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Evolution of terrestrial herbivory:
nutrient stoichiometry, body
size, and dietary diversity

C. Kevin Boyce*

Department of Earth and Planetary Sciences, Stanford University, Stanford, CA, United States
Direct fossil preservation of leaf damage, arthropod mouthparts, and vertebrate

teeth has understandably led to a focus on oral processing of plant material when

considering the evolution of herbivory in deep time. Here, nutrient stoichiometry

is advocated as an important alternative constraint on the evolution of herbivory.

Most life possesses C:N ratios of approximately 7:1, but uniquely among land

plants, that ratio can be skewed to 1,000:1 in some tissues due to the abundance

of cell wall structural polymers that lack nitrogen entirely. Since the

superabundance of carbon is unevenly distributed between and within plant

organs and tissues, avoidance is a viable strategy for herbivores, but availability is

dependent on herbivore body size. Sub-millimeter herbivores can attack plants

cell-by-cell, avoiding cell wall consumption entirely in favor of cell contents,

thereby presenting little stoichiometric distinction between herbivory and

consumption of animals, fungi, or unicellular life. Insect-sized herbivory at

least allows avoidance of the most carbon-rich/nutrient-poor tissues within a

plant organ. However, vertebrate sizes prevent such selectivity. The increasing

challenges of nutrient stoichiometry with increasing herbivore body size are

recapitulated through time in the fossil record. The first herbivores were

microherbivores that can avoid cell wall consumption—present already with

their first opportunity for fossil preservation in the Early Devonian. Tissue-specific

consumption by insect herbivores followed in the Carboniferous. One hundred

fifty million years would pass after the first microherbivory record before

vertebrate herbivory would reach its modern prevalence.

KEYWORDS
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1 Introduction

1.1 Paleontological record of herbivory

For vertebrate and insect fossils alike, discerning diet involves a focus on the

mouthparts that engage in the mechanics of feeding as filtered through consideration of

which materials have the greatest opportunity for fossil preservation. For vertebrates, that

means teeth: shape, low-crowned versus high-crowned, and whether wear patterns suggest

browsing, grazing, or specialization on fruits and seeds (Strömberg, 2011; Christensen,
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2014; Mihlbachler et al., 2016). For insects, an early focus was on

mouthpart function, such as chewing mandibles versus piercing

stylets (Labandeira and Sepkoski, 1993; Labandeira, 1997).

Direct preservation of interaction between identifiable

herbivore and plant host is rare. Coprolites can provide detail

regarding what was consumed but the degradation inherent in

digestion tends to limit plant identification to higher taxonomic

levels (Prasad et al., 2005; Khosla et al., 2015). As for the herbivore,

even if the dung is so large as to require a sauropod or so small as to

require a mite, that does not specify which sauropod or which mite

(Edwards et al., 1995; Habgood et al., 2003). In situ gut contents can

provide better constraint (Krassilov and Rasnitsyn, 1996; Sues and

Reisz, 1998; Labandeira, 2000; Huang et al., 2016; Zheng et al., 2018;

O’Connor, 2019), but preservation is uncommon. Fossil insects

dusted with pollen grains can provide reliable clues, but only applies

to a narrow class of interactions (Labandeira et al., 2007a; Peñalver

et al., 2012; Peñalver et al., 2015; Wappler et al., 2015; Labandeira

et al., 2016; Khramov et al., 2023).

Another side of the interaction is the traces of damage left in

plant organs. Although not available after wholesale consumption

by vertebrate herbivores, fossil leaf damage has been transformative

as a record of insect herbivory; many paleoentomologists now work

almost exclusively from fossil localities where any direct insect

preservation is incidental. Feeding traces, oviposition scars, and

galls can all be preserved (Labandeira et al., 2007b). The widespread

availability and abundance of plant fossils invites comparative work,

for example, of how damage diversity and frequency change with

mass extinction or other perturbations (Wilf et al., 2006; Currano

et al., 2008).

Because damage is the direct fossil preservation of an ecological

interaction, an impulse has been to apply modern ecological analyses

that investigate species networks. However, these interactions are

ones where only one partner is known with certainty, the plant.

Without more detail that might allow further discrimination, a leaf

miner trail could have been produced by sawfly, moth, fly, or beetle.

This one-sidedness means that a damage type deemed generalist as

seen across several plant species may have represented an unrelated

series of specialist herbivores producing similar damage, each on a

different plant. Even when a damage type is deemed diagnostic for a

particular insect lineage, that can still mean thousands of species

given the prodigiousness of insects (Wilf et al., 2000) and dozens of

insect species may be capable of making similar damage even at

individual localities (Carvalho et al., 2014). Furthermore, modern

ecological analyses have been worked out assuming the sampling to

completion of the entire fauna and flora as available to modern

ecology, but complete sampling is never available from the fossil

record (Schachat et al., 2023). Acknowledging these limitations,

metrics have been advocated for comparing damage richness

across fossil localities without requiring full species-level resolution

and complete sampling (Schachat et al., 2022).
1.2 What is missing?

This history of paleontological study documents finer and finer

dissection of detail from the available fossils to illuminate herbivory
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through time. That approach has guided progress, but also suggests

blind spots. Not all aspects of the system have been preserved;

regardless of how deep one digs into the fossils, the fossil record of

the evolution of herbivory is not the same thing as the evolution

of herbivory.

First, paleontological emphasis is unavoidably on the fossils: the

gazelles and grasshoppers. However, nematodes can be herbivores

(Blaxter, 2011; Kiontke and Fitch, 2013; Potapov et al., 2022); so,

too, can tardigrades, symphylan myriapods, and collembolan

hexapods (Eltoum and Berry, 1985; Endlweber et al., 2009; Schill

et al., 2011; Potapov et al., 2022). Herbivorous mites do receive

consideration in fossil leaf damage studies as possible culprits for

some galls (Labandeira et al., 2007b), but mites can also feed on

plant tissues in more varied ways (Labandeira et al., 2014; Potapov

et al., 2022). Indeed, the fossil damage record itself is biased in that

these less-considered herbivores typically feed on roots and root

hairs—underrepresented as fossils versus plant organs shed above

ground. Although arriving on land much later, decapod crustaceans

and gastropod mollusks can be herbivores as well; snails and slugs

can damage leaves but only rarely are considered explicitly in fossil

studies (Carvalho et al., 2014; Labandeira et al., 2014).

Second, the nature of fossil preservation and how herbivory is

discerned requires emphasis on the physical act of feeding: the

shredding of fibrous tissue or cracking of nuts in the case of

vertebrates, and the sipping of nectar or the excavating of leaves

in the case of insects. As an example of this pervasive emphasis,

frass-filled galleries preserved in Early Devonian specimens of

Prototaxites (Hueber, 2001) have been compared to wood-

feeding, 15–20 million years (Myr) prior to the evolution of wood

(Labandeira, 2007). From the perspective of feeding mechanics,

inclusion with examples of wood consumption is reasonable:

Prototaxites could produce large trunks composed of cell wall

material durable enough to survive fluvial transport as logs. An

animal capable of burrowing into Prototaxites probably would have

been physically capable of wood boring if wood had existed at the

time. However, metabolism is biochemistry, not biomechanics.

Prototaxites was a putative fungus and unquestionably was not a

vascular plant (Hueber, 2001; Boyce et al., 2007; Nelsen and Boyce,

2022). Thus, cell wall composition in Prototaxites was potentially

chitin and definitely not the lignocellulose of wood.

When chemical properties have been considered for the

evolution of herbivory, the context is typically that of organic

biochemistry. For insects, emphasis tends to be on plant resins

and secondary defensive compounds that either interfere with

herbivore metabolism, such as flavonoids or tannins, or gum up

mouth parts, such as latex—with this latter category bringing the

topic back to the physical act of feeding (Krings et al., 2003;

Martìnez-Delclòs et al., 2004; Labandeira et al., 2014; McCoy

et al., 2022). For vertebrate lineages, emphasis has centered on

acquisition of microbial symbionts for cellulose digestion (Sues and

Reisz, 1998; Reisz and Fröbisch, 2014). Expectation of similar

symbiont necessities for insects has been muddled by

documentation of native enzymatic capacity for cellulose

breakdown in some—roaches and termites, grasshoppers, beetles

—but not all (Watanabe and Tokuda, 2001; Watanabe and

Tokuda, 2010).
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Focus on cellulose breakdown obscures that no organism can be

constructed entirely of sugar. Capacity for cellulose digestion can be

a useful part of catabolic metabolism to fuel behavior but is less

relevant to the anabolic production of new cells and tissues,

including for reproduction. Other nutrients are essential,

including nitrogen and phosphorus that are widely recognized as

potentially limiting in modern environments. This foundation, as

established for decades in fields like soil biology or physiological

ecology (Sterner and Elser, 2003; Bardgett, 2005; Karasov and del

Rio, 2020), is rarely considered in the context of the deep-time

evolution of herbivory. Nutrient stoichiometry may not be subject

to quantification from fossils but is advocated here as an important

constraint on dietary evolution during the early assembly of

terrestrial ecosystems.
2 Nutrient stoichiometry and the
terrestrial biota

Nucleic acids, membrane phospholipids, and proteins all

contain nitrogen and/or phosphorus (Figure 1A), resulting in

relatively stable ratios of carbon, nitrogen, and phosphorus in

living cells, i.e., the classic Redfield Ratio of 106:16:1 (Redfield,

1958). Precipitation of biominerals such as calcium carbonate is a

frequent structural addition to marine phytoplankton and algae, but

rapid diffusive gas exchange in a subaerial context on land makes

photosynthetic carbon fixation the more readily available source of

structural materials. The Redfield Ratio, based on marine plankton,

is roughly followed by animal life across all environments but is

greatly skewed by land plants due to an excess of organic carbon

(Elser et al., 2000).

Land plant structural compounds include cellulose and other

polysaccharides, lignin, cutin and cuticular waxes, suberin, and

sporopollenin (Hatcher and Clifford, 1997; Bernards, 2002; Fich

et al., 2016; Li et al., 2019). As with cellulose, all these compounds

are at least somewhat resistant to enzymatic attack. Their

recalcitrance has been a focus because these plant structural

compounds have been primary contributions to fossil organic

matter (Van Bergen et al., 1995; Hatcher and Clifford, 1997;

Boyce et al., 2002; Gupta et al., 2007; Boyce et al., 2010).

However, all these plant structural compounds—making up most

of terrestrial biomass—can also be recognized as an abundance of

carbon coupled with a complete lack of nitrogen and phosphorus

(Figure 1B). Much of plant secondary chemistry is also exclusively

carbon-based (Figure 1C). In contrast, heterotrophs like animals

and fungi have structural compounds with nitrogen in abundances

consistent with the organism overall, such as chitin, collagen, and

keratin (Figure 1D). With proteins, nucleic acids, and

phospholipids being universal requirements, the interior

biochemistry of plant cells will still have similar nutritional

content as other life for a potential consumer. However, no

organism could ever be constructed exclusively from herbivorous

consumption of the extracellular polymers found in plant cell walls

and cuticles, regardless of how much was consumed. Indeed,

herbivore cellulase activity might be viewed as maceration as

much as digestion, speeding access to nutrient-rich cell contents.
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Although not digesting cellulose as a sugar source, phloem-

feeding Hemiptera provide a concrete illustration of the limitations

of a sugar-based diet: most is excreted to concentrate small

quantities of essential nutrients that are also transported in

phloem (Mittler, 1958). Ants and others may collect this excreted

honeydew, but as a fraction of a more nutrient-rich diet. Any

structural use of the flood of sugar hemipterans endure would be in

their creativity with waxes as protective shells and camouflaging

flourishes—like the sugar, those waxes represent an abundance of

carbon with no nitrogen or phosphorus. A cow trying to subsist

solely off the breakdown of cellulose and its glucose monomers

would be unable to grow, reproduce, or lactate.

Herbivory is a difficult stoichiometric proposition and is so

specifically on land (Figure 1E). Through billions of years of

evolution, life may not have strayed far from C:N ratios of

approximately 7:1 (Elser et al., 2000; Cleveland and Liptzin, 2007;

Neveu et al., 2016), but uniquely among land plants that ratio can be

skewed to extremes due to the abundance of cell wall structural

polymers that lack nitrogen entirely. Woody trees average

approximately 150:1 and wood itself averages more than 1,000:1

(Yang and Luo, 2011; Smyth et al., 2016). The skewed nutrient

ratios accompanying land plant evolution has been recognized as an

important shift in the geological carbon cycle (Lenton et al., 2016),

but this skew also matters for the evolution of ecological

interactions between the organisms themselves. Land plants

represent a challenge to heterotrophic consumption unique in

Earth history.
3 Body size-based opportunities
for herbivory

Unless specializing on the concentrated nutrition of seeds,

tetrapod herbivores tend to be large and possess voluminous guts

to filter an adequate quantity of limiting nutrients from a large

quantity of nutrient-poor food (Karasov and del Rio, 2020).

Mammals smaller than 1 kg require reingestion of feces to double

the effective length of their digestive tract and other modifications to

their behavior and digestion in order to accommodate herbivory

despite their small size (Hirakawa, 2001). Yet, the largest extant

insect herbivore weighs just 70 g; herbivorous mites and nematodes

are orders of magnitude smaller.

Fundamental biological differences are important for meeting

the challenge of terrestrial herbivory despite the small body size.

Nitrogen fixation by microbial symbionts is found in the gut or

other tissues of at least some insect herbivores, and most terrestrial

arthropods have Malpighian tubules that empty nitrogenous waste

into the midgut with the opportunity for reabsorption after

microbial processing (Bar-Shmuel et al., 2020; Ren et al., 2022).

Such avenues for nitrogen fixation and recycling appear

insignificant in vertebrates (Leng and Nolan, 1984). Additionally,

metamorphosis in winged insects allows for extreme dietary change

over ontogeny. An adult diet even just of nectar can be viable if the

nutrient stores needed for egg production were acquired as a leaf-

feeding caterpillar or host-consuming parasitoid (Coll and

Guershon, 2002; O’Brien et al., 2002)—although this particular
frontiersin.org
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opportunity applies to no potential herbivores other than

winged insects.

Biological differences aside, small body size itself can help solve

the stoichiometric problems of herbivory: since the carbon

superabundance of plants is unevenly distributed, avoidance is a
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possibility but is only so for the small. The smallest herbivores with

millimeter-scale or smaller body widths can attack plants cell-by-

cell, avoiding cell wall consumption entirely in favor of cell contents

and thereby encountering little stoichiometric distinction between

herbivory versus consumption of animals, fungi, or unicellular life.
B

C

D

E

A

FIGURE 1

Nutrient stoichiometry. (A) Many universal biochemical constituents contain nitrogen and/or phosphorus: (1) nucleic acids, (2) amino acids, and (3)
phospholipids. (B) Land plant structural polymers are exclusively carbon-based with no nitrogen or phosphorus: (4) glucose monomer of cellulose,
and example monomers of (5) lignin, (6) suberin, and (7) cutin. Not shown, sporopollenin is also a mixture of aliphatic and aromatic moieties like
suberin. Other than cellulose, these polymers can be complexly heterogeneous both in their bonding and in their monomeric content; the
monomers shown are exemplars of a wider diversity. (C) Land plant secondary chemistry, in most cases, is also exclusively carbon-based: (8)
isoprene base of the terpenoids common in latex and resins, (9) a terpene, (10) a tannin, (11) an anthocyanin derivative of flavonoids, and (12) an
alkaloid. Alkaloids are distinct in that they do involve nitrogen. (D) Animal and fungal structural polymers do contain nitrogen: (13) N-acetyl
glucosamine used as a monomer in chitin, as in fungi and some animals, and also employed in a different polymeric context with some bacterial cell
walls. Other structural polymers of animals are proteins and, thus, contain nitrogen. (E) C:N ratios across different ecosystem components as
compared to the Redfield ratio (red), including freshwater aquatic animals and plants (blue), non-plant constituents of the terrestrial biota (black), litter
and soil organic matter ultimately derived from land plant material (brown), and land plants (green). Values collected from the literature as discussed
further in the text (Redfield, 1958; Elser et al., 2000; Cleveland and Liptzin, 2007; Yang and Luo, 2011; Smyth et al., 2016; Zhang and Elser, 2017).
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Microherbivores, such as nematodes and tardigrades, have

mouthparts consisting of stylets to puncture cell walls and access

the interiors of cells to the exclusion of nutritionally challenging

wall material (Kiontke and Fitch, 2013; Potapov et al., 2022). Flaps

and stringers of disrupted wall material are left behind with the cell-

by-cell feeding on cell contents seen in early liverwort fossils, as

would be consistent with herbivory by mites or other microfauna

(Labandeira et al., 2014).

At the centimeter scale, insect herbivory at least allows

avoidance of the most carbon-rich/nutrient-poor tissues within a

plant organ (Labandeira et al., 2007b). Mandibulate margin-feeding

insects will typically avoid the larger leaf veins, where cell wall

material is abundant and nutritious cell contents are lost during

xylem differentiation. Hole-feeders will often leave either the upper

or lower cuticle intact. Leaf miners avoid both upper and lower

cuticles along with the larger veins, focusing on the less nutrient-

poor photosynthetic mesophyll. These feeding strategies can impose

size constraints even among insects. For example, the prevalence of

small size and leaf mining among basal moths (Mitter et al., 2017)

are not independent traits. Adult size reflects the largest juvenile; if

the juvenile must live within the thinness of a leaf, then the adult

insect can never be big. Larger sizes within adult Macroheterocera

necessarily would have required the transition to external feeding by

the caterpillars.
4 Alternatives to herbivory

Predation presents the simplest and most readily available diet,

free from challenges of nitrogen and phosphorus availability since

prey and predator will have a similar composition. The preservation

of coprolites from predatory tetrapods by authigenic phosphate

mineral precipitation highlights the potential for actual nutrient

excess, particularly if bone is consumed (Chin et al., 1998).

Detritivory is also a favorable alternative to herbivory—perhaps

surprising since organic detritus was either passed over by

herbivores when alive or eaten and passed through as feces.

However, nitrogen content in litter accumulates over time via

prokaryotic nitrogen fixation (Crocker and Major, 1955; Yang

and Luo, 2011; Smyth et al., 2016). Furthermore, detritivores may

ingest detritus but typically digest only the microbial life engaged in

the actual chemical reduction of detrital organic matter, primarily

bacteria and fungi (Bardgett, 2005). Thus, detritivores are like

predators in the consumption of food that is more

stoichiometrically balanced than would be the bulk consumption

of plant material (Cleveland and Liptzin, 2007; Zhang and

Elser, 2017).

Detritivory can scale up to animals larger than the sub-

millimeter body sizes of nematodes and mites. Terrestrial annelid

detritivores include earthworms not just enchytraeids; myriapods

have millipedes not just pauropods. As with herbivory, however,

larger sizes involve tolerance of a lower nutritional content of the

material being ingested. Whereas nematodes can even be selective

over which bacteria are consumed, larger detritivores require

volume feeding and greater gut capacity (Potapov et al., 2022).

Alternatively, detritivores can maintain selectivity despite larger
Frontiers in Ecology and Evolution 05
body sizes via the sophistication of active fungal farming as with

leafcutter ants, Macrotermitinae termites, and ambrosia beetles, or

at least fungal inoculation of the substrate in the case of wood

wasps; these cultivations can also involve nitrogen-fixing

prokaryotes (Bar-Shmuel et al., 2020; Ren et al., 2022). As fungus

feeders, these insects all are more like detritivores than herbivores,

regardless of whether some may play an active role in

harvesting vegetation.
5 Discussion—the evolutionary history
of dietary ecology

The early assembly of terrestrial ecosystems shows remarkable

correspondence between the sequential addition of different dietary

strategies and the extent to which those strategies avoid the

stoichiometric challenges unique to terrestrial life (Figure 2). The

first Silurian fossils of a land fauna are all either predators (scorpion

and trigontarbid arachnids as well as centipede myriapods) or

detritivores (millipede myriapods) (Jeram et al., 1990; Shear and

Edgecombe, 2010; Dunlop and Selden, 2013). Predators added in

the Devonian record include harvestmen and pseudoscorpion

arachnids (Dunlop and Garwood, 2017; Harms and Dunlop,

2017). Other lineages preserved for the first time in the Devonian

—nematodes, mites, collembolans, and apterygote insects—include

detritivory prominently among their modern ecologies (Shear et al.,

1984; Poinar et al., 2008; Dunlop and Garwood, 2017; Potapov

et al., 2022).

Herbivory is recorded in the Devonian but as microherbivory.

The Devonian nematode fossils are directly preserved inside plant

hosts, and the cell-by-cell damage recorded in a liverwort fossil also

represents microherbivory, whether caused by mite, collembolan, or

some other lineage from the microfauna that has so far gone

unpreserved (Poinar et al., 2008; Labandeira et al., 2014). The few

other instances of Devonian plant damage are also consistent with

microherbivores and or cell puncture feeding (Kevan et al., 1975;

Banks, 1981). The fossil record is incomplete, particularly for the

small, but phylogenetic relationships (Shear and Edgecombe, 2010;

Regier et al., 2013; Misof et al., 2014; Howard et al., 2020) can at

least be used to establish what ghost lineages must have been

present in the Devonian based on the fossil preservation of a

sibling lineage. Only predators, detritivores, and microherbivores

are to be found among the modern representation of those lineages:

pauropod and symphylan myriapods, dipluran and proturan

hexapods, and various arachnids (Potapov et al., 2022). This

sibling approach to lineage dating is not available for tardigrades,

but molecular clock studies are broadly consistent with terrestriality

by the mid-Paleozoic (Marchioro et al., 2012; Rota-Stabelli et al.,

2013; Howard et al., 2022). Similarly, there is little cause to expect

that the first preservation of terrestrial nematodes and mites

represents their time of true origin, but any unrecorded

prehistory for these lineages can still be expected to have involved

predators, detritivores, and/or microherbivores.

Lags have been noted between the evolution of different plant

organs and their first exploitation by herbivores (Labandeira, 2007).
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For the first microherbivores attacking early plants cell-by-cell,

however, the living tissues of stem, leaf, and root should be

largely equivalent other than their proximity to the soil.

Alternatively, assessment of evolutionary lags might best be

focused on the animals themselves and the appearance of

herbivory in different size classes. Interpreting the record of the

smallest terrestrial animal life is complicated by how infrequently it

is preserved, and we cannot say how early nematodes were first on

land. However, we can specify that the first time that nematodes and

other microfauna are preserved, microherbivory was already in

place; no known lag exists.
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Lags do exist in the evolution of herbivory among larger

animals. Sixty million years passed between the first cm-scale

insect preserved in the Lower Devonian Rhynie Chert and the

first leaf damage seen in the Early Carboniferous (Iannuzzi and

Labandeira, 2008; Gorman, 2013); another 20 Myr would pass

before the explosive diversification of winged insects (Schachat

et al., 2018) followed by insect herbivory becoming systemically

pervasive (Labandeira, 1997; Labandeira, 1998). Thirty million

years passed between the first tetrapod vertebrates showing the

capacity for life on land as adults (Milner and Sequeira, 1993;

Smithson et al., 1993; Bishop et al., 2015) and the first to have
FIGURE 2

Early accumulation of the terrestrial fauna in the Paleozoic. Lineages are binned by typical body sizes, although outliers often exist (e.g., fossil
arthropleuran myriapods and palaeodictyopteran insects, living heterojapygid diplurans). Modern ecologies are indicated. Temporal ranges of
lineages depicted in black are based on fossil occurrences. Lineages depicted in gray have no direct fossil record but can be recognized to have
been distinct based on close terrestrial relatives that do have a fossil record. The two lineages depicted with a darkening gradient through time—
eutardigrades and enchytraeid annelids—have neither fossil record nor close terrestrial relatives but are included based on time-calibrated
phylogenies. By size class, initial fossil evidence of herbivory is indicated with the first green line. For insects and vertebrates, the second green line
indicates when herbivory first reached its modern prominence. Time depicted from 450 to 250 Ma spans a fraction of the Ordovician through
Silurian, Devonian, Carboniferous, and Permian. Information presented was collected from the literature as discussed further in the text (Shear et al.,
1984; Jeram et al., 1990; Bishop et al., 2015; Garwood et al., 2016; Schachat et al., 2018; Erséus et al., 2020; Magalhaes et al., 2020; Brookfield et al.,
2021; Howard et al., 2022; Potapov et al., 2022).
frontiersin.org

https://doi.org/10.3389/fevo.2023.1304831
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Boyce 10.3389/fevo.2023.1304831
dentition consistent with herbivory in the latest Carboniferous

(Reisz and Fröbisch, 2014); another 40 Myr would pass before

vertebrate herbivores reached their modern prevalence in the Late

Permian (Sues and Reisz, 1998).

At some point since the Ordovician appearance of land plants,

the terrestrial fauna transitioned from exclusively predators and

detritivores to predators, detritivores, and microherbivores. Those

systems were in place for at least 100 Myr, until the explosive

diversification of winged insects and their centimeter- to

decimeter-scale herbivores. Even then, 100 Myr more would pass

before vertebrate herbivores would reach their modern prominence.

The challenges of terrestrial herbivory may even have strengthened

over time. Given a lack of lignin and an incomplete cuticle, modern

bryophytic land plants are intermediate in their stoichiometry

between algae and vascular plant leaves (Fernández-Martıńez et al.,

2021); the earliest pre-vascular land plants can be expected to have

been similarly intermediate. With the extremity of the carbon

overabundance in vascular plants likely to have fluctuated

somewhat over time along with atmospheric CO2 (Reich et al.,

2006; Sardans and Peñuelas, 2012), the plants themselves may have

presented moving targets to potential herbivores, although this CO2

dependence may have been largely confined to post-Cretaceous

flowering plants (Boyce and Zwieniecki, 2012). The environmental

balance between nitrogen and phosphorus limitation may even have

shifted over the 460-Myr history of land plants (Boyce et al., 2023).

The transitions with the evolution of larger herbivore size

classes cannot be viewed as a progressive evolutionary sequence

since spanning lineages that are only distantly related and have no

terrestrial common ancestry. While the smallest tetrapods did

scarcely overlap in size with the largest insects—and continue to

do so now, albeit at different sizes—the first vertebrate herbivores

were meter-scale, and no vertebrate has ever been small enough to

graze bacteria or feed on plants cell-by-cell along with the mites and

nematodes. Yet, introduction of herbivory among insects and

tetrapods represented increases in body size over an original

trophic floor of primary consumers no larger than detritivores

and microherbivores. Introduction of larger body sizes in primary

consumers will also influence the potential body sizes of secondary

consumers (Knoll and Follows, 2016). After the first evidence of

insect herbivory, terrestrially adapted tetrapods are first seen,

initially all predators. After vertebrate herbivory became

abundant, the largest vertebrate body sizes began to increase

dramatically in the Triassic. Surmounting the stoichiometric
Frontiers in Ecology and Evolution 07
challenges of herbivory can be seen as a key constraint on the

tempo of ecosystem assembly.
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Labandeira, C. C., Kvaček, J., andMostovski, M. B. (2007a). Pollination drops, pollen,
and insect pollination of Mesozoic gymnosperms. Taxon 56, 663–695. doi: 10.2307/
25065852

Labandeira, C. C., Wilf, P., Johnson, K. R., and Marsh, F. (2007b). Guide to insect
(and other) damage types on compressed plant fossils. Version 3.0 (Washington, D. C.:
Smithsonian Institution).

Labandeira, C. C., Tremblay, S. L., Bartowski, K. E., and VanAller Hernick, L. (2014).
Middle Devonian liverwort herbivory and antiherbivore defence.New Phytol. 202, 247–
258. doi: 10.1111/nph.12643

Labandeira, C. C., Yang, Q., Sanfago-Blay, J. A., HoJon, C. L., Monteiro, A., Wang, Y.-J.,
et al. (2016). The evolutionary convergence of mid-Mesozoic lacewings and Cenozoic
butterflies. Proc. R. Soc. B: Biol. Sci. 283, 20152893. doi: 10.1098/rspb.2015.2893

Labandeira, C. C., and Sepkoski, J. J. Jr. (1993). Insect diversity in the fossil record.
Science 261, 310–315. doi: 10.1126/science.11536548

Leng, R., and Nolan, J. (1984). Nitrogen metabolism in the rumen. J. Dairy Sci. 67,
1072–1089. doi: 10.3168/jds.S0022-0302(84)81409-5

Lenton, T. M., Dahl, T. W., Daines, S. J., Mills, B. J., Ozaki, K., Saltzman, M. R., et al.
(2016). Earliest land plants created modern levels of atmospheric oxygen. Proc. Natl.
Acad. Sci. 113, 9704–9709. doi: 10.1073/pnas.1604787113

Li, F.-S., Phyo, P., Jacobowitz, J., Hong, M., and Weng, J.-K. (2019). The molecular
structure of plant sporopollenin. Nat. Plants 5, 41–46. doi: 10.1038/s41477-018-0330-7
frontiersin.org

https://doi.org/10.1130/G23384A.1
https://doi.org/10.1016/j.coal.2009.10.008
https://doi.org/10.1111/gbi.12519
https://doi.org/10.1073/pnas.1203769109
https://doi.org/10.1080/08912963.2020.1762593
https://doi.org/10.1371/journal.pone.0094950
https://doi.org/10.1038/31461
https://doi.org/10.1371/journal.pone.0102789
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1146/annurev.ento.47.091201.145209
https://doi.org/10.1146/annurev.ento.47.091201.145209
https://doi.org/10.2307/2257005
https://doi.org/10.1073/pnas.0708646105
https://doi.org/10.1098/rstb.2016.0493
https://doi.org/10.13156/arac.2013.16.1.27
https://doi.org/10.1038/377329a0
https://doi.org/10.1038/35046058
https://doi.org/10.1093/ee/14.4.408
https://doi.org/10.1016/j.soilbio.2009.02.022
https://doi.org/10.1111/zsc.12426
https://doi.org/10.1111/zsc.12426
https://doi.org/10.1111/ele.13752
https://doi.org/10.1146/annurev-arplant-043015-111929
https://doi.org/10.1111/ivb.12130
https://doi.org/10.1016/j.orggeochem.2006.06.011
https://doi.org/10.1017/S0263593300000754
https://doi.org/10.5194/fr-20-215-2017
https://doi.org/10.1016/S0146-6380(97)00051-X
https://doi.org/10.1046/j.1365-2907.2001.00079.x
https://doi.org/10.1016/j.asd.2020.100997
https://doi.org/10.1144/jgs2021-107
https://doi.org/10.1038/srep23004
https://doi.org/10.1016/S0034-6667(01)00058-6
https://doi.org/10.1016/S0034-6667(01)00058-6
https://doi.org/10.1603/0013-8746(2008)101[79:TOROEF]2.0.CO;2
https://doi.org/10.1126/science.250.4981.658
https://doi.org/10.1016/j.palaeo.2014.11.003
https://doi.org/10.1098/rsbl.2022.0523
https://doi.org/10.1098/rsbl.2022.0523
https://doi.org/10.1016/j.cub.2013.08.009
https://doi.org/10.1098/rspb.2016.1755
https://doi.org/10.1111/j.1502-3931.1996.tb01672.x
https://doi.org/10.1046/j.1095-8339.2003.00135.x
https://doi.org/10.1146/annurev.ecolsys.28.1.153
https://doi.org/10.1146/annurev.ecolsys.28.1.153
https://doi.org/10.1017/S1089332600000784
https://doi.org/10.1111/j.1744-7917.2007.00141.x-i1
https://doi.org/10.1111/j.1744-7917.2007.00141.x-i1
https://doi.org/10.2307/25065852
https://doi.org/10.2307/25065852
https://doi.org/10.1111/nph.12643
https://doi.org/10.1098/rspb.2015.2893
https://doi.org/10.1126/science.11536548
https://doi.org/10.3168/jds.S0022-0302(84)81409-5
https://doi.org/10.1073/pnas.1604787113
https://doi.org/10.1038/s41477-018-0330-7
https://doi.org/10.3389/fevo.2023.1304831
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Boyce 10.3389/fevo.2023.1304831
Magalhaes, I. L., Azevedo, G. H., Michalik, P., and Ramıŕez, M. J. (2020). The fossil
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