanded its
scope on seed plants during the mid Cisuralian (Beck
and Labandeira 1998). Ovipositing, piercing and suck-
ing, and galling insects and mites shifted their plant-
host targets from axial organs (stems) in the Pennsyl-
vanian to foliage (leaves) by the Permian. Most herbi-
vore damage types were extirpated by the end-Permian
ecological crisis, reappearing much later in the Triassic.

Routes to the land

Integration of ichnologic and paleobiologic data within
a paleoenvironmental framework is particularly use-
tul for reconstructing likely routes to the land (Fig. 9).
Two main routes may be considered for invertebrates:
from marine environments straight into terrestrial areas
via coastal dunes and tidal flats, and from marine en-
vironments through marginal-marine, brackish-water
settings (e.g., estuaries, lagoons, interdistributary bays,
deltaic distributary channels). In addition to paleoenvi-
ronmental criteria, both routes are supported by phys-
iologic evidence and phylogenetic analyses, which sug-
gest that the vast majority of terrestrial animal higher
taxa originated directly from marine precursors and not
from freshwater ancestors (Little 1990; Labandeira and
Beall 1990; Lozano-Fernandez et al. 2016; 2020; Sallan
et al. 2018).

A direct route into terrestrial settings is supported by
the presence of arthropod trackways in middle to late
Cambrian eolian deposits that accumulated in coastal
areas (Hagadorn et al. 2011; MacNaughton et al. 2002).
These trace fossils occur in cross-bedded sandstone
with wind-produced structures, such as adhesion rip-
ples and wind-ripple cross-lamination (MacNaughton
et al. 2002). The trace-fossil assemblage consists of
the trackways Diplichnites and Protichnites that were
probably made by euthycarcinoids and represent ani-
mals making amphibious excursions, rather than mark-
ing true terrestrial communities (MacNaughton et al.
2002), as also reflected by the presence of similar trace
fossils in tidal-flat deposits of broadly the same age
(Collette et al. 2010, 2012; MacNaughton et al. 2019;
Braddy et al. 2022). This indicates that the tracemak-
ing arthropods may have been able to survive periods
of desiccation and perhaps foray into terrestrial set-
tings, suggesting that a direct route to the land may
have existed during the initial stages of terrestrializa-
tion (Minter et al. 2016a). Cambrian tidal flats flanking
open marine environments commonly contain trilo-
bite trace fossils, such as Cruziana and Rusophycus,
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Fig. 9 Potential Paleozoic routes to the land. A route from marine environments straight into terrestrial areas via coastal dunes and tidal
flats is illustrated by arthropods and possibly mollusks. A route from marine environments through marginal-marine, brackish-water
settings was more extensive for a wider variety of invertebrates all through the Paleozoic. A route via freshwater may be inferred for
tetrapods as indicated by their early presence in coastal lakes and for land plants that may have evolved from freshwater aquatic

charophyte algae. See text for details

suggesting that these organisms were able to burrow
in sediment accumulated in very shallow-water envi-
ronments, reflecting the landward expansion of typical
elements of the marine Cambrian evolutionary fauna
(Mangano and Buatois 2004). These tidal flat deposits
are also host to other trace fossils, mostly produced
by worms, indicating that different bioturbators were
present in these Cambrian intertidal settings (Mdngano
and Buatois 2015). In contrast to the eolian dune track-
ways, these trace fossils were emplaced under subaque-
ous conditions. A possible exception is the distinctive
ichnofossil Climactichnites, thought to have been pro-
duced by gastropod-like mollusks. Variations in the
preservation of these trails suggest both subaqueous and
subaerial production may have occurred in the inter-
tidal zone (Getty and Hagadorn, 2009).

The landward route via marginal-marine, brackish-
water environments may have been employed more
extensively all through the Paleozoic, with the search
for food, reduced competition, predator avoidance,
and reproduction all being possible drivers (Shear and
Kukalova-Peck 1990; Buatois et al. 1998; Braddy 2001;
Minter et al. 2016a, 2017). Ichnologic evidence shows
a protracted colonization of marginal-marine environ-
ments, involving a sustained increase in degree of bio-
turbation and trace-fossil diversity, as well as expansion
in the number of organisms capable of dealing with the

stresses of brackish-water settings (Buatois et al. 1998,
2005; Minter etal. 2016a, 2017; Shillito and Davies 2020;
Mangano et al. 2021). Deposits of bays, lagoons, estuar-
ies, and deltas as old as the Cambrian contain abundant
trace fossils documenting the presence of a burrow-
ing fauna in marginal-marine transitional settings (e.g.,
Driese et al. 1981; Mikula$ 1995; Vavrdova et al. 2003;
Baldwin et al. 2004; Mangano et al. 2021). In particu-
lar, evidence from the ichnogenera Cruziana and Ruso-
phycus demonstrates that some groups of trilobites were
able to colonize brackish bays since the Cambrian and
brackish-water upstream regions of estuaries since the
Ordovician (Buatois et al. 2005; Mangano et al. 2021).
As in the case of tidal flats facing open marine environ-
ments, other trace fossils (e.g., Diplocraterion, Palaeo-
phycus) occur in these salinity-stressed settings, reveal-
ing colonization of marginal-marine environments by
different types of worms.

The routes taken to land by tetrapods have been de-
bated in recent decades. Reinterpretation of the Eifelian
Zachelmie site recording the earliest tetrapod trackways
suggests these strata were deposited in coastal lakes
rather than marginal-marine settings (Qvarnstrém et
al. 2018). Further work on the environmental settings
of younger classic Devonian tetrapod trackway locali-
ties indicates that these sites record deposition in rivers,
ponds and shallow lakes formed in relatively inland
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positions under semi-arid conditions (see review in
Ahlberg 2018). The emerging environmental scenario
thus is one of tetrapods originating out of freshwa-
ter bodies rather than marginal-marine environments
(Ahlberg 2018). Notably, this pattern is opposed to the
one suggested by ichnologic evidence for invertebrates,
which indicates routes to lakes from terrestrial settings
(Buatois et al. 1998; Minter et al. 2017). Regardless of
the specific route to land employed by tetrapods, there
is general agreement that their colonization of terres-
trial settings in the Middle Devonian lagged behind that
of plants and invertebrates. Tetrapod terrestrialization
was only possible once a well-established plant canopy
allowed for shelter and humidity, and once nascent in-
vertebrate faunas provided a food source (Clack 2002).
On the other hand, other vertebrates as jawless and
jawed fish made frequent invations to freshwater habi-
tats since the mid Silurian and Early Devonian onwards
(e.g., Boucot and Janis 1983; Zhu and Fan 1995).

A freshwater to terrestrial route is also apparent for
plants. The first land plants may have evolved from
freshwater aquatic charophyte algae (i.e., streptophytic
algae) during the Early Ordovician (Strother and Fos-
ter 2021). This is supported by the fact that some strep-
tophytic algae may have been land-dwelling or able to
adapt to terrestrial settings (Gensel 2021).

Mass extinctions

The overarching diversification of animals and plants
on land was punctuated by several mass extinctions, fol-
lowed by diversification bursts over relatively short pe-
riods (Fig. 8). These episodes depleted components of
the terrestrial fauna and flora to varying degrees and in
varying regions, affecting surface processes, and leading
at times to ecosystem collapse and restructuring. Ac-
cordingly, these extinction episodes may have triggered
complex feedback loops in continental environments,
augmenting the duration and expanding the extent of
their effects, as well as cascading into the marine realm
(Lenton et al. 2012; Buatois et al. 2021).

The end-Ordovician mass extinction, the first of the
so-called “Big Five,” was essentially restricted to the
oceans, but links between the marine and continen-
tal realms have been proposed. Notably, the Hirnan-
tian glaciation, the likely cause of the extinction, may
have been triggered by the initial diversification of land
plants, which enhanced the rate of nutrient delivery to
the oceans, promoting carbon burial and increasing the
drawdown of CO, (Lenton et al. 2012).

The impact on land of the Late Devonian mass ex-
tinction is controversial, probably due in part to the
sparse body- and trace-fossil record of Devonian tetra-
pod faunas. Some authors (e.g., McGhee 2013) have
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emphasized the importance of this extinction, arguing
that its two events (end-Frasnian and end-Famennian)
were catastrophic for the ongoing process of tetrapod
terrestrialization. In contrast, Sallan and Coates (2010)
identified no dramatic Late Devonian tetrapod extinc-
tion event. The end-Devonian Hangenberg Crisis (359
Ma) (Myrow et al. 2014) certainly resulted in a mass
extinction of freshwater fish (Sallan and Coates 2010)
and other extinctions amongst land plants (Silvestro et
al. 2015), because of ozone layer reduction and elevated
UV-B radiation (Marshall et al. 2020). This event was a
major ecosystem disruption that triggered the collapse
of previous structured forest communities and a recov-
ery interval of small simple land plants in the earliest
Carboniferous (Van Veen 1981; Greb et al. 2006).

The late Carboniferous witnessed the Kasimovian
rainforest turnover, during which equatorial wetland
vegetation saw a major reorganization associated with
increasing aridity, wetland rainforests were fragmented,
and vegetation that was adapted to drier and more
seasonal conditions expanded (DiMichele et al. 2009,
Sahney et al. 2010). The partitioning of rainforest
biomes may have encouraged tetrapod diversification
(Sahney etal. 2010), while at the same time reducing the
influence of large tropical vegetation on physical pro-
cesses in fluvial landscapes (Davies and Gibling 2013).

During the middle to late Permian, two extinction
events severely affected tetrapod faunal composition,
namely the Capitanian and the end-Permian mass ex-
tinctions. The so-called Olson’s gap (between the early
and middle Permian; Lucas 2004) may be discussed
in this context. However, it is still debated whether the
compositional change before and after Olson’s gap is
a genuine event linked to a mass extinction (Olson’s
extinction; Sahney & Benton, 2008) or is a sampling
artifact from paleoequatorial and paleotemperate lat-
itudes (Bernard et al. 2010; Benton 2012; Pardo et
al. 2019). Brocklehurst et al. (2017) found that the
shift from “pelycosaur’-dominated faunas to therapsid-
dominated faunas is a genuine extinction event, and Ol-
son’s extinction implies a great change in feeding and
body size proportions (Sahney and Benton 2008).

The Capitanian mass extinction involved a drastic
decrease in the number of tetrapod families, with only
two persisting after the Wordian-Capitanian boundary,
and subsequent rapid origination of families during the
Lopingian (Benton et al. 2004). The impact of this ex-
tinction on the tetrapod fauna may have been larger
than that of the end-Permian mass extinction (Sahney
and Benton 2008). As with Olson’s extinction, the Capi-
tanian mass extinction involved changes in both feed-
ing and body size proportions (Sahney and Benton
2008). The trace-fossil record of the Capitanian mass
extinction is poorly explored. Recent work suggests
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it strongly affected the riparian invertebrate infauna,
based on an abrupt drop in the intensity of bioturbation
in abandoned channel and floodplain deposits (Buatois
etal. 2021). This bioturbation crisis may have inhibited
sediment and soil reworking, affected geochemical re-
cycling, enhanced sediment acidification, and affected
ecosystem structure (Buatois et al. 2021).

The end-Permian mass extinction had the most dras-
tic effects. Tetrapod community diversity did not reach
Artinskian levels (highest Permian diversity) again un-
til the Late Triassic (Carnian). The invertebrate infauna
was affected detrimentally, in a crisis accompanied by
the establishment of extensive microbial mats in Early
Triassic continental deposits (Chu et al. 2015, 2017;
Tu et al. 2016; Buatois et al. 2021). However, burrow-
ing may have allowed vertebrates to survive associated
global warming and increased aridification, as indicated
by abundant excavations produced by cynodonts, di-
cynodonts, and procolophonoids for aestivation in al-
luvial plain deposits (Smith 1987; Abdala et al. 2006;
Krummeck and Bordy 2018).

During the end-Permian extinctions, some studies
indicate that plant diversity declined by > 50% at the
species level but plant families and orders showed a neg-
ligible global loss. In contrast, 62% of terrestrial fau-
nal families became extinct (McElwain and Punyasena
2007). However, other studies suggest that land plants
were not affected significantly at global scale and differ-
ential latitudinal responses have been invoked (Hochuli
et al. 2016; Nowak et al. 2019; Gastaldo 2019; Feng et
al. 2020). Terrestrial plant communities began to dis-
play ecological instability long before the major phases
of extinction, and ecosystem health reflects commu-
nity structure rather than simply biodiversity (Looy et
al. 2001). Following range fragmentation and a major
loss of standing biomass, full ecosystem reconstruction
took millions of years, with herbaceous generalist “dis-
aster taxa” progressively being replaced by woody veg-
etation dominated by conifers. An Early Triassic “coal
gap” represents the extinction of peat-forming plants
and the reduction of wetland biomass (Retallack et al.
1996).

During the end-Permian and later extinctions, plant
taxonomic losses above genus rank were rare, in
contrast to taxonomic extinction patterns in animals
(McElwain and Punyasena 2007). The reproductive,
physiological, and behavioural traits of plants allowed
small populations to withstand extreme environmen-
tal change. Taxonomic diversity thus may be a flawed
measure of ecological change, and survival of a plant
clade does not ensure a similar level of productivity if
the clade becomes rare. In contrast to animals, rapid
plant emigration is rarely possible and refugia develop
only from range fragmentation (Looy et al. 2001). Plant-
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animal ecosystems thus experience complex changes
during extinctions and diversifications.

The Permian-Triassic ecological crisis and its long-
lasting aftermath in the Early Triassic profoundly af-
fected the entire suite of late Permian plant-insect inter-
actions (Shcherbakov 2000). The crisis marks the most
significant decline in insect diversity in the history of
the class (Labandeira and Eble 2002). There was a ma-
jor decrease in damage types of all functional feeding
groups, which did not return to late Permian levels un-
til 15 million years into the Triassic (Labandeira et al.
2016). Specific associations, such as complex wood bor-
ing networks with mating galleries and larval tunnels in
conifer cambia and woods, did not re-appear until the
Early Cretaceous (Feng et al. 2017). Other interactions,
such as distinctively large oviposition lesions indicative
oflarge insects (Laal and Hoff 2015), were permanently
extirpated.

Conclusions

Integration of data from sedimentology, geomorphol-
ogy, paleobiology, and ichnology allows us to propose
a model for the Paleozoic invasion of the land that ac-
counts for complex interactions of physical, chemical
and biologic factors. The Cambrian-Early Ordovician
was characterized by laterally unstable rivers in allu-
vial plains that lacked vegetation or animal communi-
ties, although arthropods made temporary forays into
coastal environments, including eolian dunes. In con-
trast, the Middle to Late Ordovician saw the appear-
ance of the first land plants. This affected the clay min-
eral factory, leading to a major increase in the amount
of mudrock on land and increased stabilization and fo-
cused channelization of rivers. No definitive evidence
of animal life in fully continental settings is known for
this interval, but colonization of brackish-water settings
by marine organisms expanded. The Silurian-Devonian
saw the development of vascular land plants and the
first forests with extensive root systems. Enhanced re-
tention of fine-grained sediment in alluvial plains was
accompanied by the appearance of mesoscale meander-
ing rivers with thick, muddy floodplain deposits. The
first terrestrial and freshwater invertebrate communi-
ties were established, together with the first appear-
ance of tetrapods and the oldest evidence of arthropod-
plant interactions in the form of detritivory, fungivory,
and sporivory. A rapid diversification of land plants oc-
curred during the Carboniferous, accompanied by the
establishment of deeper root systems that helped to sta-
bilize riverbanks and promoted the rise of anabranch-
ing rivers and braided systems with vegetated islands.
These changes in plant cover and fluvial style were
accompanied by a marked increase in the diversity of
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invertebrate trace fossils in fluvial and lacustrine en-
vironments, and the record of arthropod-plant inter-
actions provides evidence of expanding herbivory. Al-
though these trends persisted into the Permian, they
were affected by increased aridification during the as-
sembly of Pangea, by the Capitanian mass extinction,
and ultimately by the end-Permian mass extinction. Al-
though more developments were still to come, Fig. 8
shows that many of the fundamental innovations in ter-
restrial plants, animals, and landforms that are famil-
iar today had come into existence by the end of the
Paleozoic. Indeed, most of them were present by the
Devonian, and certainly by the end of the Carbonifer-
ous, little more than 150 million years after plants first
colonized the land. Our study underscores the impor-
tance of an interdisciplinary approach when studying
the complex history of the invasion of the land and the
profound changes that took place in continental ecosys-
tems during the Paleozoic.

Funding

Research by MGM and LAB was supported by Natural
Sciences and Engineering Research Council of Canada
(NSERC) Discovery Grants 311727-20 and 422931-20,
respectively. MGM also thanks funding by the George
J. McLeod Enhancement Chair in Geology. NSD was
supported by Natural Environment Research Coun-
cil grant number NE/T00696X. VK was supported by
PICT 2019-01127 and PIP 11220200102700.

Acknowledgments

Finnegan Marsh produced Figs 4 and 5. Iwan Stos-
sel provided the photograph of the tetrapod trackway
from Valentia Island. We thank Editor Ulrike Muller,
William DiMichele, and two anonymous reviewers for
their valuable feedback. This is contribution 399 of the
Evolution of Terrestrial Ecosystems consortium at the
National Museum of Natural History in Washington,
D.C. This is the contribution R-425 of the IDEAN UBA-
CONICET.

Supplementary data
Supplementary data available at ICB online.

References

Abdala F, Cisneros JC, Smith RM. 2006. Faunal aggregation in
the Early Triassic Karoo Basin: earliest evidence of shelter-
sharing behavior among tetrapods? Palaios 21:507-12.

Adami-Rodrigues K, Iannuzzi R, Pinto ID. 2004. Permian plant-
insect interactions from a Gondwana flora of southern Brazil.
In: Webby BD, Méangano MG, Buatois LA (eds) Trace Fossils
in evolutionary palaeoecology. Fossils and Strata 51:106-25.

321

Agnihotri D, Genise JF, Saxena A, Srivastava AK. 2021.
Palliedaphichnium gondwanicum new ichnogenus new ich-
nospecies, a millipede trace fossil from paleosols of the upper
Permian Gondwana sequence of India. ] Paleontol 95:906-12.

Aguirre WE, Reid K, Rivera J, Veeramah KR, Bell MA. 2022.
Freshwater Colonization, Adaptation, and Genomic Diver-
gence in Threespine Stickleback. Int Comp Biol.

Ahlberg PE, Clack JA, Luksevics E, Blom H, Zupins I. 2008. Ven-
tastega curonica and the origin of tetrapod morphology. Nature
453:1199-204.

Ahlberg PE. 1995. Elginerpeton pancheni and the earliest tetrapod
clade. Nature 373:420-5.

Ahlberg PE. 2018. Follow the footprints and mind the gaps: A
new look at the origin of tetrapods. Earth Environ Sci Transac
Royal Soc Edinburgh 109:115-37.

Allen JRL, Williams BP]. 1981. Beaconites antarcticus: a giant
channel-associated trace fossil from the Lower Old Red Sand-
stone of South Wales and the Welsh Borders. Geol Jour 16:
255-69.

Allulee JL, Holland SM. 2005. The sequence stratigraphic
and environmental context of primitive vertebrates: Hard-
ing Sandstone, Upper Ordovician, Colorado, USA. Palaios 20:
518-33.

Anderson JS, Smithson T, Mansky CF, Meyer T, Clack J. 2015. A
diverse tetrapod fauna at the base of “Romer’s Gap.” PLoS One
10:e0125446.

Avanzini M, Contardi P, Ronchi A, Santi G. 2011. Ichnosystem-
atics of the lower Permian invertebrate traces from the Collio
and Mt. Luco Basins (North Italy). Ichnos 18:95-113.

Baldwin CT, Strother PK, Beck JH, Rose E. 2004. Palaeoecol-
ogy of the Bright Angel Shale in the eastern Grand Canyon,
Arizona, USA, incorporating sedimentological, ichnological
and palynological data. In: McIlroy D (ed) The Application
of Ichnology to Palaeoenvironmental and Stratigraphic Anal-
ysis. Geological Society, London, Special Publications 228:
213-36.

Bambach RK, Bush AM, Erwin DH. 2007. Autecology and the
filling of ecospace: Key metazoan radiations. Palaeontology
50:1-22.

Barbosa Dos Santos T, Pinheiro ERS, Iannuzzi R. 2020. First evi-
dence of seed predation by arthropods from Gondwana and its
early Paleozoic history (Rio Bonito Formation, Parana Basin,
Brazil). Palaios 35:292-301.

Bashforth AR, DiMichele WA, Eble CF, Falcon-Lang HJ, Looy
CV, Lucas SG. 2021. The environmental implications of up-
per Paleozoic plant-fossil assemblages with mixtures of wet-
land and drought-tolerant taxa in tropical Pangea. Geobios 68:
1-45.

Bashkuev AS. 2005. Nedubroviidae, a new family of Mecoptera:
the first Paleozoic long-proboscid scorpionflies. Zootaxa
2895:47-57.

Basilici G, Soares MV'T, Mountney NP, Colombera L. 2020. Mi-
crobial influence on the accumulation of Precambrian aeo-
lian deposits (Neoproterozoic, Venkatpur Sandstone Forma-
tion, Precambrian Res 347:105854.

Bateman RM, Crane PR, DiMichele WA, Kenrick PR, Rowe NP,
Speck T, Stein WE. 1998. Early evolution of land plants: Phy-
logeny, physiology, and ecology of the primary terrestrial radi-
ation. Ann Rev Eco System 29:263-92.

Battison L, Brasier MD. 2012. Remarkably preserved prokaryote
and eukaryote microfossils within 1 Ga-old lake phosphates

2202 laquieos( Q€ UO Jasn S.I0}S - IN0losuU0) 1o AlsieAlun Aq 2/6G5659/262/2/29/e101e/qol/wo dnooiwspeoe//:sdyy Woll papeojumod


https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icac059#supplementary-data

322

of the Torridon Group, NW Scotland. Precambrian Res 196-
197:204-17.

Baxter CV, Fausch KD, Saunders WC. 2005. Tangled webs: re-
ciprocal flows of invertebrate prey link streams and riparian
zones. Freshwater Biol 50:201-20.

Beck AL, Labandeira CC. 1998. Early Permian insect folivory on
a gigantopterid-dominated riparian flora from north-central
Texas. Palaeogeogr Palaeoclimatol Palaeoecol 142:139-73.

Bennett CE, Kearsey TI, Davies SJ, Leng MJ, Millward D, Smith-
son TR, Brand PJ, Browne MAE, Carpenter DK, Marshall JEA
et al. 2021. Palaeoecology and palaeoenvironment of Missis-
sippian coastal lakes and marshes during the early terrestri-
alisation of tetrapods. Palaeogeogr Palaecoclimatol Palaeoecol
564:110194.

Benton MJ, Tverdokhlebov VP, Surkov MV. 2004. Ecosystem re-
modelling among vertebrates at the Permian-Triassic bound-
ary in Russia. Nature 432:97-100.

Benton M]J. 2012. No gap in the Middle Permian record of terres-
trial vertebrates. Geology 40:339-42.

Berman DS, Henrici AC, Kissel RA, Sumida SS, Martens T. 2004.
A new diadectid (Diadectomorpha), Orobates pabsti, from the
Early Permian of central Germany. Bull Carnegie Museum Nat
Hist 35:1-36.

Berman DS, Reisz RR, Eberth DA. 1987. Seymouria sanjuanensis
(Amphibia, Batrachosauria) from the Lower Permian Cutler
Formation of north-central New Mexico and the occurrence
of sexual dimorphism in that genus questioned. Can J Earth
Sci 24:1769-84

Bernard EL, Ruta M, Tarver JE, Benton MJ. 2010. The fos-
sil record of early tetrapods: Worker effort and the end-
PERMIAN mass extinction. Acta Palaeontologica Polonica
55:229-39.

Bernays EA, Janzen DH. 1988. Saturniid and sphingid caterpil-
lars: two ways to eat leaves. Ecology 69:1153-60.

Berry CM, Fairon-Demaret M. 1997. A reinvestigation of the cla-
doxylopsid Pseudosporochnus nodosus Leclercq et Banks from
the Middle Devonian of Goé, Int ] Plant Sci 158:350-72.

Berry CM, Fairon-Demaret M. 2002. The architecture of Pseu-
dosporochnus nodosus Leclercq et Banks: a Middle Devonian
cladoxylopsid from Belgium. Int J Plant Sci 163:699-713.

Béthoux O, Nel A. 2005. Some Palaeozoic ‘Protorthoptera’ are
‘ancestral’ orthopteroids: Major wing braces as clues to a new
split among the ‘Protorthoptera’ (Insecta). J Syst Paleontol
2:285-309.

Bird HC, Milner AC, Shillito AP, Butler RJ. 2020. A lower Car-
boniferous (Visean) tetrapod trackway represents the earliest
record of an edopoid amphibian from the UK. ] Geolog Soc
177:276-82.

Blom H, Marss T, Miller CG. 2001. Silurian and earliest Devonian
birkeniid anaspids from the Northern Hemisphere. Transac
Royal Soc Edinburgh: Earth Sci 92:263-323.

Boisvert CA. 2005. The pelvic fin and girdle of Panderichthys and
the origin of tetrapod locomotion. Nature 438:1145-7.

Boucot AJ, Janis C. 1983. Environment of the early Paleozoic ver-
tebrates. Palacogeogr Palaeoclimatol Palaeoecol 41:251-87.

Boyce CK, Hotton CL, Fogel ML, Cody GD, Hazen RM, Knoll
AH, Hueber FM. 2007. Devonian landscape heterogeneity
recorded by a giant fungus. Geology 35:399-402.

Braddy SJ, Gass KC, Gass TC. 2022. Fossils of Blackberry Hill,
Wisconsin, USA: the first animals on land, 500 million years
ago. Geol Today 38:25-31.

L. A. Buatois et al.

Braddy SJ. 1995. The ichnotaxonomy of the invertebrate track-
ways of the Coconino Sandstone (Lower Permian), Northern
Arizona. N M Mus Nat Hist Sci Bull 6:219-24.

Braddy SJ. 2001. Ichnological evidence for the arthropod inva-
sion of land. In: Webby BD, Mangano MG, Buatois LA (eds)
Trace Fossils in evolutionary palaeoecology. Fossils and Strata
51:136-40.

Brady LF. 1947. Invertebrate tracks from the Coconino Sand-
stone of northern Arizona. ] Paleontol 21:466-72.

Brasier AT, Culwick T, Battison L, Callow RHT, Brasier MD.
2017. Evaluating evidence from the Torridonian Supergroup
(Scotland, UK) for eukaryotic life on land in the Proterozoic.
In: Brasier AT, Mcllroy D, McLoughlin N (eds). Earth System
Evolution and Early Life: A Celebration of the Work of Mar-
tin Brasier. Geological Society, London, Special Publications
448:121-44.

Brasier AT. 2011. Searching for travertines, calcretes and
speleothems in deep time: Processes, appearances, predictions
and the impact of plants. Earth Sci Rev 104:213-39.

Brauckman C, Schneider J. 1996. Ein unter-karbonisches Insekt
aus dem Raum Bitterfeld/Delitzsch (Ptergota, Arnsbergium,
Deutschland). Neues Jb Palaont Mon 1996:17-30.

Bridge ]S, Gordon EA, Titus RC. 1986. Non-marine bivalves
and associated burrows in the Catskill magnafacies (Upper
Devonian) of New York State. Palaeogeogr Palaeoclimatol
Palaeoecol 55:65-77.

Briggs DEG, Suthren RJ, Wright JL. 2019. Forum Comment:
Death near the shoreline, not life on land: Ordovician arthro-
pod trackways in the Borrowdale Volcanic Group, UK. Geol-
ogy 47, e463.

Briggs DEG, WDI Rolfe, Brannan J. 1979. A giant myriapod trail
from the Namurian of Arran, Scotland. Palaeontology 22:273-
91.

Brocklehurst N, Day MO, Rubidge BS, Frobisch J. 2017. Ol-
son’s Extinction and the latitudinal biodiversity gradient of
tetrapods in the Permian. Proc Royal Soc B: Biolog Sci
284:20170231.

Brocklehurst N, Dunne EM, Cashmore DD, Frobisch J. 2018.
Physical and environmental drivers of Paleozoic tetrapod dis-
persal across Pangaea. Nat Commun 9.

Bromley RG. 1996. Trace Fossils: Biology, Taxonomy and Appli-
cations. Chapman & Hall, London.

Buatois LA, Borruel-Abadia V, De la Horra R, Galan-Abellan
AB, Lopez-Gomez J, Barrenechea JF, Arche A. 2021. Impact of
Permian mass extinctions on continental invertebrate infauna.
Terra Nova 33:455-64.

Buatois LA, Gingras MK, MacEachern ], Mdngano MG, Zonn-
eveld J-P, Pemberton SG, Netto RG, Martin A. 2005. Coloniza-
tion of brackish-water systems through time: Evidence from
the trace-fossil record. Palaios 20:321-47.

Buatois LA, Mangano MG, Genise JF, Taylor TN. 1998.
The ichnologic record of the continental invertebrate in-
vasion: Evolutionary trends in environmental expansion,
ecospace utilization, and behavioral complexity. Palaios 13:
217-40.

Buatois LA, Mangano MG. 1993a. Ecospace utilization, paleoen-
vironmental trends, and the evolution of early nonmarine bio-
tas. Geology 21:595-8.

Buatois LA, Mangano MG. 1993b. Trace fossils from a Carbonif-
erous turbiditic lake: Implications for the recognition of addi-
tional nonmarine ichnofacies. Ichnos 2:237-58.

2202 laquieos( Q€ UO Jasn S.I0}S - IN0losuU0) 1o AlsieAlun Aq 2/6G5659/262/2/29/e101e/qol/wo dnooiwspeoe//:sdyy Woll papeojumod



The invasion of the land in deep time

Buatois LA, Mangano MG. 1994. Pistas de peces en el Car-
bonifero de la cuenca Paganzo: Su significado estratigrafico y
paleoambiental. Ameghiniana 31:33-40.

Buatois LA, Mangano MG. 1995. The paleoenvironmental and
paleoecological significance of the lacustrine Mermia ichno-
facies: an archetypical subaqueous nonmarine trace fossil as-
semblage. Ichnos 4:151-61.

Buatois LA, Mangano MG. 1998. Trace fossil analysis of lacus-
trine facies and basins. Palacogeogr Palaeoclimatol Palaeoecol
140:367-82.

Buatois LA, Mangano MG. 2004. Animal-substrate interactions
in freshwater environments: applications of ichnology in fa-
cies and sequence stratigraphic analysis of fluvio-lacustrine
successions. In Mcllroy D (ed) The Application of Ichnology
to Palaeoenvironmental and Stratigraphic Analysis. Geol Soc
London, Spec Pub 228:311-33.

Buatois LA, Mangano MG. 2007. Invertebrate ichnology of con-
tinental freshwater environments. 285-323. In: Miller W, III
(ed) Trace Fossils: Concepts, Problems, Prospects. Elsevier,
Amsterdam.

Buatois LA, Mangano MG. 2013. Ichnodiversity and ichnodis-
parity: significance and caveats. Lethaia 46:281-92.

Budd GE, Telford MJ. 2009. The origin and evolution of arthro-
pods. Nature 457:812-7.

Buick R. 1992. The antiquity of oxygenic photosynthesis: evi-
dence from stromatolites in sulphate-deficient Archaean lakes.
Science 255:74-7.

Butterfield NJ. 2008. An early Cambrian radula. J Pal 82:543-54.

Byrne HM, Green JAM, Balbus SA, Ahlberg PE. 2020. Tides: A
key environmental driver of osteichthyan evolution and the
fish-tetrapod transition?. Proc Royal Soc A: Mathem Phys En-
gin Sci, 476:20200355.

Callow RHT, Battison L, Brasier MD. 2011. Diverse microbially
induced sedimentary structures from 1 Ga lakes of the Dia-
baig Formation, Torridon Group, northwest Scotland. Sedi-
ment Geol 239:117-28.

Carbonel P, Colin JP, Danielopol DL, Loffler H, Neustrueva I.
1988. Paleoecology of limnic ostracodes: a review of some ma-
jor topics. Palaeogeogr Palaeoclimatol Palaeoecol 62: 413-61.

Chaney DS, Lucas SG, Elrick S. 2013. New occurrence of an
arthropleurid trackway from the lower Permian of Utah. Bull
New Mex Mus Nat Hist Sci 60:64-5.

Chu D, Tong ], Bottjer DJ, Song H, Benton M]J, Tian L, Guo W.
2017. Microbial mats in the terrestrial Lower Triassic of North
China and implications for the Permian-Triassic mass extinc-
tion. Palaeogeogr Palaeoclimatol Palaeoecol 474:214-31.

Chu D, Tong J, Song H, Benton MJ, Bottjer DJ, Song H, Tian L.
2015. Early Triassic wrinkle structures on land: Stressed envi-
ronments and oases for life. Sci Rep 5:10109.

Clack JA, Bennett CE, Carpenter DK, Davies SJ, Fraser NC,
Kearsey TI, Marshall JEA, Millward D, Otoo BKA, Reeves EJ
etal. 2017. Phylogenetic and environmental context of a Tour-
naisian tetrapod fauna. Nature Ecol Evol 1:1-11.

Clack JA, Bennett CE, Davies SJ, Scott AC, Sherwin JE,
Smithson TR. 2019. A Tournaisian (earliest Carboniferous)
conglomerate-preserved non-marine faunal assemblage and
its environmental and sedimentological context. Peer] 6:
€5972.

Clack JA. 1988. New material of the early tetrapod Acanthostega
from the Upper Devonian of East Greenland. Palacontology
31:699-724.

323

Clack JA. 1992. The stapes of Acanthostega gunnari and the role
of the stapes in early tetrapods. In: Webster DB, Popper AN,
Fay RR (eds) The evolutionary biology of hearing(pp. 405-20).
Dordrecht, Springer.

Clack JA. 1997. Devonian tetrapod trackways and trackmakers; a
review of the fossils and footprints. Palaecogeogr Palaeoclima-
tol Palaeoecol 130:227-50.

Clack JA. 2002. Gaining Ground: The Origin and Evolution of
Tetrapods. Life of the Past. Bloomington IN: Indiana Univer-
sity Press, 369p.

Cleal CJ, Thomas BA. 2005. Palaeozoic tropical rainforests and
their effect on global climates: is the past the key to the present?
Geobiology 3:13-31.

Coates MI, Ruta M, Friedman M. 2008. Ever since Owen: Chang-
ing perspectives on the early evolution of tetrapods. Annu Rev
Ecol Evol Syst 39:571-92.

Cohen AS 2003. Paleolimnology. Oxford: Oxford University
Press.

Collette JH, Gass KC, Hagadorn JW. 2012. Protichnites eremita
unshelled? Experimental model-based neoichnology and new
evidence for a euthycarcinoid affinity for this ichnospecies. J
Pal 86:442-54.

Collette JH, Hagadorn JW, LaCelle MA. 2010. Dead in their
tracks: Cambrian arthropods and their traces from intertidal
sandstones of Quebec and Wisconsin. Palaios 25:475-86.

Corenblit D, Davies NS, Steiger J, Gibling MR, Bornette G.
2015. Considering river structure and stability in the light
of evolution: feedbacks between riparian vegetation and
hydrogeomorphology. Earth Surf Processes Landforms 40:
189-207.

Corenblit D, Tabacchi E, Steiger ], Gurnell AM. 2007. Reciprocal
interactions and adjustments between fluvial landforms and
vegetation dynamics in river corridors: a review of comple-
mentary approaches. Earth Sci Rev 84:56-86.

Corenblit D, Vautier F, Gonzélez E, Steiger J. 2020. Formation
and dynamics of vegetated fluvial landforms follow the biogeo-
morphological succession model in a channelized river. Earth
Surf Processes Landforms 45:2020-35.

Correia P, Bashforth AR, Simfinek Z, Cleal CJ, S& AA, Laban-
deira CC. 2020. The history of herbivory on sphenophytes: A
new calamitalean insect gall from the Upper Pennsylvanian of
Portugal and review of arthropod herbivory on an ancient lin-
eage. Int J Plant Sci 181:387-418.

Davies NS, Berry CM, Marshall JE, Wellman CH, Lindemann FJ.
2021a. The Devonian Landscape Factory: plant-sediment in-
teractions in the Old Red Sandstone of Svalbard and the rise
of vegetation as a biogeomorphic agent. ] Geolog Soc jgs2020-
225,178.

Davies NS, Garwood R, McMahon W], Schneider JW, Shillito
AP. 2021b. The largest arthropod in Earth history: insights
from newly discovered Arthropleura remains (Serpukhovian
Stainmore Formation, Northumberland, England). ] Geol Soc.

Davies NS, Gibling MR, McMahon WJ, Slater BJ, Long DGF,
Bashforth AR, Berry CM, Falcon-Lang H]J, Gupta S, Rygel MC
et al. 2017. Discussion on ‘Tectonic and environmental con-
trols on Palaeozoic fluvial environments: Reassessing the im-
pacts of early land plants on sedimentation’ Journal of the Ge-
ological Society 174:947-50.

Davies NS, Gibling MR. 2010. Cambrian to Devonian evolution
of alluvial systems: The sedimentological impact of the earliest
land plants. Earth Sci Rev 98:171-200.

2202 laquieos( Q€ UO Jasn S.I0}S - IN0losuU0) 1o AlsieAlun Aq 2/6G5659/262/2/29/e101e/qol/wo dnooiwspeoe//:sdyy Woll papeojumod



324

Davies NS, Gibling MR. 2010. Paleozoic vegetation and the
Siluro-Devonian rise of fluvial lateral accretion sets. Geology
38:51-4.

Davies NS, Gibling MR. 2011. Evolution of fixed-channel allu-
vial plains in response to Carboniferous vegetation. Nat Geosci
4:629-33.

Davies NS, Gibling MR. 2013. The sedimentary record of Car-
boniferous rivers: continuing influence of land plant evolution
on alluvial processes and Palaeozoic ecosystems. Earth Sci Rev
120:40-79.

Davies NS, McMahon WJ. 2021. Land plant evolution and global
erosion rates. Chem Geol 567:120128.

Davies NS, Sansom IJ, Turner P. 2006. Trace fossils and paleoen-
vironments of a Late Silurian marginal-marine/alluvial system:
the Ringerike Group (Lower Old Red Sandstone), Olso Region,
Norway. Palaios 21:46-62.

Davies NS, Sansom IJ. 2009. Ordovician vertebrate habitats: a
Gondwanan perspective. Palaios 24:717-22.

Davies NS, Shillito AP, Slater BJ, Liu AG, McMahon W]J. 2020.
Evolutionary synchrony of Earth’s biosphere and sedimentary-
stratigraphic record. Earth Sci Rev 201:102979.

Davies NS, Shillito AP. 2021. True substrates: The exceptional
resolution and unexceptional preservation of deep time snap-
shots on bedding surfaces. Sedimentology 68:3307-56.

Decombeix AL, Meyer-Berthaud B, Galtier J. 2011. Transi-
tional changes in arborescent lignophytes at the Devonian—
Carboniferous boundary. ] Geolog Soc 168:547-57.

Denny M. 1993. Air and water: the biology and physics of life’s
media. Princeton, New Jersey: Princeton University Press.

DiMichele WA, Aronson RB. 1992. The Pennsylvanian-Permian
vegetational transition: a terrestrial analogue to the onshore-
offshore hypothesis. Evolution 46:807-24.

DiMichele WA, Cecil CB, Montanez IP, Falcon-Lang HJ. 2010.
Cyclic changes in Pennsylvanian paleoclimate and effects on
floristic dynamics in tropical Pangaea. Int J Coal Geol 83:
329-44.

DiMichele WA, Montaiiez IP, Poulsen CJ, Tabor NJ. 2009. Cli-
mate and vegetational regime shifts in the late Paleozoic ice
age earth. Geobiology 7:200-26.

Djokic T, Van Kranendonk MJ, Campbell KA, Walter MR, Ward
CR. 2017. Earliest signs of life on land preserved in ca. 3.5 Ga
hot spring deposits. Nature comm 8:1-9.

Donoghue PC, Harrison CJ, Paps ], Schneider H. 2021. The evo-
lutionary emergence of land plants. Curr Biol 31:R1281-98.
Downs JP, Daeschler EB, Jenkins FAJ, Shubin NH. 2008. The cra-

nial endoskeleton of Tiktaalik roseae. Nature 455:925-9.

Driese G, Byers CW, Dott RH, Jr. 1981. Tidal deposition in the
basal Upper Cambrian Mt. Simon Formation in Wisconsin. ]
Sediment Petrol 51:367-81.

Driese SG, Jirsa MA, Ren M, Brantley SL, Sheldon ND, Parker D,
Schmitz M. 2011. Neoarchean paleoweathering of tonalite and
metabasalt: Implications for reconstructions of 2.69 Ga early
terrestrial ecosystems and paleoatmospheric chemistry. Pre-
cambrian Res 189:1-17.

Dunlop JA, Garwood RJ. 2018. Terrestrial invertebrates in the
Rhynie chert ecosystem. Philos Transac Royal Soc B: Biolog
Sci 373:20160493.

Dunlop JA, Scholtz G, Selden PA. 2013. Water-to-land tran-
sitions. In: Arthropod biology and evolution(pp. 417-39).
Springer, Berlin, Heidelberg.

L. A. Buatois et al.

Dunne EM, Close RA, Button DJ, Brocklehurst N, Cashmore DD,
Lloyd GT, Butler RJ. 2018. Diversity change during the rise of
tetrapods and the impact of the ‘Carboniferous rainforest col-
lapse.” Proc Royal Soc B: Biolog Sci 285:20172730.

Edgecombe GD, Strullu-Derrien C, Géral T, Hetherington AJ,
Thompson C, Koch M. 2020. Aquatic stem group myriapods
close a gap between molecular divergence dates and the terres-
trial fossil record. Proc Natl Acad Sci 117:8966-72.

Edgecombe GD. 1998. Devonian terrestrial arthropods from
Gondwana. Nature 394: 172-5.

Edwards D, Kenrick P, Dolan L. 2018. History and contempo-
rary significance of the Rhynie cherts—our earliest preserved
terrestrial ecosystem. Philos Transac Royal Soc B: Biolog Sci
373:20160489.

Edwards D, Selden PA, Axe L. 2012. Selective feeding in an Early
Devonian terrestrial ecosystem. Palaios 27:509-22.

Falcon-Lang HJ, Benton MJ, Stimson M. 2007. Ecology of earliest
reptiles inferred from basal Pennsylvanian trackways. ] Geolog
Soc 164:1113-8.

Falcon-Lang HJ, Benton M]J. 2008. Discussion on ecology of ear-
liest reptiles inferred from basal Pennsylvanian trackways. Jour
Geol Soc 165:985-7.

Falcon-Lang HJ, DiMichele WA. 2010. What happened to the
coal forests during Pennsylvanian glacial phases? Palaios
25:611-7.

Fayers SR, Trewin NH, Morrrissey L. 2010. A large arthropod
from the Lower Old Red Sandstone (Early Devonian) of Tre-
domen Quarry, south Wales. Palaecontology 53:627-43.

Fedorchuk ND, Dornbos SQ, Corsetti FA, Isbell JL, Petryshyn
VA, Bowles JA, Wilmeth DT. 2016. Early non-marine
life: Evaluating the biogenicity of Mesoproterozoic fluvial-
lacustrine stromatolites. Precambrian Res 275:105-18.

Feng Z, Wang J, Rofiler R, élipir’lski A, Labandeira C 2017. Late
Permian wood-borings reveal an intricate network of ecologi-
cal relationships. Nat Commun 8:556.

Feng Z, Wei HB, Guo Y, He XY, Sui Q, Zhou Y, Liu HY, Gou XD,
LvY.2020. From rainforest to herbland: New insights into land
plant responses to the end-Permian mass extinction. Earth Sci
Rev 204:103153.

Fillmore DL, Lucas SG, Simpson EL. 2013. Ichnological Diver-
sity of the Continental Mississippian Mauch Chunk Forma-
tion, Eastern Pennsylvania. The Carboniferous-Permian Tran-
sition. New Mexico Mus Nat Hist Scien Bull 60: 81-97.

Fillmore DL, Simpson EL, Lucas SG, Szajna M]J, Ireland S,
Bouknight AJ. 2020. Continental ichnofossil assemblage from
the upper Silurian of Laurentia: The Bloomsburg Formation
of eastern Pennsylvania. Palaeogeog Palaeoclim Palaeoecol
547:109693.

Fitzgerald PG, Barrett PJ. 1986. Skolithos in a Permian braided
river deposit, southern Victoria Land, Palaeogeogr Palaeocli-
matol Palacoecol 52:237-47.

Flannery-Sutherland JT. 2021. Putative arthropod trace fossils
from the Orcadian Basin at Achanarras Quarry (Middle De-
vonian of Scotland). ] Geolog Soc jgs2020-233, 178.

Fralick P, Zaniewski K. 2012. Sedimentology of a wet, pre-
vegetation floodplain assemblage. Sedimentology 59:1030-49.

Gastaldo RA, Degges CW. 2007. Sedimentology and paleontol-
ogy of a Carboniferous log jam. Int ] Coal Geol 69:103-18.

Gastaldo RA, Purkynova E, Simtnek Z, Schmitz MD. 2009. Eco-
logical persistence in the Late Mississippian (Serpukhovian,

2202 laquieos( Q€ UO Jasn S.I0}S - IN0losuU0) 1o AlsieAlun Aq 2/6G5659/262/2/29/e101e/qol/wo dnooiwspeoe//:sdyy Woll papeojumod



The invasion of the land in deep time

Namurian A) megafloral record of the Upper Silesian Basin,
Czech Republic. Palaios 24:336-50.

Gastaldo RA. 2019. Ancient plants escaped the end-Permian
mass extinction. Nature 567:38-9.

Genise JF, Bedatou E, Bellosi ES, Sarzetti LC, Sanchez MV,
Krause JM. 2016. The Phanerozoic four revolutions and
evolution of paleosol ichnofacies. In Mangano MG, Buatois LA
(eds) The Trace-fossil Record of Major Evolutionary Events.
Topics in Geobiology 40:301-70. Dordrecht, Springer.

Gensel PG. 2021. When did terrestrial plants arise?. Science 373,
736-7.

Gerrienne P, Gensel PG, Strullu-Derrien C, Lardeux H, Steemans
P, Prestianni C. 2011. A simple type of wood in two Early De-
vonian plants. Science 333:837-.

Getty PR, Hagadorn JW. 2009. Palaeobiology of the Climactich-
nites trackmaker. Palaeontology 52:753-78.

Gibling MR, Bashforth AR, Falcon-Lang HJ, Allen JP, Fielding
CR. 2010. Log jams and flood sediment buildup caused chan-
nel abandonment and avulsion in the Pennsylvanian of At-
lantic Canada. ] Sediment Res 80:268-87.

Gibling MR, Davies NS. 2012. Palaeozoic landscapes shaped by
plant evolution. Nat Geosci 5:99-105.

Giesen P, Berry CM. 2013. Reconstruction and growth of the
early tree Calamophyton (Pseudosporochnales, Cladoxylop-
sida) based on exceptionally complete specimens from Lind-
lar, Germany (Mid-Devonian): organic connection of Calam-
ophyton branches and Duisbergia trunks. Int J Plant Sci, 174:
665-86.

Giribet G, Edgecombe GD. 2019. The phylogeny and evolution-
ary history of arthropods. Curr Biol 29:R592-602.

Glasspool IJ, Edwards D, Axe L. 2004a. Charcoal in the Silurian
as evidence for the earliest wildfire. Geology 32:381-3.

Glasspool IJ, Edwards D, Axe L. 2006. Charcoal in the
Early Devonian: A wildfire-derived Konservat-Lagerstatte.
Rev Palaeobot Palynol 142:131-6.

Glasspool IJ, Hilton J, Collinson M, Wang S-J, Sen L-C.
2004b. Foliar physiognomy in Cathaysian gigantopterids and
the potential to track Palaeozoic climates using an ex-
tinct plant group. Palaeogeog Palaeoclim Palaeoecol 205:
69-110.

Glasspool IJ, Hilton ], Collinson M, Wang S-J. 2003. Foliar
herbivory in Late Paleozoic Cathaysian gigantopterids. Rev
Palaeobot Palynol 127:125-32.

Goldring R. 1978. Sea level lake community. In: McKerrow WS.
(ed.) The Ecology of Fossils(pp. 178-81). Duckworth, London.

Gouramanis C, Martin AJ, Webb JA. 2021. Gariwerdichnus war-
reni igen. et isp. nov.—probable giant myriapod burrows from
Late Silurian fluvial channels in the Grampians Group, West-
ern Victoria, Australia. Alcheringa: An Australasian Journal of
Palaeontology 45:195-202.

Graham JR, Pollard JE. 1982. Occurrence of the trace fossil
Beaconites antarcticus in the Lower Carboniferous fluviatile
rocks of county Mayo, Ireland. Palacogeogr Palaeoclimatol
Palaeoecol 38:257-68.

Greb SF, DiMichele WA, Gastaldo RA. 2006. Evolution and im-
portance of wetlands in earth history. In: Greb SE, DiMichele
WA (ed) Wetlands through time. Geol Soc Amer Spec Paper
399:1-40.

Gulbranson EL, Cornamusini G, Ryberg PE, Corti V. 2020.
When does large woody debris influence ancient rivers?
Dendrochronology applications in the Permian and Tri-

325

assic, Antarctica. Palaeogeogr Palaeoclimatol Palaeoecol
541:109544.

Habgood KS, Hass H, Kerp H. 2004. Evidence for an early ter-
restrial food web: coprolites from the Early Devonian Rhynie
Chert. Trans R Soc Edinburgh Ear Environ Sci 94:371-89.

Hagadorn JW, Collette JH, Belt ES. 2011. Eolian-aquatic deposits
and faunas of the Middle Cambrian Potsdam Group. Palaios
26:314-34

Haug C, Haug JT. 2017. The presumed oldest flying insect: more
likely a myriapod? Peer] 5:e3402.

Hazen RM, Sverjensky DA, Azzolini D, Bish DL, Elmore SC, Hin-
nov L, Milliken RE. 2013. Clay mineral evolution. Am Mineral
98:2007-29.

Hedge J, Shillito AP, Davies NS, Butler R], Sansom IJ. 2019. In-
vertebrate trace fossils from the Alveley Member, Salop For-
mation (Pennsylvanian, Carboniferous), Shropshire, UK. Proc
Geol Assoc 130:103-11.

Hembree DI, Blair MG. 2016. A paleopedological and ichnologi-
cal approach to interpreting spatial and temporal variability in
Early Permian fluvial deposits of the lower Dunkard Group,
West Virginia, USA. Palacogeogr Palaeoclimatol Palaeoecol
454:246-66.

Hembree DI, Bowen JJ. 2017. Paleosols and ichnofossils of
the Upper Pennsylvanian-Lower Permian Monongahela and
Dunkard groups (Ohio, USA): a multi-proxy approach to un-
raveling complex variability in ancient terrestrial landscapes.
Palaios 32:295-320.

Hembree DI, Martin LD, Hasiotis ST. 2004. Amphibian burrows
and ephemeral ponds of the Lower Permian Speiser Shale,
Kansas: evidence for seasonality in the midcontinent. Palaeo-
geogr Palaeoclimatol Palaeoecol 203:127-52.

Hembree DI, Swaninger ES. 2018. Large Camborygma isp. in
fluvial deposits of the Lower Permian (Asselian) Dunkard
Group, southeastern Ohio, USA. Palaeogeogr Palaeoclimatol
Palaeoecol 491:137-51.

Hembree DI. 2010. Aestivation in the fossil record: Evidence
from ichnology. In Navas A, Carvalho JE (eds). Aestivation.
Prog Mol Subcell Biol 49: 245-62. Springer, Berlin.

Hetherington AJ, Dolan L. 2018. Stepwise and independent ori-
gins of roots among land plants. Nature 561:235-8.

Higgs R. 1988. Fish trails in the Upper Carboniferous of south-
west England. Palaeontology 31:255-72

Hillier RD, Williams BP. 2007. The Ridgeway Conglomerate For-
mation of SW Wales, and its implications. The end of the
Lower Old Red Sandstone? Geol Jour 42:55-83.

Hochuli PA, Sanson-Barrera A, Schneebeli-Hermann E, Bucher
H. 2016. Severest crisis overlooked—Worst disruption of ter-
restrial environments postdates the Permian-Triassic mass ex-
tinction. Sci Rep 6:28372.

Holmes RB, Carroll RL, Reisz RR. 1998. The first articulated
skeleton of Dendrerpeton acadianum (Temnospondyli, Den-
drerpetontidae) from the lower Pennsylvanian locality of Jog-
gins, Nova Scotia, and a review of its relationships. ] Vertebr
Paleontol 18:64-79.

Homann M, Sansjofre P, Van Zuilen M, Heubeck C, Gong
J, Killingsworth B, Foster IS, Airo A, Van Kranendonk
M]J, Ader M et al. 2018. Microbial life and biogeochemi-
cal cycling on land 3,220 million years ago. Nat Geosci 11:
665-71.

Horne D. 2003. Key events in the ecological radiation of the Os-
tracoda. Paleontolog Soci Pap 9:181-202.

2202 laquieos( Q€ UO Jasn S.I0}S - IN0losuU0) 1o AlsieAlun Aq 2/6G5659/262/2/29/e101e/qol/wo dnooiwspeoe//:sdyy Woll papeojumod



326

Horodyski R], Knauth LP. 1994. Life on land in the Precambrian.
Science 263:494-8.

Horton AJ, Constantine JA, Hales TC, Goossens B, Bruford MW,
Lazarus ED. 2017. Modification of river meandering by tropi-
cal deforestation. Geology 45:511-4.

Hueber FM. 2001. Rotted wood-alga-fungus: the history and
life of Prototaxites Dawson 1859. Rev Palaeobot Palynol 116:
123-58.

Hunt JR, Young GC. 2012. Depositional environment, stratigra-
phy, structure and paleobiology of the Hatchery Creek Group
(Early-? Middle Devonian) near Wee Jasper, New South
Wales. Aust ] Earth Sci 59:355-71.

Tannuzzi R, Labandeira CC. 2008. The oldest record of external
foliage feeding and the expansion of insect folivory on land.
Ann Entomol Soc Am 101:79-94.

Ielpi A, Gibling MR, Bashforth AR, Dennar CI. 2015. Impact
of vegetation on Early Pennsylvanian fluvial channels: insight
from the Joggins Formation of Atlantic Canada. J Sediment
Res 85:999-1018.

Ielpi A, Lap6tre MG, Gibling MR, Boyce CK. 2022. The impact
of vegetation on meandering rivers. Nat Rev Earth Environ
3:165-78.

Telpi A, Lap6tre MGA. 2020. A tenfold slowdown in river mean-
der migration driven by plant life. Nat Geosci 13:82-6.

Janis CM, Farmer C. 1999. Proposed habitats of early tetrapods:
gills, kidneys, and the water-land transition. Zoolog ] Linnean
Soc 126:117-26.

Jarvik E. 1980. Basic Structure and Evolution of the Vertebrates.
Volume 1. Academic Press, London, New York, 573pp.

Jarvik E. 1996. The Devonian tetrapod Ichthyostega. Fossils &
Strata 40:1-206.

Jeram AJ, Selden PA, Edwards D. 1990. Land animals in the Sil-
urian: Arachnids and myriapods from Shropshire, England.
Science 250:658-61.

Johnson EW, Briggs DEG, Suthren R], Wright JL, Tunnicliff SP.
1994. Non-marine arthropod traces from the subaerial Or-
dovician Borrowdale Volcanic Group, English Lake District.
Geol Mag 131:395-406.

Jutras P, Quillan RS, LeForte MJ. 2009. Evidence from Mid-
dle Ordovician paleosols for the predominance of alkaline
groundwater at the dawn of land plant radiation. Geology
37:91-4.

Kalderon-Asael B, Katchinoff JA, Planavsky NJ, Hood AVS,
Dellinger M, Bellefroid EJ, Jones DS, Hofmann A, Ossa FO,
Macdonald FA et al. 2021. A lithium-isotope perspective
on the evolution of carbon and silicon cycles. Nature 595:
394-8.

Keighley DG, Calder JH, Park AF, Pickerill RK, Waldron JWEF.
2008. Discussion on ecology of earliest reptiles inferred from
basal Pennsylvanian trackways. ] Geolog Soc 165:983-7.

Keighley DG, Pickerill RK. 1998. Systematic ichnology of the
Mabou and Cumberland groups (Carboniferous) of western
Cape Breton Island, eastern Canada, 2: Surface markings. At-
lantic Geology 34:83-112.

Kennedy KL, Gensel PG, Gibling MR. 2012. Paleoenvironmen-
tal inferences from the classic Lower Devonian plant-bearing
locality of the Campbellton Formation, New Brunswick,
Canada. Palaios 27:424-38.

Kennedy KL, Gibling MR, Eble CF, Gastaldo RA, Gensel PG,
Werner-Zwanziger U, Wilson RA. 2014. Lower Devonian
coaly shales of northern New Brunswick, Canada: plant accu-

L. A. Buatois et al.

mulations in the early stages of terrestrial colonization. J Sed-
iment Res 83:1202-15.

Kenrick P, Crane PR. 1997. The origin and early evolution of
plants on land. Nature 389: 33-9.

Kenrick P, Strullu-Derrien C. 2014. The origin and early evolu-
tion of roots. Plant Physiol 166:570-80.

Kenrick P, Wellman CH, Schneider H, Edgecombe GD. 2012. A
timeline for terrestrialization: consequences for the carbon cy-
cle in the Palaeozoic. Philosop Transac Royal Soc B: Biolog Sci
367:519-36.

Kethley JB, Norton RA, Bonamo PM, Shear WA. 1989. A terres-
trial alicorhagiid mite (Acari: Acariformes) from the Devonian
of New York. Micropaleontology 35:367-73.

Kevan PG, Chaloner WG, Savile DBO. 1975. Interrelationships of
early terrestrial arthropods and plants. Palaeontology 18:391-
417.

Kleinhans MG, de Vries B, Braat L, van Oorschot M. 2018. Liv-
ing landscapes: Muddy and vegetated floodplain effects on flu-
vial pattern in an incised river. Earth Surf Processes Landforms
43:2948-63.

Klembara J. 1995. The external gills and ornamentation of skull
roof bones of the Lower Permian tetrapod Discosauriscus
(Kuhn 1933) with remarks to its ontogeny. Palaontol Zeits
69:265-81.

Knoll K, Chamberlain RB, Chamberlain JA. 2017. Escape bur-
rowing of modern freshwater bivalves as a paradigm for es-
cape behavior in the Devonian bivalve Archanodon catskillen-
sis. Geosciences 7:1-37.

Kolmann MA, Marques FPL, Weaver ], Dean MN, Fontenelle
JP, Lovejoy NR. 2022. Ecological and phenotypic diversifi-
cation after a continental invasion in Neotropical freshwater
stingrays. Integr Comp Biol.

Krapovickas V, Mancuso AC, Marsicano CA, Domnanovich NS,
Schultz CL. 2013. Large tetrapod burrows from the Middle Tri-
assic of Argentina: a behavioural adaptation to seasonal semi-
arid climate?. Lethaia 46:154-69.

Krapovickas V, Mangano MG, Buatois LA, Marsicano CA. 2016.
Integrated ichnofacies models for deserts: recurrent patterns
and megatrends. Earth Sci Rev 157: 61-85.

Krassilov VA, Rasnitsyn AP. 1996. Pollen in the guts of Permian
insects: first evidence of pollinivory and its evolutionary sig-
nificance. Lethaia 29:369-72.

Krummeck WD, Bordy EM. 2018. Reniformichnus katikatii (new
ichnogenus and ichnospecies): continental vertebrate burrows
from the Lower Triassic, Main Karoo Basin, South Africa. Ich-
nos 25:138-49.

Laaf3 M, Hoft C. 2015. The earliest evidence of damselfly-like en-
dophytic oviposition in the fossil record. Lethaia 48:115-24.
Labandeira CC, Beall BS. 1990. Arthropod terrestriality. Short

Cours Paleontol 3:214-56.

Labandeira CC, Currano ED. 2013. The fossil record of plant—
insect dynamics. Annu Rev Earth Planet Sci 41:287-311.

Labandeira CC, Eble G. 2002. Global diversity patterns of insects
from the fossil record. Santa Fe Institute Working Paper 121:1-
54.

Labandeira CC, Kustatscher E, Wappler T. 2016. Floral assem-
blages and patterns of insect herbivory during the Permian to
Triassic of northeastern Italy. PLoS One 11:¢0165205.

Labandeira CC, Phillips TL, Norton R, A. 1997. Oribatid mites
and the decomposition of plant tissues in Paleozoic coal-
swamp forests. Palaios 12:319-53.

2202 laquieos( Q€ UO Jasn S.I0}S - IN0losuU0) 1o AlsieAlun Aq 2/6G5659/262/2/29/e101e/qol/wo dnooiwspeoe//:sdyy Woll papeojumod



The invasion of the land in deep time

Labandeira CC, Phillips TL. 1996. A Carboniferous insect gall:
Insight into early ecologic history of the Holometabola. Proc
Natl Acad Sci 93:8470-4.

Labandeira CC, Phillips TL. 1996. Insect fluid-feeding on Upper
Pennsylvanian tree ferns (Palaeodictyoptera, Marattiales) and
the early history of the piercing-and-sucking functional feed-
ing group. Ann Entomol Soc Am 89:157-83.

Labandeira CC, Prevec R. 2014. Plant paleopathology and
the roles of pathogens and insects. Intern J Paleopathol 4:
1-16.

Labandeira CC, Tremblay SL, Bartowski KE, Hernick LV. 2014.
Middle Devonian liverwort herbivory and antiherbivore de-
fense. New Phytol 202:247-58.

Labandeira CC, Wilf P, Johnson KR, Marsh F. 2007. Guide to In-
sect (and Other) Damage Types on Compressed Plant Fossils
(Version 3.0 — Spring 2007). Smithsonian Institution, Wash-
ington, D.C.

Labandeira CC. 1998. Plant-insect associations from the fossil
record. Geotimes 43:18-24.

Labandeira CC. 2006. Silurian to Triassic plant and hexapod
clades and their associations: new data, a review, and interpre-
tations. Arth Syst & Phyl 64:53-94.

Labandeira CC. 2007. The origin of herbivory on land: Initial
patterns of plant tissue consumption by arthropods. Insect Sci
14:259-75.

Labandeira CC. 2010. The pollination of mid Mesozoic seed
plants and the early history of long-proboscid insects. Annals
of the Missouri Botanical Garden 97:469-513.

Labandeira CC. 2019. The fossil record of insect mouthparts: In-
novation, functional convergence, and associations with other
organisms. Zool Monog 5:567-671.

Labandeira CC. 2021. Ecology and evolution of gall-inducing
arthropods: The pattern from the terrestrial fossil record.
Front Ecol Evol 8:632449.

Lalica MAK, Tomescu AMF. 2021. Diversity of microfossils, in-
cluding fungal material, associated with early tracheophytes in
the Lower Devonian (Emsian) Battery Point Formation (Gaspé
Bay, Quebec, Canada). Int J Plant Sci 182:309-24.

Larsen LG. 2019. Multiscale flow-vegetation-sediment feed-
backs in low-gradient landscapes. Geomorphology 334:
165-93.

Lebedev O, Coates MI 1995. The postcranial skeleton of the De-
vonian tetrapod Tulerpeton curtum Lebedev. Zoolog J Lin-
nean Soc 114:307-48.

Lehn I, Horodyski RS, Paim PSG. 2019. Marine and non-marine
strata preserving Ediacaran microfossils. Sci Rep 9:9809.

Lenton TM, Crouch M, Johnson M, Pires N, Dolan L. 2012. First
plants cooled the Ordovician. Nat Geosci 5:86-9.

Lepot L, Benzerara K, Brown GE, Philippot P. 2008. Microbially
influenced formation of 2,724-million-year-old stromatolites
Nat Geosci 1:118-21.

Lichtig AJ, Lucas SG, Klein H, Lovelace DM. 2018. Triassic turtle
tracks and the origin of turtles. Hist Biol 30:1112-22.

Little C. 1990. The terrestrial invasion. An ecophysiological ap-
proach to the origins of land animals. Cambridge: Cambridge
University Press, 304p.

Long DGF. 2019. Archean fluvial deposits: A review. Earth Sci
Rev 188:148-75.

Looy CV, Twitchett R], Dilcher DL, Van Konijnenburg-Van Cit-
tert JHA, Visscher H 2001. Life in the end-Permian dead zone.
Proc Natl Acad Sci 98:7879-83.

327

Loron CC, Frangois C, Rainbird RH, Turner EC, Borensztajn S,
Javaux EJ. 2019. Early fungi from the Proterozoic era in Arctic
Canada. Nature 570:232-5.

Lovejoy NR, Bermingham E, Martin AP. 1998. Marine incursion
into South America. Nature 396:421-2.

Lowe DG, Arnott RWC, Nowlan GS, McCracken AD. 2017.
Lithostratigraphic and allostratigraphic framework of the
Cambrian-Ordovician Potsdam Group and correlations
across Early Paleozoic southern Laurentia. Can ] Earth Sci
54:550-85.

Lowe DG. 2016. Sedimentology, Stratigraphic Evolution and
Provenance of the Cambrian - Lower Ordovician Potsdam
Group in the Ottawa Embayment and Quebec Basin. Unpub-
lished Ph.D. Thesis, University of Ottawa, Ottawa, ON, 435p.

Lozano-Ferndndez J, Carton R, Tanner AR, Puttick MN, Blaxter
M, Vinther J, Olesen J, Giribet G, Edgecombe GD, Pisani D.
2016. A molecular palaeobiological exploration of arthropod
terrestrialization. Philos Transac Royal Soc B: Biological Sci-
ences 371:20150133.

Lozano-Fernandez J, Tanner AR, Puttick MN, Vinther J, Edge-
combe GD, Pisani D. 2020. A Cambrian-Ordovician terrestri-
alization of arachnids. Front Genet 11:182.

Lucas SG, Voigt S, Lerner AJ, Nelson WJ. 2011. Late early Per-
mian continental ichnofauna from Lake Kemp, north-central
Texas, USA. Palaeogeogr Palaeoclimatol Palaeoecol 308:
395-404.

Lucas SG. 2004. A global hiatus in the Middle Permian tetrapod
fossil record. Stratigraphy 1:47-64.

Lucas SG. 2019. An ichnological perspective on some major
events of Paleozoic tetrapod evolution. Boll Soc Paleontol Ital
58:223-66.

Maclver MA, Finlay BL. 2022. The neuroecology of the water-
to-land transition and the evolution of the vertebrate brain.
Philosop Transac Royal Soc B: Biolog Sci 377:1844

MacNaughton RB, Cole JM, Dalrymple RW, Braddy SJ, Briggs
DEG, Lukie TD. 2002. First steps on land: Arthropod track-
ways in Cambrian-Ordovician eolian sandstone, southeastern
Ontario, Canada. Geology 30:391-4.

MacNaughton RB, Hagadorn JW, Dott RH, Jr. 2019. Cambrian
wave-dominated tidal-flat deposits, central Wisconsin, U.S.A.
Sedimentology 66:1643-72.

Mingano MG, Buatois LA, Astini R, Rindsberg AK. 2014. Trilo-
bites in early Cambrian tidal flats and the landward expansion
of the Cambrian explosion. Geology 42:143-6.

Mingano MG, Buatois LA, Waisfeld BG, Muiioz DF, Vaccari NE,
Astini RA. 2021. Were all trilobites fully marine? Trilobite ex-
pansion into brackish water during the early Palaeozoic. Proc
Royal Soc B: Biolog Sci 288:20202263.

Mingano MG, Buatois LA. 2004. Reconstructing early Phanero-
zoic intertidal ecosystems: Ichnology of the Cambrian Cam-
panario Formation in northwest Argentina. In: Webby BD,
Mingano MG, Buatois LA (eds) Trace Fossils in Evolutionary
Palaeoecology. Fossils and Strata 51:17-38.

Mingano MG, Buatois LA. 2014. Decoupling of body-plan di-
versification and ecological structuring during the Ediacaran—
Cambrian transition: evolutionary and geobiological feed-
backs. Proc Royal Soc B: Biolog Sci 281:20140038.

Miéngano MG, Buatois LA. 2015. The trace-fossil record of tidal
flats through the Phanerozoic: Evolutionary innovations and
faunal turnover. In McIlroy D (ed) Ichnology: Papers from
Ichnia III. Geol Assoc Canada, Misc Pub 9:157-77.

2202 laquieos( Q€ UO Jasn S.I0}S - IN0losuU0) 1o AlsieAlun Aq 2/6G5659/262/2/29/e101e/qol/wo dnooiwspeoe//:sdyy Woll papeojumod



328

Mingano MG, Buatois LA. 2020. The rise and early evolution of
animals: where do we stand from a trace-fossil perspective? In-
terface Focus 10(4):20190103.

Maples CG, Archer AW. 1989. The potential of Paleozoic nonma-
rine trace fossils for paleoecological interpretations. Palaeo-
geogr Palaeoclimatol Palaeoecol 73:185-95.

Marriott SB, Morrissey LB, Hiller RD. 2009. Trace fossil assem-
blages in Upper Silurian tuff beds: Evidence of biodiversity in
the Old Red Sandstone of southwest Wales, UK. Palacogeogr
Palaeoclimatol Palaeoecol 274:160-72.

Marriott SB, Wright VP. 2004. Mudrock deposition in an ancient
dryland system: Moor Cliffs Formation, Lower Old Red Sand-
stone, southwest Wales, UK. Geol ] 39:277-98.

Marshall JE, Lakin J, Troth I, Wallace-Johnson SM. 2020. UV-B
radiation was the Devonian-Carboniferous boundary terres-
trial extinction kill mechanism. Sci Adv 6:eaba0768.

Mason S. 2012. Devonian Foraminifera from Miguasha Park-
UNESCO World Heritage Site, Gaspé Peninsula, Quebec. Un-
published Thesis, Dalhousie University, 35p.

Matsunaga KKS, Tomescu AMF. 2016. Root evolution at the base
of the lycophyte clade: insights from an Early Devonian lyco-
phyte. Ann Bot 117:585-98.

Matthaeus WJ, Macarewich SI, Richey JD, Wilson JP, McElwain
JC, Montaiiez IP, DiMichele WA, Hren MT, Poulsen CJ, White
JD. 2021. Freeze tolerance influenced forest cover and hydrol-
ogy during the Pennsylvanian. Proc Natl Acad Sci 118.

McElwain JC, Punyasena SW. 2007. Mass extinction events and
the plant fossil record. Trends Ecol Evol 22:548-57.

McGairy KT, Williams M, Harvey TH, Miller CG, Nguyen PD,
Legrand J, Yamada T, Siveter DJ, Bush H, Stocker CP. 2021.
Ostracods had colonized estuaries by the late Silurian. Biol Lett
17:20210403.

McGhee GR, Jr. 2013. When the Invasion of Land Failed: The
Legacy of the Devonian Extinctions. Columbia University
Press, New York

McMahon S, Matthews JJ, Brasier A, Still J. 2021. Late Edi-
acaran life on land: desiccated microbial mats and large biofilm
streamers. Proc Royal Soc B: Biolog Sci, 288:20211875.

McMahon W], Davies NS, 2018c. The shortage of geological ev-
idence for pre-vegetation meandering rivers. Int Assoc Sed
Spec Pub 48:119-48.

McMahon W], Davies NS, Liu AG, Went DJ. 2022. Enigma
variations: characteristics and likely origin of the problem-
atic surface texture Arumberia, as recognized from an excep-
tional bedding plane exposure and the global record. Geol Mag
159:1-20.

McMahon W], Davies NS. 2018. Evolution of alluvial mudrock
forced by early land plants. Science 359:1022-4.

McMahon WJ, Davies NS. 2018. High-energy flood events
recorded in the Mesoproterozoic Meall Dearg Formation, NW
Scotland; their recognition and implications for the study of
pre-vegetation alluvium. J Geolog Soc 175:13-32.

Meyen SV. 1982. The Carboniferous and Permian floras of An-
garaland (a synthesis). Intern Soc Applied Biol Mem 7:1-109.

Mikulas R. 1995. Trace fossils from the Paseky Shale (Early Cam-
brian, Czech Republic). ] Czech Geol Soc 40:37-45.

Miller MF, Labandeira CC. 2002. Slow crawl across the salinity
divide: delayed colonization of freshwater ecosystems by inver-
tebrates. GSA Today 12:4-10.

L. A. Buatois et al.

Miller MF. 1984, Distribution of biogenic structures in Paleo-
zoic nonmarine and marine-margin sequences: an actualistic
model. Jour Paleontol 53:550-70.

Minter NJ, Buatois LA, Mangano MG, Davies NS, Gibling
MR, Labandeira CC. 2016b. The establishment of continen-
tal ecosystems. In Mdngano MG, Buatois LA (eds) The Trace-
fossil Record of Major Evolutionary Events. Topics Geobiol
39:205-324. Dordrecht, Springer.

Minter NJ, Buatois LA, Mangano MG, Davies NS, Gibling MR,
MacNaughton RB, Labandeira CC. 2017. Early bursts of diver-
sification defined the faunal colonization of land. Nat Ecol Evol
1:0175.

Minter NJ, Buatois LA, Mangano MG, MacNaughton RB, Davies
NS, Gibling MR. 2016a. The prelude to continental invasion.
In Mangano MG, Buatois LA (eds) The Trace-fossil Record of
Major Evolutionary Events. Topics Geobiol 39:157-204. Dor-
drecht, Springer.

Minter NJ, Buatois LA, Méangano MG. 2016c. The conceptual
and methodological tools of ichnology. In Mangano MG, Bu-
atois LA (eds) The Trace-fossil Record of Major Evolutionary
Events. Topics Geobiol 39:1-26. Dordrecht, Springer.

Mintz JS, Driese SG, White JD. 2010. Environmental and ecolog-
ical variability of Middle Devonian (Givetian) forests in Ap-
palachian Basin paleosols, New York, United States. Palaios
25:85-96.

Mitchell RL, Strullu-Derrien C, Kenrick P. 2019. Biologically me-
diated weathering in modern cryptogamic ground covers and
the early Paleozoic fossil record. ] Geolog Soc 176:430-9.

Morris JL, Puttick MN, Clark JW, Edwards D, Kenrick P, Pressel
S, Wellman CH, Yang Z, Schneider H, Donoghue PCJ. 2018.
The time scale of early land plant evolution. Proc Natl Acad
Sci 115:E2274-83.

Morrissey LB, Braddy S, Dodd C, Higgs KT, Williams BPJ. 2012b.
Trace fossils and palaecoenvironments of the Middle Devonian
Caherbla Group, Dingle Peninsula, southwest Ireland. Geol
Jour 47:1-29.

Morrissey LB, Braddy SJ, Bennett JP, Marriott SB, Tarrant PR.
2004. Fish trails from the lower Old Red Sandstone of Tre-
domen Quarry, Powys, southeast Wales. Geol Jour 39:337-58.

Morrissey LB, Braddy SJ. 2004. Terrestrial trace fossils from the
Lower Old Red sandstone, southwest Wales. Geol Jour 39:
315-36.

Morrissey LB, Hillier RD, Marriott SB. 2012. Late Silurian and
Early Devonian terrestrialisation: Ichnological insights from
the Lower Old Red Sandstone of the Anglo-Welsh Basin, UK.
Palaeogeogr Palaeoclimatol Palaeoecol 337-338:194-215.

Moulton KL, West J, Berner RA. 2000. Solute flux and mineral
mass balance approaches to the quantification of plant effects
on silicate weathering. Am J Sci 300:539-70.

Myrow PM, Ramezani J, Hanson AE, Bowring SA, Racki G,
Rakocinski M. 2014. High-precision U-Pb age and duration
of the latest Devonian (Famennian) Hangenberg event, and its
implications. Terra Nova 26:222-9.

Niedwiedzki G, Szrek P, Narkiewicz K, Narkiewicz M, Ahlberg
PE. 2010. Tetrapod trackways from the early Middle Devonian
period of Poland. Nature 463:43-8.

Norton RA, Bonamo PM, Grierson JD, Shear WA. 1988. Oribatid
mite fossils from a terrestrial Devonian deposit near Gilboa,
New York. ] Paleontol 62:259-69.

2202 laquieos( Q€ UO Jasn S.I0}S - IN0losuU0) 1o AlsieAlun Aq 2/6G5659/262/2/29/e101e/qol/wo dnooiwspeoe//:sdyy Woll papeojumod



The invasion of the land in deep time

Nowak H, Schneebeli-Hermann E, Kustatscher E. 2019. No mass
extinction for land plants at the Permian-Triassic transition.
Nat Commun 10:1-8.

Olson EC. 1962. Late Permian terrestrial vertebrates, USA and
USSR. Transac Am Philos Soc 52, 1-224.

Otoo BK, Clack JA, Smithson TR, Bennett CE, Kearsey TI, Coates
MI. 2019. A fish and tetrapod fauna from Romer’s Gap pre-
served in Scottish Tournaisian floodplain deposits. Palaeon-
tology 62:225-53.

Pardo JD, Small BJ, Milner AR, Huttenlocker AK. 2019.
Carboniferous—Permian climate change constrained early land
vertebrate radiations. Nat Ecol Evol 3:200-6.

Pearson PN, Gooday R]. 2019. A large Taenidium burrow from
the Upper Carboniferous of Corrie, Isle of Arran, and re-
marks on the association of Taenidium burrows and Diplich-
nites trails. Scottish ] Geol 55:135-40.

Pearson PN. 1992. Walking traces of the giant myriapod Arthro-
pleura from the Strathclyde Group (Lower Carboniferous) of
Fife. Scottish ] Geol 28:127-33,

Phillips TL, Peppers RA, DiMichele WA. 1985. Stratigraphic and
interregional changes in Pennsylvanian coal-swamp vegeta-
tion: environmental inferences. Int ] Coal Geol 5:43-109.

Pickerill RK. 1992. Carboniferous nonmarine invertebrate ich-
nocoenoses from southern New Brunswick, eastern Canada.
Ichnos 2:21-35.

Pierce SE, Clack JA, Hutchinson JR. 2012. Three-dimensional
limb joint mobility in the early tetrapod Ichthyostega. Nature
486:523-6.

Plumstead EP. 1963. The influence of plants and environment on
the developing animal life of Karoo times. South Afr Jour Sc
54:135-47.

Pollard JE, Steel RJ, Undersrud E. 1982. Facies sequences and
trace fossils in lacustrine/fan delta deposits, Hornelen Basin
(M. Devonian), western Norway. Sediment Geol 32:63-87.

Pollard JE, Walker EF. 1984. Reassessment of sediments and trace
fossils from Old Red Sandstone (Lower Devonian) of Dunure,
Scotland, described by John Smith (1909). Geobios 17:
567-81.

Prave AR. 2002. Life on land in the Proterozoic: Evidence from
the Torridonian rocks of northwest Scotland. Geology 30:
811-4

Prevec R, Labandeira CC, Neveling J, Gastaldo RA, Looy CV,
Bamford M. 2009. Portrait of a Gondwanan ecosystem: A new
late Permian fossil locality from KwaZulu-Natal, South Africa.
Rev Palaeobot Palynol 156:454-93.

Qvarnstrém M, Szrek P, Ahlberg PE, Niedzwiedzki G. 2018.
Non-marine palaeoenvironment associated to the earliest
tetrapod tracks. Scien rep 8:1-10.

Rafiei M, Kennedy M. 2019. Weathering in a world without ter-
restrial life recorded in the Mesoproterozoic Velkerri Forma-
tion. Nat Commun 10:1-9.

Raven JA, Andrews M. 2010. Evolution of tree nutrition. Tree
Physiol 30:1050-71.

Remy W, Taylor TN, Hass H, Kerp H 1994. Four hundred-
million-year-old vesicular arbuscular mycorrhizae. Proc Natl
Acad Sci 91:11841-3.

Retallack GJ, Veevers JJ, Morante R 1996. Global coal gap be-
tween Permian-Triassic extinction and Middle Triassic recov-
ery of peat-forming plants. Geol Soc Am Bull 108:195-207.

Rogers DA. 1990. Probable tetrapod tracks rediscovered in the
Devonian of N Scotland. ] Geolog Soc 147:746-8.

329

Romer AS, Price LI. 1940. Review of the Pelycosauria. Geol Soc
Amer Spec Pap 28:1-538.

Rof3ler R, Feng Z. 2014. Frafigalerien von Mikroarthropoden in
Koniferenholzern des frithen Perms von Crock, Thiiringen.
Veroéffentlichungen des Museum fiir Naturkunde Chemnitz
37:55-66.

Rota-Stabelli O, Daley AC, Pisani D. 2013. Molecular timetrees
reveal a Cambrian colonization of land and a new scenario for
ecdysozoan evolution. Curr Biol 23:392-8.

Rothwell GW, Scott AC. 1983. Coprolites within marattiaceous
fern stems (Psaronius magnificus) from the Upper Pennsylva-
nian of the Appalachian Basin, U.S.A. Palaeogeogr Palaeocli-
matol Palacoecol 41:227-32.

Rowland SM, Caputo MV, Jensen ZA. 2020. Early adaptation to
eolian sand dunes by basal amniotes is documented in two
Pennsylvanian Grand Canyon trackways. PLoS One 15:1-28.

Rubinstein CV, Gerrienne P, de la Puente GS, Astini RA, Stee-
mans P. 2010. Early Middle Ordovician evidence for land
plants in Argentina (eastern Gondwana). New Phytol 188:
365-9.

Ruta M, Benton MJ. 2008. Calibrated diversity, tree topology and
the mother of mass extinctions: The lesson of temnospondyls.
Palaeontology 51:1261-88.

Rygel MC, Gibling MR, Calder JH. 2004. Vegetation-induced
sedimentary structures from fossil forests in the Pennsyl-
vanian Joggins Formation, Nova Scotia. Sedimentology 51:
531-52.

Sadler CJ. 1993. Arthropod trace fossils from the Permian
De Chelly Sandstone, Northeastern Arizona. J Paleontol 67:
240-9.

Sahney S, Benton MJ, Falcon-Lang HJ. 2010. Rainforest collapse
triggered Carboniferous tetrapod diversification in Euramer-
ica. Geology 38:1079-82.

Sahney S, Benton MJ. 2008. Recovery from the most profound
mass extinction of all time. Proc Royal Soc B: Biolog Sci
275:759-65.

Sallan L, Friedman M, Sansom RS, Bird CM, Sansom IJ. 2018.
The nearshore cradle of early vertebrate diversification. Sci-
ence 362:460—4.

Sallan LC, Coates MI. 2010. End-Devonian extinction and a bot-
tleneck in the early evolution of modern jawed vertebrates.
Proc Natl Acad Sci 107:10131-5.

Sanford BV, Arnott RWC. 2010. Stratigraphic and Structural
Framework of the Potsdam Group in Eastern Ontario, West-
ern Quebec and Northern New York State. Geol Surv Canada
Bull 597, 84p.

Sarjeant WAS, Mossman DJ. 1978. Vertebrate footprints from
the Carboniferous sediments of Nova Scotia: a historical re-
view and description of newly discovered forms. Palaeogeogr
Palaeoclimatol Palaeoecol 23:279-306.

Scarboro DD, Tucker ME. 1995. Amphibian footprints from the
mid-Carboniferous of Northumberland, England: sedimen-
tological context, preservation and significance. Palaecogeogr
Palaeoclimatol Palaeoecol 113:335-49.

Schachat SR, Labandeira CC, Gordon J, Chaney D, Levi S,
Halthore MN, Alvarez J. 2014. Plant-insect interactions from
Early Permian (Kungurian) Colwell Creek Pond, north-central
Texas: the early spread of herbivory in riparian environments.
Int J Plant Sci 175:855-90.

Schachat SR, Labandeira CC, Saltzman MR, Cramer BD, Payne
JL, Boyce CK. 2018. Phanerozoic pO, and the early evo-

2202 laquieos( Q€ UO Jasn S.I0}S - IN0losuU0) 1o AlsieAlun Aq 2/6G5659/262/2/29/e101e/qol/wo dnooiwspeoe//:sdyy Woll papeojumod



330

lution of terrestrial animals. Proc Royal Soc B: Biolog Sci
285:20172631.

Schachat SR, Labandeira CC. 2015. Evolution of a complex be-
havior: the origin and initial diversification of foliar galling by
Permian insects. Sci Nat 102:14.

Schindler T, Wuttke M, Poschmann M. 2008. Oldest record
of freshwater sponges (Porifera: Spongillina)—spiculite finds
in the Permo-Carboniferous of Europe. PalAontologische
Zeitschrift 82:373-84.

Schuldt A, Honig L, Li Y, Fichtner A, Hérdtle W, von Oheimb G,
Welk E, Bruelheide H. 2017. Herbivore and pathogen effects
on tree growth are additive, but mediated by tree diversity and
plant traits. Ecol Evol 7:7462-74.

Schultze HP, Arsenault M. 1985. The panderichthyid fish Elpis-
tostege: a close relative of tetrapods? Palacontology 28:293-
310.

Schumm SA 1968. Speculations concerning paleohydrologic
controls of terrestrial sedimentation. Geol Soc Am Bull
79:1573-88.

Scott AC, Taylor TN. 1983. Plant/animal interactions during the
Upper Carboniferous. Botan Rev 49:259-307.

Shcherbakov DE, Makarkin VN, Aristov DS, Vasilenko DV.
2009. Permian insects from the Russky Island, South Primorye.
Russ Entomol Jour 18:7-16.

Shcherbakov DE. 2000. Permian faunas of Homoptera
(Hemiptera) in relation to phytogeography and the Permo-
Triassic crisis. Paleontol Jour 34:S251-67.

Shear WA, Bonamo PM, Grierson JD, Rolfe WDI, Smith EL, Nor-
ton RA. 1984. Early land animals in North America: Evidence
from Devonian age arthropods from Gilboa, New York. Sci-
ence 224:492-4.

Shear WA, Gensel PG, Jeram AJ. 1996. Fossils of large terres-
trial arthropods from the Lower Devonian of Canada. Nature
384:555-7.

Shear WA, Kukalovéd-Peck J. 1990. The ecology of Paleozoic ter-
restrial arthropods: the fossil evidence. Can ] Zool 68:1807-34.

Shillito AP, Davies NS. 2017. Archetypally Siluro-Devonian ich-
nofauna in the Cowie Formation, Scotland: implications for
the myriapod fossil record and Highland Boundary Fault
movement. Proc Geol Assoc 128:815-28.

Shillito AP, Davies NS. 2019. Death near the shoreline, not life
on land: Ordovician arthropod trackways in the Borrowdale
Volcanic Group, UK. Geology 47:55-8.

Shillito AP, Davies NS. 2019. Forum Reply: Death near the shore-
line, not life on land: Ordovician arthropod trackways in the
Borrowdale Volcanic Group, UK. Geologye47, 464.

Shillito AP, Davies NS. 2020. The Tumblagooda Sandstone revis-
ited: exceptionally abundant trace fossils and geological out-
crop provide a window onto Palaeozoic littoral habitats before
invertebrate terrestrialization. Geol Mag 157:1939-70.

Shillito AP, Davies NS. 2021. The Silurian inception of in-
land desert ecosystems: trace fossil evidence from the Meree-
nie Sandstone, Northern Territory, Australia. ] Geolog Soc
178:220-43.

Silvestro D, Cascales-Mifiana B, Bacon CD, Antonelli A. 2015.
Revisiting the origin and diversification of vascular plants
through a comprehensive Bayesian analysis of the fossil record.
New Phytol 207:425-36.

Simon SST, Gibling MR. 2017. Pedogenic mud aggregates pre-
served in a fine-grained meandering channel in the Lower Per-

L. A. Buatois et al.

mian Clear Fork Formation, north-central Texas, U.S.A. ] Sed-
iment Res 87:230-52.

Simpson EL, Heness E, Bumby A, Eriksson PG, Eriksson KA,
Hilbert-Wolff HL, Linnevelt S, Malenda HF, Modungwa T,
Okafor QJ. 2013. Evidence for 2.0 Ga microbial mats in a pa-
leodesert setting. Precambrian Res 237:36-50

Slater BJ, Willman S. 2019. Early Cambrian small carbonaceous
fossils (SCF s) from an impact crater in western Finland.
Lethaia 52:570-82.

SmithJ. 1909. Upland Fauna of the Old Red Sandstone Formation
of Carrick, Ayrshire. AW Cross, Kilwinning. 41p.

Smith RMH. 1987. Helical burrow casts of therapsid origin from
the Beaufort Group (Permian) of South Africa. Palacogeogr
Palaeoclimatol Palaeoecol 60:155-69.

Solomon JD. 1995. Guide to Insect Borers of North American
Broadleaf Trees and Shrubs. Agric. Handbk. 706. U.S. Depart-
ment of Agriculture, Forest Service, Washington.

Stein WE, Berry CM, Hernick LV, Mannolini F. 2012. Surpris-
ingly complex community discovered in the mid-Devonian
fossil forest at Gilboa. Nature 483:78.

Stein WE, Berry CM, Morris JL, Hernick LV, Mannolini F, Ver
Straeten C, Landing E, Marshall JE, Wellman CH, Beerling
DJ et al. 2020. Mid-Devonian Archaeopteris roots signal rev-
olutionary change in earliest fossil forests. Curr Biol 30:421-
431.e2.

Stimson MR, Miller RF, Lunas SG, Park AF, Hinds SJ. 2016.
Redescription of tetrapod trackways from the Mississippian
Mabou Group, Lepreau Falls, New Brunswick, Canada. At-
lantic Geol 52:1-19.

Stossel I, Williams EA, Higgs KT. 2016. Ichnology and deposi-
tional environment of the Middle Devonian Valentia Island
tetrapod trackways, south-west Ireland. Palaeogeogr Palaeo-
climatol Palaeoecol 462:16-40.

Stossel 1. 1995. The discovery of a new Devonian tetrapod track-
way in SW Ireland. ] Geolog Soc 152:407-13.

Strother PK, Battison L, Brasier MD, Wellman CH. 2011. Earth’s
earliest non-marine eukaryotes. Nature 473:505-9.

Strother PK, Foster C. 2021. A fossil record of land plant origins
from charophyte algae. Science 373:792-6.

Strullu-Derrien C, Kenrick P, Knoll AH. 2019. The Rhynie chert.
Curr Biol 29:R1218-23.

Strullu-Derrien C, Kenrick P, Tafforeau P, Cochard H, Bon-
nemain JL, Le Hérissé A, Lardeux H, Badel E. 2014. The
earliest wood and its hydraulic properties documented in
¢. 407-million-year-old fossils using synchrotron microto-
mography. Botanical Journal of the Linnean Society 175:
423-37.

Subia LS, Arillo A. 2002. Oribatid mite fossils from the Upper
Devonian of South Mountain, New York and the Lower Car-
boniferous of County Antrim, Northern Ireland (Acariformes,
Oribatida). Est Mus Cien Nat Alava 17:93-106.

Sues HD, Reisz RR. 1998. Origins and early evolution of her-
bivory in tetrapods. Trends Ecol Evol 13:141-5.

Sustr V, Stary J. 1998. Digestive enzymes in oribatid mites: Im-
pact of factors. Ceské Budgjovice 1998:223-7.

Tabor NJ, Poulsen CJ. 2008. Palaeoclimate across the Late
Pennsylvanian-Early Permian tropical palaeolatitudes: A re-
view of climate indicators, their distribution, and relation to
palaeophysiographic climate factors. Palaeogeogr Palaeocli-
matol Palaeoecol 268:293-310.

2202 laquieos( Q€ UO Jasn S.I0}S - IN0losuU0) 1o AlsieAlun Aq 2/6G5659/262/2/29/e101e/qol/wo dnooiwspeoe//:sdyy Woll papeojumod



The invasion of the land in deep time

Thanh TD, Phuong TH, Janvier P, Huing NH, Ciic NTT, Duong
NT. 2013. Silurian and Devonian in Vietnam—Stratigraphy
and facies. ] Geodyn 69:165-85.

Tihelka E, Tian L, Cai C-Y. 2020. A new Devonian harvestman
from the Rhynie chert (Arachnida: Opiliones). Bull Geosci
95:313-8.

Tindal BH, Shillito AP, Davies NS. 2021. First report of fish
trace fossils (Undichna) from the Middle Devonian Achanar-
ras Limestone, Caithness Flagstone Group. Scottish ] Geol
§jg2020-023, 57.

Trewin NH, Davidson RG. 1995. An Early Devonian lake and
its associated biota in the Midland Valley of Scotland. Transac
Royal Soc Edinburgh: Earth Sci 86:233-46.

Trewin NH, McNamara KJ. 1994. Arthropods invade the land:
Trace fossils and palaeoenvironments of the Tumblagooda
Sandstone (?late Silurian) of Kalbarri, western Australia.
Transac Royal Soc Edinburgh: Earth Sci 85:177-210.

Trimper S, Gaitzsch B, Schneider JW, Ehling BC, Kleeberg R,
Rofller R. 2020. Late Palaeozoic red beds elucidate fluvial ar-
chitectures preserving large woody debris in the seasonal trop-
ics of central Pangaea. Sedimentology 67:1973-2012.

Tu CY, Chen ZQ, Retallack GJ, Huang YG, Fang YH. 2016. Pro-
liferation of MISS-related microbial mats following the end-
Permian mass extinction in terrestrial ecosystems: evidence
from the Lower Triassic of the Yiyang area, Henan Province,
North China. Sediment Geol 333:50-69.

Van Veen PM. 1981. Aspects of Late Devonian and Early
Carboniferous palynology of southern Ireland. V. The
change in composition of palynological assemblages at the
Devonian-Carboniferous boundary. Rev Palaeobot Palynol 34:
67-97.

Vavrdova M, Mikuld$ R, Nehyba S. 2003. Lower Cambrian sili-
ciclastic sediments in southern Moravia (Czech Republic)
and their paleogeographical constraints. Geol Carpathica 54:
67-79.

Vermeij GJ, Grosberg RK. 2010. The great divergence: when did
diversity on land exceed that in the sea? Integr Comp Biol
50:675-82.

Vermeij GJ, Wesselingh FP. 2002. Neogastropod molluscs from
the Miocene of western Amazonia, with comments on ma-
rine to freshwater transitions in molluscs. J Paleontol 76:
265-70.

Vilesov AP. 1995. Permian neuropterans (Insecta: Mymeleon-
tida) from the Chekarda locality in the Urals. Paleont Jour
29:115-29.

Wacey D, Brasier M, Parnell J, Culwick T, Bowden S, Spinks S,
Boyce AJ, Davidheiser-Kroll B, Jeon H, Saunders M et al. 2017.
Contrasting microfossil preservation and lake chemistries
within the 1200-1000 Ma Torridonian Supergroup of NW
Scotland. In: Brasier AT, Mcllroy D, McLoughlin N (eds).
Earth System Evolution and Early Life: A Celebration of the
Work of Martin Brasier. Geolog Soc, London, Special Public
448:105-19.

Walker EF. 1985. Arthropod ichnofauna of the Old Red Sand-
stone at Dunure and Montrose, Scotland. Trans Roy Soc Edin-
burgh: Earth Sc 76:287-97.

331

Warren JW, Wakefield NA. 1972. Trackways of Tetrapod Verte-
brates from the Upper Devonian of Victoria, Australia. Nature
240:226-9.

Wellman CH, Berry CM, Davies NS, Lindemann FJ, Marshall JE,
Wyatt A. 2022, Low tropical diversity during the adaptive ra-
diation of early land plants. Nature Plants 8:104-9.

Wellman CH, Steemans P, Vecoli M. 2013. Palaeophytogeogra-
phy of Ordovician-Silurian land plants. Geological Society,
London, Memoirs 38:461-76.

Wellman CH, Strother PK. 2015. The terrestrial biota prior to the
origin of land plants (embryophytes): a review of the evidence.
Palaeontology 58:601-27.

Whalley P, Jarzembowski EA. 1981. A new assessment of
Rhyniella, the earliest known insect, from the Devonian of
Rhynie, Scotland. Nature 291:317.

White AH, Youngs BC. 1980. Cambrian alkali playa-lacustrine
sequence in the northeastern Officer Basin, South Australia. J
Sed Res 50: 1279-86.

Wightman WG, Scott DB, Medioli FS, Gibling MR. 1994. Agglu-
tinated foraminifera and thecamoebians from the Late Car-
boniferous Sydney Coalfield, Nova Scotia: paleoecology, pa-
leoenvironments and paleogeographical implications. Palaeo-
geogr Palaeoclimatol Palaeoecol 106:187-202.

Wilmeth DT, Corsetti FA, Beukes NJ, Awramik SM, Petryshyn V,
Spear JR, Celestian AJ. 2019. Neoarchean (2.7 Ga) lacustrine
stromatolite deposits in the Hartbeesfontein Basin, Venters-
dorp Supergroup, South Africa: implications for oxygen oases.
Precambrian Res 320:291-302.

Wisshak M, Volohonsky E, Blomeier D. 2004. Acanthodian fish
trace fossils from the Early Devonian of Spitsbergen. Acta
Palaeon Pol 49.

Wood NJ, Miller RFE. 2007. A Mississippian trackway (Pseu-
dobradypus ichnosp.) from the Enragé Formation, New
Brunswick, Canada. Atlantic Geology 43:180-6.

Wright JL, Quinn L, Briggs DEG, Williams SH. 1995. A subaerial
arthropod trackway from the Upper Silurian Clam Bank For-
mation of Newfoundland. Can J Earth Sci 32:304-13.

Xiao L-F, Labandeira CC, Ren D. 2021. Insect herbivory
immediately before the eclipse of the gymnosperms: The
Dawangzhangzi plant assemblage of Northeastern China. In-
sect Sci, https://doi.org/10.1111/1744-7917.12988.

Xu Q, Jin J, Labandeira CC. 2018. Williamson Drive: Her-
bivory from a north-central Texas flora of latest Pennsylvanian
age shows discrete component community structure, expan-
sion of piercing and sucking, and plant counterdefenses. Rev
Palaeobot Palynol 251:28-72.

Xue J, Deng Z, Huang P, Huang K, Benton MJ, Cui Y, Wang D,
Liu J, Shen B, Basinger JF et al. 2016. Belowground rhizomes
in paleosols: The hidden half of an Early Devonian vascular
plant. Proc Natl Acad Sci 113:9451-6.

Zeichner SS, Nghiem ], Lamb MP, Takashima N, de Leeuw J,
Ganti V, Fischer WW. 2021. Early plant organics increased
global terrestrial mud deposition through enhanced floccula-
tion. Science 371:526-9.

Zhu M, Fan J. 1995. Youngolepis from the Xishancun Formation
(Early Lochkovian) of Qujing; China. Geobios 28:293-9.

2202 laquieos( Q€ UO Jasn S.I0}S - IN0losuU0) 1o AlsieAlun Aq 2/6G5659/262/2/29/e101e/qol/wo dnooiwspeoe//:sdyy Woll papeojumod


https://doi.org/10.1111/1744-7917.12988

