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Organismal traits and their evolution can strongly influence food web structure and

dynamics. To what extent the evolution of such traits impacts food web structure,

however, is poorly understood. Here, we investigate a simple three-species omnivory

food web module where the attack rates of all predators evolve as ecological dynamics

unfold, such that predator trophic levels are themselves dynamic. We assume a timescale

where other vital rates that govern population dynamics are constant and incorporate

a well-known tradeoff between attack rates and the conversion of prey into predator

biomass. We show that this eco-evolutionary model yields a surprisingly rich array of

dynamics. Moreover, even small amounts of selection lead to important differences in

the abundance, trophic, and biomass structure of the food web. Systems in which

intermediate predators are strongly constrained by tradeoffs lead to hourglass-shaped

food webs, where basal resources and top predators have large abundances, but

intermediate predators are rare, like those observed in some marine ecosystems. Such

food webs are also characterized by a relatively low maximum trophic level. Systems

in which intermediate predators have weaker tradeoffs lead to pyramid-shaped food

webs, where basal resources are more abundant than intermediate and top predators,

such as those observed in some terrestrial system. These food webs also supported a

relatively higher maximum trophic level. Overall, our results suggest that eco-evolutionary

dynamics can strongly influence the abundance-, trophic-, and biomass-structure of food

webs, even in the presence of small levels of selection, thus stressing the importance

of taking traits and trait evolution into account to further understand community-level

patterns and processes.

Keywords: consumer-resource interactions, eco-evo dynamics, omnivory, biomass, metabolic costs, trophic

levels

INTRODUCTION

Food webs often share structural similarities across ecosystems, such as the relationship between
the number of species and the number of feeding interactions (Martinez, 1992; Williams and
Martinez, 2004; Gravel et al., 2013), the existence of an upper limit to the number of trophic
levels (Pimm et al., 1991; Williams and Martinez, 2004), and the prevalence of highly repeated
structural modules (McCann et al., 1998; Milo et al., 2002; Williams et al., 2002; Paulau et al., 2015).
Surprisingly, these characteristics are relatively conserved over both space and time (Lafferty et al.,
2008; Dunne et al., 2014; Yeakel et al., 2014), although some of these structural patterns might have
simple statistical underpinnings (Williams, 2010). Understanding the factors that determine these
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structural similarities, despite large differences in the identity
of species and environments that give rise to these food webs
has long been a central issue in ecology (May, 1973; Cohen and
Newman, 1985; Pimm, 1991; Dunne, 2006; Dunne et al., 2008;
Lafferty et al., 2008; McCann, 2011; Allesina and Tang, 2012;
Gravel et al., 2013, 2016).

Multiple biotic and abiotic factors have been shown to
influence food web structure. For example, the transfer of energy
and matter across trophic levels is highly inefficient, which
limits the number of trophic levels (Schoener, 1989; Arim et al.,
2016). The quality of energy also changes across trophic levels:
arthropods are richer in protein than in lipids as their trophic
level increases (Wilder et al., 2013) which is why adaptive
foraging (Kratina et al., 2012) and/or prey switching (Abrams and
Matsuda, 2004) can lead to omnivory in food webs (Thompson
et al., 2007). In addition, environmental variables often determine
food web structure. For example, temperature may decrease the
number of trophic levels (Petchey et al., 1999; Brose et al., 2012),
influence the biomass distribution and body-size structure of
food webs (Yvon-Durocher et al., 2011; Gibert and DeLong, 2014;
Binzer et al., 2016), and alter the energetic structure and function
of soil food webs (Schwarz et al., 2017) as well as the number
of interactions between species in mountain communities (Lurgi
et al., 2012).

Phenotypic traits, such as body size, have long been known
to play an important role in determining food web structure
through gape limitation in aquatic food webs (Arim et al., 2010,
2016) and thus, predator-prey interactions (Vucic-Pestic et al.,
2010; DeLong and Vasseur, 2012; Schneider et al., 2012; Kalinkat
et al., 2013; DeLong et al., 2014). In fact, larger body sizes often
result in consumers that feed at higher trophic levels (Riede
et al., 2011), thus playing a central role in determining food web
trophic structure (Petchey et al., 2008; Iles and Novak, 2016;
Barneche and Allen, 2018). The effect of traits other than body
size, however, has long been overlooked, despite evidence that
such traits can impact both vulnerability to predation (Black and
Dodson, 1990; Hammill et al., 2010; Yin et al., 2011), as well
as foraging rates (Gibert et al., 2017). Trait variation has been
shown to strongly influence predator-prey dynamics (Bolnick
et al., 2011; Schreiber et al., 2011; Vasseur et al., 2011; Gibert
and Brassil, 2014; Gibert and DeLong, 2015; Gibert et al., 2015),
which could in turn impact food web structure and dynamics.
For example, genetic variation on host plants determines which
herbivores feed on them (Barbour et al., 2016) through trait
matching (Dehling et al., 2016), which determines food web
structure from the bottom up. Phenotypic variation in predator
traits, on the other hand, increases predator connectivity
and reduces trophic level (Gibert and DeLong, 2017), which
structures food webs from the top down. Together, these results
suggest that evolutionary changes in traits controlling predator-
prey interactions can have important but poorly understood
impacts on food web structure and dynamics.

Indeed, ecological and evolutionary processes are increasingly
recognized to operate at largely overlapping timescales
(Thompson, 1998; Yoshida et al., 2003; Hairston et al.,
2005; Jones et al., 2009; Cortez and Ellner, 2010; Vasseur
et al., 2011; DeLong and Gibert, 2016; DeLong et al., 2016;

Yeakel et al., 2018a), and the combined effects of these eco-
evolutionary dynamics may have a large influence on food
web structure (Allhoff et al., 2015). Given that genotypes and
phenotypes as well as genetic and phenotypic variation, can all
influence patterns of species interactions, evolutionary change
occurring on ecological time-scales has the potential to impact
ecological dynamics within food webs, thus leading to changes in
abundances across trophic levels, which we refer to as abundance
structure. Considering that biomass is the product of a species
average mass and its abundance, changes in food web abundance
structure may also lead to changes in the distribution of biomass
across the food web, which we refer to as biomass structure. Last,
because trophic levels also change as ecological dynamics unfold
(Gibert and DeLong, 2017), how such changes in abundance
and biomass structure impact the distribution of trophic levels
throughout the food web, which we refer to as trophic structure,
is largely unknown.

Here we assess the effects that low levels of evolutionary
change in traits controlling predator-prey interactions can have
on the abundance, biomass, and trophic structure of a simple
food web. To do so, we investigate the steady state behavior
of the omnivory trophic module (a resource, an intermediate
consumer that eats the resource, and a top predator that eats both;
Figure 1A) where the abundances and the parameters controlling
each predator-prey interaction are subject to selection, and
thus, change over time. We show that even small amounts
of evolutionary change can lead to important differences in
abundance and biomass structure, as well as maximum trophic
level, underlining the potential importance of eco-evolutionary
dynamics in shaping the structure of food webs.

METHODS

The Model
We model the eco-evolutionary dynamics of a three species
omnivory module (Figure 1A) as it is the simplest system where
the trophic level of the top predator can change over time.
The underlying ecological model tracks the abundances of the
top predator (T), the intermediate consumer (C), and the basal
resource (R). We assume that all predator-prey interactions
are controlled by a type-II functional response, determined
by the attack rate (α), and the handling time (η) of the
predator. Resources grow logistically, hence experience density-
dependence, and predators die at constant per-capita rates (dC
and dT). Together, our ecological dynamics are defined by the
following system of differential equations:

dR

dt
= rR

(

1−
R

K

)

−
αRCRC

1+ αRCηRCR
−

αRTRT

1+ αRTηRTR
(1)

dC

dt
= εRC

αRCRC

1+ αRCηRCR
−

αCTCT

1+ αCTηCTC
− dCC (2)

dT

dt
= εRT

αRTRT

1+ αRTηRTR
+ εCT

αCTCT

1+ αCTηCTC
− dTT, (3)

were K is the carrying capacity of the resource, r is the maximal
per-capita growth rate of the resource, εRC is the efficiency of
resource biomass conversion into consumer biomass, εRT is the
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FIGURE 1 | (A) Depiction of the omnivory food web module, where T is the top predator (red), C is the intermediate consumer (black), and R is the basal resource

(gray). Colors are consistent across all figures. (B) Tradeoff between conversion efficiency (ε) and attack rate (α) for different levels of the tradeoff magnitude (γ ). (C)

Changes in abundance over time for all three species, and all evolving attack rates (E), for a low consumer tradeoff (γRC = 0.01). (D,F) Same as in (C,E) but for a

large consumer tradeoff (γRC = 2). Parameter values in Table 1.

efficiency of resource conversion into top predator biomass, and
εCT is the efficiency of consumer biomass conversion into top
predator biomass.

To model the evolutionary component of the full eco-
evolutionary omnivory module, we assume that only the traits
controlling the attack rates of both predators can evolve over
time. If large changes in important underlying traits, such as
body size, were to occur over time, we would expect sweeping
changes across all parameters (DeLong et al., 2014; DeLong
and Gibert, 2016). Instead, we are implicitly assuming that the
timescale is relatively short and selection by the environment is
relatively weak such that the other vital rates in the model remain
constant. Under these assumptions, we model the evolution of
predator attack rates using the standard formulation (Lande,
1976; Kondoh, 2003; Ellner and Becks, 2010; Schreiber et al.,
2011), where the rate of evolutionary change of the focal trait
(here, the attack rates) is determined by the total amount of
heritable genetic variation for that trait (or the product of the
genetic variance, σ 2, with the heritability of the trait, h2), and

the adaptive landscape, defined as the rate of change of the per-
capita growth rate of the focal predator (i.e., its absolute fitness,

Wi =
1
Ni

dNi
dt

) with respect to a change in the evolving trait:

dαi

dt
= σ 2

i h
2
i

∂Wi

∂αi
. (4)

We also assume the existence of a tradeoff between predator
conversion efficiencies and attack rates following previous work
(Mougi and Iwasa, 2010; Van Velzen and Gaedke, 2017), which
leads to reduced conversion efficiencies with increased attack
rates (Figure 1B):

εi = εi0e
−γi(α0−αi), (5)

where εi0 is the maximum conversion efficiency, α0 is the initial
attack rate (at t = 0), and γi is the strength of the tradeoff.
When the strength of the tradeoff, or tradeoff magnitude, is
low, the attack rate and conversion efficiency of the consumer
are relatively independent; when the tradeoff magnitude is
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TABLE 1 | Model parameters and variables descriptions and values.

Parameter

or variable

Name Values

R, C, T Resource, consumer, and top

predator abundances,

respectively

Initial values: R0 = 2,

C0 = 1, T0 = 1

r Maximum per-capita growth rate 1.5

K Carrying capacity 5

αRC,αRT ,αCT Consumer-resource, top

predator-resource and top

predator-consumer attack rates,

respectively

αRC = αRT = αCT = 1, at

t = 0

ηRC,ηRT ,ηCT Handling times, for all three

pairwise interactions

ηRC = ηRT = ηCT = 0.1

dC,dT Consumer and top predator

death rates

dC = dT = 0.8

εRC0
,εRT0 ,εCT0 Conversion efficiencies when the

tradeoff magnitude is zero for all

three pairwise interactions

εRC = εCT = 0.8,

εRT = 0.2

γRC,γRT ,γCT Tradeoff magnitude for all three

pairwise interactions

Specified in each figure

σ2
i
h2
i

Product of the genetic variance

σ2
i
, and the trait heritability h2

i
,

for each species i (heritable

genetic variation)

σ2
i
h2
i
= 0.5 for all i unless

otherwise specified

high, low attack rates lead to high conversion efficiencies and
vice versa (Figure 1B). The tradeoff magnitude can lead to
differences in transient and steady state dynamics in abundance
(Figures 1C,D), as well as trait evolution (Figures 1E,F).
Different assumptions regarding this tradeoff are possible for
different ecological contexts, though a thorough exploration of
how these would play out is beyond the scope of the present
paper [but see (Gounand et al., 2016) for examples of variation in
such assumptions in a different context]. The starting parameter
values of the model were chosen to allow species coexistence in
the absence of evolution.

Food Web Structure
To address how eco-evolutionary dynamics may affect food
web structure, we tracked equilibrium abundances for all three
species across different combinations of the tradeoff magnitude
associated with the attack rate of the intermediate consumer
preying on the basal resource (γCR) and that of the tradeoff
magnitude associated with the attack rate of the top predator
preying on the consumer. The tradeoff magnitude associated
with the attack rate of the top predator preying on the basal
resource (γTR) was kept constant and equal to unity. Thus, we
were able to examine how species abundances changed across
trophic levels. The model can lead to oscillations in abundance
in certain regions of parameter space, in which case we used
a geometric mean over time as our measure of average species
abundance.

To assess how trophic structure changed over time, we
measured the maximum trophic level in the food web module
over time, which has been shown to change dynamically with

species abundance in the omnivory module (Gibert and DeLong,
2017). Using the standard definition of trophic level, TLi = 1 +
∑n

j=1 pijTLj, where TLi is the trophic level of species i, and pij is

the fractional contribution of species j to the diet of species i, it is
possible to rewrite the pij as a function of predator foraging rates.
The trophic level of the top predator, T, then becomes:

TLT = 1+
1

εRT
αRTRT

1+αRTηRTR
+ εCT

αCTCT
1+αCTηCTC

×

(

TLRεRT
αRTRT

1+ αRTηRTR
+ TLCεCT

αCTCT

1+ αCTηCTC

)

, (6)

where TLR = 1 and TLC = 2. Because the foraging rates are
functions of time, the trophic level of the top predator, TLT (i.e.,
the maximum trophic level of the omnivory module) will also be
a function of time. The trophic level will approach a stable steady
state as the abundances approach a stable steady state.

Last, we converted steady state abundances into biomass by
multiplying steady state abundances by species body mass. We
defined the mass of the basal resource to be equal to 1 unit
of mass, and used well-known predator-prey body size scaling
relationships (Layman et al., 2005; Brose et al., 2006; Riede
et al., 2011) to obtain the mass of the intermediate consumer
and that of the top predator. The scaling exponent between
prey and predator mass varies widely in nature but has a
mean of 1.16 (Brose et al., 2006). We examined three different
scaling exponents to observe its influence on equilibrium biomass
structure: 0.85, 1.16, and 1.5, while keeping the intercept constant
and equal to 1.80 (Brose et al., 2006). These three scenarios
impose different constraints on the biomass structure of the food
web. A larger scaling exponent means that predators tend to be
much larger than their prey compared to a scenario where the
exponent is smaller. All analyses were performed in Julia v0.62
(Bezanson et al., 2014) using the DifferentialEquations package
(Rackauckas and Nie, 2017). Julia code is available to download
from https://github.com/JPGibert/Eco_evo_food_webs

RESULTS

General Dynamics
The eco-evolutionary dynamics of the omnivory food web
module are quite sensitive to changes in the tradeoff magnitude
that controls the relationship between conversion efficiencies
and attack rates when only one attack rate is allowed to evolve
at any given time (Figures 1C–F, 2). We find that the tradeoff
magnitude associated with the attack rate of the intermediate
consumer on the resource mediates coexistence (red arrow,
Figure 2A) in the parameter range that was analyzed. When the
tradeoff magnitude is small, the consumer attack rate evolves
to very large values, which leads to competitive exclusion of
the top predator, and unstable consumer-resource dynamics.
Intermediate values lead to stable coexistence (Figure 2A),
whereas too large of a tradeoff magnitude leads to instability and
fluctuations in both abundances and traits (Figure 2A). Steady
state attack rates decrease with increasing tradeoff magnitudes
throughout, although trait fluctuations are observed only at very
large values of the consumer tradeoff magnitude (Figure 2B).
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FIGURE 2 | (A) Bifurcation plots (abundance minima and maxima at equilibrium) for the top predator (red) and intermediate consumer (black), across increasing levels

of the consumer tradeoff (γRC). Only the attack rate between the consumer and the basal resource is allowed to evolve. Oscillatory behavior (instability) occurs

whenever maxima and minima are not equal (there are two curves rather than one). The red arrow indicates the tradeoff value below which top predators cannot

persist. (B) Same as in (A) but for the consumer attack rate instead of the abundance. (C) As in (A) but for the tradeoff associated with the attack rate between the

top predator and the basal resource (γRT ). (D) As in (B) but for the interaction depicted in (C). (E) As in (A,C), but for the cost associated with the attack rate between

the top predator and the intermediate consumer (γCT ). (F) As in (B,D) but for the interaction depicted in (E). In all cases, only the focal attack rate is allowed to evolve,

and all other parameter values are as in Table 1.

Tradeoff magnitudes also impact steady state abundances,
with intermediate consumer abundances being larger than top
predator consumer abundances for low to moderate values of the
tradeoff magnitude, and smaller for larger values (Figure 2A).

These results largely hold for the tradeoff magnitude
associated with the other interactions: the tradeoff magnitude of
the top predator consuming the resource, and that of the top
predator consuming the intermediate consumer (Figures 2C–F).
However, neither the tradeoff magnitude of the top predator

consuming the basal resource, or the intermediate consumer
appear to affect persistence (Figures 2C,E), although both can
impact stability: an increase in the tradeoff magnitude of the
top predator-resource interaction leads to more stable dynamics
(Figure 2C), and an increase in the tradeoff magnitude of the
top predator-intermediate consumer interaction first stabilizes
the system at lower values, and then destabilizes the system
at larger values (Figure 2E). In all cases, steady state attack
rates decline as the tradeoff magnitudes increase (Figures 2D,F).
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FIGURE 3 | (A) Plot of discretized changes in the abundance structure of the omnivory food web module assessed across all combinations of the consumer tradeoff

(γRC), and the top predator tradeoff (γCT ). A qualitative depiction of the abundance structure appears in black within each discrete region. (B) Discretized plot of the

continuous changes in maximum trophic level (trophic level of the top predator, depicted in red), as the top predator and consumer tradeoffs change. Numbers

indicate the trophic level of the top predator at each boundary. Gray areas indicate regions where coexistence is not feasible in (A,B). Parameter values as in Table 1.

An increase in tradeoff magnitudes also leads to larger top
predator abundance than intermediate consumer abundance
(Figures 2C,E). Together, these results suggest that dynamically
rich behaviors emerge from the eco-evolutionary dynamics of
omnivory, even when selection is weak.

Impacts on Food Web Structure
Changes in steady state abundances with tradeoff magnitudes
result in differences in the abundance structure of the food
web (Figure 3A). The omnivory food web module can take
on different shapes depending on which species (resource,
intermediate consumer, top predator) has higher or lower
abundances. Indeed, observed abundance structures in our
model range from a top-heavy hour-glass food-web, when
the intermediate consumer has a large tradeoff magnitude
(Figure 3A, yellow), to a bottom-heavy pyramid when the
intermediate consumer has a smaller tradeoff magnitude
(Figure 3A, blue, green). When the intermediate consumer has
a small to moderate tradeoff magnitude, several scenarios are
possible. If the top predator has a smaller tradeoff magnitude,
the abundance structure becomes a “bent pyramid”: consumer
abundances are more similar to resource abundances than they
are to top predator abundances, giving the pyramid a convex
curvature (Figure 3A, blue). If the top predator has a moderate
tradeoff magnitude, a pyramidal abundance structure is also
possible, but consumer abundances are smaller and more similar
to top predator abundances than they are to resource abundances,
giving the pyramid a concave curvature (Figure 3A, green). Last,
if the top-predator has a large tradeoff magnitude, the abundance
structure of the food web is diamond-shaped, where intermediate
consumers are the most abundant of all species (Figure 3A,
orange).

Interestingly, all changes in abundance structure are
accompanied by changes in the maximum trophic level of the

food web: maximum trophic level ranges from low for the hour-
glass abundance structure to high for the diamond abundance
structure (Figure 3B). In other words, as eco-evolutionary
dynamics unfold, hourglass food webs result in top consumers
and intermediate consumers with similar trophic levels, and
overall greater amounts of omnivory as the top predator relies
more heavily on the basal resource (Figure 3B). On the other
hand, diamond abundance structures result in top predators with
a greater dietary reliance on intermediate consumers than on
resources, resulting in a higher trophic level, which in turn leads
to a more chain-like food web trophic structure (Figure 3B).

Taking into account three different scaling exponents for the
predator-prey mass relationship (Figure 4A), the equilibrium
biomass structure of the food web remains qualitatively similar
to that of the abundance structure, but with some important
quantitative differences (Figures 4B–D). First as the exponent
increases such that predators are increasingly larger than their
prey, the hourglass biomass structure becomes more prevalent
(Figures 4B–D). Second, the size of parameter space that leads
to diamond biomass structure appears to be unaffected by
an increase in the steepness of the body size relationship,
which suggests that other factors influence its occurrence
(Figures 4B–D, orange). Third, bent pyramid biomass structures
(Figure 4, blue) become more rare as the scaling exponent
increases, while concave-pyramid biomass structure (Figure 4,
green) becomes more common across the range of parameter
values that we consider.

DISCUSSION

The results of our model show that ecological and evolutionary
processes can jointly determine food web abundance, trophic,
and biomass structure. By modeling a simple tri-trophic system
with omnivory, in which the maximum trophic level of the food
webs can be accounted for explicitly, we have shown that most
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FIGURE 4 | (A) Plot of the assumed predator-prey body-size scalings where only the scaling exponent was allowed to change. The middle line is the average taken

across taxa (Brose et al., 2006). (B) Same as in Figure 3A, but with respect to biomass structure and assuming 0.85 as the slope of the predator-prey body size

scaling. (C) As in (B) but for a slope of 1.15. (D) As in (B,C) but for a slope of 1.5. Color coding and qualitative biomass depictions (black) as in Figure 3. All other

parameter values as in Table 1.

types of abundance and biomass food-web structures, namely,
pyramid, hourglass, and diamond, can occur as the result of
eco-evolutionary dynamics, even when selection is weak. As
omnivorous interactions are ubiquitous in nature (Thompson
et al., 2007), our theoretical predictions may be relevant for larger
and more complex food webs. Together, our findings suggest
that the dynamical and evolutionary constraints on food web
structure are perhaps much greater than previously thought.

Evolutionary changes in attack rates, as ecological dynamics
unfold, can impact species persistence (Figure 2), as well as
steady state abundances and their stability (Figures 1, 2). Such
impacts are mediated by the tradeoff between conversion
efficiency and attack rates. This tradeoff is common in
nature (Kiørboe, 2011). Increasing attack rates typically are
the consequence of greater velocities for cursorial predators
(Aljetlawi, 2004; Pawar et al., 2012). These greater velocities
can in turn result in a higher metabolic cost (Carbone et al.,
2007), which leads to lower net assimilation rates and, thus,
conversion efficiency. Because of this, we posit that larger
tradeoff magnitudes would be typically associated with increased
metabolic costs and lower conversion efficiencies. We point

out that larger tradeoff magnitudes could also be driven by
concomitant changes in assimilation rates as attack rates evolve,
provided that other physiological traits are also evolving. While
we explicitly assume that this does not occur in our framework,
we acknowledge that our results could be interpreted from this
perspective, and the sensitivity of our model results to differences
in the attack rate-conversion efficiency relationship suggests that
this may be a fruitful area for additional empirical and theoretical
work.

The magnitude of the metabolic costs associated with
predation can strongly impact food web richness and stability,
emphasizing the important role that this tradeoff plays in trophic
interactions. Lower costs typically lead to less speciose, unstable
systems (Figure 2A), intermediate costs lead to speciose, stable
systems, and large costs lead to speciose, but unstable dynamics
(Figure 2). Metabolic costs can in turn scale with phenotypic
traits such as body size (Brown et al., 2004; DeLong et al., 2010;
Barneche and Allen, 2018; Yeakel et al., 2018b) or depend on
external environmental factors such as temperature (Gillooly
et al., 2001; Savage et al., 2004). Larger organisms, or organisms
that experience elevated temperatures, may thus have increased
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metabolic costs than do smaller species or species that live in
colder climates. Ecosystems where intermediate predators are
too small or live in colder climates may thus be less speciose
and unstable, as is the case in high-latitude predator-prey
systems involving rodents and raptors (Hanski et al., 1991, 1993;
Brommer et al., 2010), while speciose but more stable systems
may be more common in warmer climates (Ims et al., 2008).

The relationship between metabolic costs and steady state
abundances and instability has consequences for different aspects
of food web structure, as different abundance, and biomass
distributions are possible for different values of the metabolic
costs (Figures 2, 3). Indeed, as unstable dynamics typically occur
at low and high values of the metabolic costs, we expect food
webs occurring in those value ranges to experience fluctuations
in predator-prey dynamics. If we further consider that large
fluctuations can increase the chance of stochastic extinctions
(May, 1973; Chesson, 1981; Fox and Kendall, 2002), then our
results suggest that food-web structures that are composed of
species with very low or very high metabolic costs may be prone
to stochastic extinction. For example, it is possible that diamond
food-web structures may be rare in nature, and perhaps more
often exist in a transient state, as such structures appear to be
associated with very large metabolic costs for the top predator,
and hence, large fluctuations in abundance.

Albeit a minimal food web module, our model retains key
features of large, complex food webs, such as the occurrence
of omnivory and more than two trophic levels, features that
are generally not included in models exploring eco-evolutionary
dynamics [e.g., (Schreiber et al., 2011; Vasseur et al., 2011;
DeLong and Gibert, 2016; Yeakel et al., 2018a)]. Interestingly,
such a simple model yields a surprisingly rich array of
possible food-web abundance and biomass structures and reveals
important differences in the maximum trophic level as a function
ofmetabolic costs.While there is variation in the types of biomass
structures observed within different ecosystem types (Hatton
et al., 2015), fully inverted or hourglass food webs may be more
typical of marine ecosystems (Fath and Killian, 2007; Woodson
et al., 2018) but see (Trebilco et al., 2013) for an alternative
standpoint), pyramid food webs tend to be terrestrial (Hatton
et al., 2015), while diamond food webs may be more common
in ponds, lakes or other systems with very abundant intermediate
consumers, and less common top predators (Polis, 1999).

Our model offers key insights into how differences in food-
web structure across ecosystems may be influenced by the
eco-evolutionary dynamics of attack rates and their associated
metabolic costs. For example, our results suggest that marine
ecosystems (hourglass-structured food webs) should have higher
metabolic costs associated with intermediate predators, while
top predators should generally have lower costs (Figures 3, 4).
This may indeed be true: larger organisms suffer lower energetic
penalties when swimming because of reduced drag, while smaller
organisms spend more energy to overcome drag (Batchelor,
2000). Our results also suggest that terrestrial ecosystems
(pyramid-structured food webs) occur whenever intermediate
predators have lower metabolic costs, while top predators can
be variable (Figures 3, 4). This prediction also appears to be
supported by observations: energy expenditures associated with

terrestrial cursorial locomotion scales with body size (Carbone
et al., 2007), such that smaller organisms, typically occupying
lower trophic levels [e.g., (Riede et al., 2011)], have lower costs
than larger, higher trophic, organisms.

While direct empirical tests of these predictions may be
challenging, it may be possible to assess the validity of some of
these ideas usingDaphnia sp. as a top predator. Daphnia can prey
upon bothmeso andmicro zooplankton (Wickham, 1998), and as
such, can prey upon bacteria as well as their protist consumers.
This would lead to an omnivory module with Daphnia as
the top predator and omnivore, a bacterivore protist species
as the intermediate consumer, and bacteria as the resource.
Microcosms can be inoculated with clonal Daphnia, in which
evolution is not possible because of the absence of variation,
or non-clonal Daphnia, which will allow for eco-evolutionary
dynamics to ensue (Fussmann et al., 2003). Over time, it would
be possible to assess whether there are differences in abundance
or biomass accumulation between the two treatments, and also
assess whether parameters of the Daphnia functional response,
such as attack rates or handling times, are diverging between
the clonal and non-clonal lines. It would then be possible
to examine whether changes in metabolic costs could lead to
similar abundance and biomass accumulations by running the
same experiment at two different temperatures. While these
results would not be exactly replicating the assumptions of our
toy model, they could shed light on whether eco-evolutionary
dynamics can influence food web abundance and biomass
structure.

Taking individual-level and trait variation into account has
recently been shown to be important to fully understand
population and community-level patterns (Bolnick et al., 2011;
Violle et al., 2012; Gibert et al., 2015). Indeed, genetic variation
in basal resources strongly determines which organisms can prey
upon them, thus influencing food web structure from the bottom
up (Barbour et al., 2016), while phenotypic variation in predator
traits determines species-level connectivity (Gibert and DeLong,
2017), trophic level (Svanbäck et al., 2015; Gibert and DeLong,
2017), and can be used to predict multiple structural features in
food webs (Gibert and DeLong, 2017). Our model only follows
mean attack rates and disregards how joint changes in mean and
variance could potentially influence food web structure through
eco-evolutionary dynamics. Because both genetic and phenotypic
variation can directly impact food web structure and the pace
of evolutionary change, an extension of our initial exploration
that includes the dynamics of trait variance as well as that of
mean trait values may further illuminate how evolving traits may
impact food web structure.

We show that even small amounts of evolutionary change for
traits that determine the strength of predator-prey interactions
may lead to dramatic differences in food web structure. We
therefore anticipate that additional complexity, such as the
simultaneous evolution of multiple traits [e.g., through ecological
pleiotropic traits (Strauss and Irwin, 2004; DeLong and Gibert,
2016)], a larger number of species with highly heterogeneous
interactions such as those observed in empirical food webs, the
inclusion of changes in variation as well as mean trait values, as
well as a broader exploration of parameter space, will provide
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additional insight into the fundamental eco-evolutionary drivers
of the different types of large-scale structural attributes observed
in food webs. As a case in point, differences in the functional
form of imposed tradeoffs can lead to quantitative differences in
model output in a model that tracks trait selection in food webs
(Gounand et al., 2016). Moreover, in a tri-trophic model with
explicit life-history stages tracking juvenile and adult biomass,
differences in energy transfer leads to differential biomass
accumulation across stages, including overcompensation (De
Roos et al., 2007). In some cases, biomass accumulation is more
likely for juveniles than for adults, and vice versa, which is
analogous to our results that show the emergence of different
abundance and biomass food web structures.

Despite the inherent simplicity of our approach, we show
that an impressively diverse array of food web abundance,
biomass, and trophic structures are possible when trait evolution
is incorporated into a three-species omnivory model. Changes in
metabolic costs (or assimilation rates) mediating trait evolution
and energy transfers across species are partly responsible for
resulting patterns of abundance and biomass accumulation
across trophic levels, which leads to differences in trophic
structure and trophic position. Our model reproduces most
known types of abundance and biomass structure, i.e., concave

and convex pyramidal structures, diamonds, and hourglasses,
which suggests that even small levels of evolutionary changes in
one trait can have important consequences on these large-scale
structural characterizations of food webs.
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