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Abstract

An increase in prey richness, prey size and predator trophic position with predator body size

has been consistently reported as prime features of food web organization. These trends

have been explained by non-exclusive mechanisms. First, the increase in energy demand

with body size determines that larger predators must reduce prey selectivity for achieving

the required number of resources, being consumption relationships independent of prey

traits. Second, when consumption is restricted by gape limitation, small predators are con-

strained to select among small prey. However, this selection weakens over large predators,

which progressively consume more and larger prey. Finally, the optimal foraging mecha-

nism predicts that larger predators optimize their diet by selecting only large prey with high

energy reward. Each one of these mechanisms can individually explain the increase in prey

richness, prey size and predator trophic position with predator body size but their relative

importance or the direct evidence for their combined role was seldom considered. Here we

use the community assembly by trait selection (CATS) theory for evaluating the support for

each one of these mechanisms based on the prey selection patterns that they predict. We

analyzed how prey body size and trophic guild determine prey selection by predators of

increasing body size in a killifish guild from a temporary pond system. Results support the

combination of the three mechanisms to explain the structural trends in our food web,

although their strength is contingent on prey trophic group. Overall, high energy prey are

preferred by larger predators, and small predators select small prey of all trophic status.

However, large predators prefer large primary producers and avoid large carnivorous prey,

probably because of the inherent risk of consuming other carnivorous. Our study provides a

mechanistic understanding of how predator traits determine the selection of prey traits

affecting food web assembly.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0292374 October 5, 2023 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Ortiz E, Ramos-Jiliberto R, Arim M (2023)

Prey selection along a predators’ body size gradient

evidences the role of different trait-based

mechanisms in food web organization. PLoS ONE

18(10): e0292374. https://doi.org/10.1371/journal.

pone.0292374

Editor: Andrea Belgrano, Swedish University of

Agricultural Sciences and Swedish Institute for the

Marine Environment, University of Gothenburg,

SWEDEN

Received: February 17, 2023

Accepted: September 19, 2023

Published: October 5, 2023

Copyright: © 2023 Ortiz et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All raw data and code

lines used in this study are freely available at

https://doi.org/10.5061/dryad.bk3j9kdjg

Funding: This research was funded by Comisión

Académica de Posgrado (https://www.posgrados.

udelar.edu.uy/cap.php), grant numbers

BDDX_2019_1#49295789 and

BFPD_2022_1#49295789 and

CSIC_Iniciación_2019_ID_36 to EO; Agencia

https://orcid.org/0000-0002-1025-6742
https://orcid.org/0000-0002-0108-7502
https://doi.org/10.1371/journal.pone.0292374
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292374&domain=pdf&date_stamp=2023-10-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292374&domain=pdf&date_stamp=2023-10-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292374&domain=pdf&date_stamp=2023-10-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292374&domain=pdf&date_stamp=2023-10-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292374&domain=pdf&date_stamp=2023-10-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292374&domain=pdf&date_stamp=2023-10-05
https://doi.org/10.1371/journal.pone.0292374
https://doi.org/10.1371/journal.pone.0292374
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5061/dryad.bk3j9kdjg
https://www.posgrados.udelar.edu.uy/cap.php
https://www.posgrados.udelar.edu.uy/cap.php


Introduction

Species interactions are highly influenced by species body size [1–3]. Predator-prey body size

relationships determine variations in community-level properties such as the distribution of

interaction strength [4, 5], secondary extinctions after species loss [6], and community stability

[7]. Consequently, empirical studies have reported robust trends in trophic interaction proper-

ties with increasing body size of predators (Fig 1A). Of most importance, the increases in prey

richness and in prey size were widely reported at the intra and interspecific level [1, 3, 8–15],

and have been identified as important determinants of food web structure and stability [2, 3,

11, 12, 16–18]. Therefore, body size, through determining predator-prey interactions, poten-

tially shapes community level structural and functional attributes beyond pairwise ecological

relationships.

Prey selection is a leading process modulating predator-prey relationships [19]. Specific

mechanisms have been proposed to explain observed trends in prey selection as a function of

the body size of predators and their prey [12, 20]. These mechanisms include: first, the increase

in the number of prey items consumed due to the need to satisfy the increase in energy

demand at larger body sizes [21, 22] (Fig 1B); second, the progressive relaxation of gape limita-

tion, which allows the gradual consumption over more and larger prey [23, 24] (Fig 1C); and

third, the optimal foraging mechanism, which predicts strengthening the preference for prey

of larger size–with greater energy reward–as predator become larger [25–27] (Fig 1D). These

mechanisms determine specific prey selection patterns governed by the interaction between

prey traits and predator body size [12, 20], and may operate either individually or through

their combined action. The increase in energy demand with predator body size determines

that larger predators progressively incorporate prey items into their diet independently of prey

traits—e.g. predators become less selective and more generalists [12]. This mechanism does

not involve changes in the selection of prey with different traits and represents a null hypothe-

sis from the perspective of prey traits (Fig 1B). However, gape limitation is expected to mediate

the association between predator and prey body sizes [1, 8, 12, 23, 28]. The mechanism of gape

limitation operates through excluding large prey from being consumed by small predators,

determining a negative selection on these items and a preference over small prey. This selec-

tion pattern progressively weakens as predators become larger being both small and large prey

equally preferred by large predators (Fig 1C). Finally, since the energetic content of a prey is

positively associated with its trophic level and body size [21, 29, 30], the higher energy demand

of large predators may consequently determine a selection for larger-bodied prey that provide

greater energetic return (e.g. animals over basal resources) (Fig 1D) [25–27]. These three prey

selection models evidence the basic mechanisms underlying body size dependent trends in

predator trophic position [24], prey richness [8, 17], and prey size [28] (Fig 1A), and indirectly,

emergent structural community properties such as nestedness [13, 14] and modularity [27].

Remarkably, although these mechanisms generate explicit predictions about the body size

dependent prey selection behavior, they have often been indirectly evaluated. This has been

done mainly through interpretating patterns of over–versus under–representation of prey

traits relative to the environmental offer, along a gradient of predator body size (e.g. [31–33]).

New methods for analyzing trait selection along ecological gradients have been extensively

developed. Among them, the community assembly through trait selection (CATS) theory [34–

36] introduced techniques for directly evaluate the role of traits as determinants of the relative

abundance of species along environmental gradients. Essentially, by means of generalized lin-

ear models, species abundances are related to species traits, environmental conditions, and the

interaction among them [35–37]. This method is also suited for the analysis of trends in tro-

phic interactions with predator body size mediated by prey traits. In this context, predator
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body size represents the environmental gradient and prey traits determine a selection process

in consumption that could systematically change along the gradient of predator body size.

Additionally, the identity of the observed prey items in the diet represents the complete prey

pool consumed by all predators in the defined system. This approach overcomes the classic

limitation of identifying the total available prey set, needed to infer selection mechanisms

through traditional methods [25, 38, 39].

Fig 1. Mechanisms and hypotheses. (A) Common structural patters broadly reported in food webs. Along a gradient in predator body size, an increase in prey richness,

prey body size and predator trophic position have been systematically observed in numerous food webs. These trends can be explained by three non-exclusive

mechanisms discernible for their distinctive prey selection patterns based on predator body size and prey traits (i.e. size and energy reward). (B-D) Mechanisms

proposed to explain the structural trends shown in (A). (B) Under the energy demand mechanism (M1), the increase in prey consumption by large predators is

determined by the positive association between predator´s energy demand and body size. The progressive incorporation of prey items into the diet of larger predators is

not associated with prey traits, involving a trait-independent consumption pattern. (C) The gape limitation mechanism (M2) allows large predators to consume over

more and larger prey items due to the relaxation of gape limitation. This mechanism determines a selection pattern in which small predators select only small prey, with

large prey being excluded from the diet. This preference for small prey weakens as predator body size increases, since large predators are able to consume all size classes

of prey. (D) Under the optimal foraging mechanism (M3), prey items are consumed according to their energy reward. This mechanism determines that larger predators

select larger prey with higher energy reward.

https://doi.org/10.1371/journal.pone.0292374.g001
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In using the CATS framework, we advance our understanding of trophic relationships by

directly evaluating the support for the three alternative mechanisms that could explain the pat-

terns of prey consumption as a function of predator body size and prey traits. The combina-

tion of the three alternative mechanisms of prey selection gives rise to seven competing

hypotheses that guide our study (Fig 1D). H1: the increase in energy demand by larger preda-

tors determines the increase in prey abundance and the consequent diversification of diet

items independently of prey traits. H2: consumption is determined by restrictions imposed by

consumers body size (i.e. gape limitation). The banned consumption of large prey determines

a negative selection for these items and/or a positive selection for smaller ones by small preda-

tors, and the progressive attenuation of this selection regimen along larger consumers. H3:

consumption is determined by a maximization of energy acquisition. Large predators posi-

tively select big prey with high energy reward (e.g. animal prey) and avoid the consumption of

small prey with low energy reward (e.g. primary producers). H4: relaxation of gape limitation

and the increase in energy demand jointly determine the trend in diet with body size. H5: the

increase in energy demand and the maximization of energy reward guide consumers diet,

increasing selection for large prey along large consumers. H6: the relaxation of gape limitation

and the maximization of energy reward determine that large predators select over large prey

with high energy reward and small predators select small prey. H7: in addition to gape limita-

tion and maximization of energy reward, the increase in energy demand with predator body

size also explains the change in trophic interactions by an increase in consumption. We test

the above hypotheses by analyzing our own dietary trait data from a guild of annual killifish

species. This empirical system has been thoroughly studied and employed as a research model

to reveal how trait-based trophic interactions affect food web structure [12, 14, 40, 41].

Materials and methods

Ethic statement

We used the data collected and published in [12, 42], and no additional animals were sampled

or euthanized for the current study. Fish sampling in [42] was carried out in strict accordance

with the recommendations of “Comisión Honoraria de Experimentación Animal (CHEA)” in

2006. Fish individuals were sampled with a hand net, euthanized with an overdose of 2-phe-

noxyethanol, and fixed with 4% formaldehyde. All efforts were made to minimize suffering.

All specimens analyzed were placed in the Fish Collection of Facultad de Ciencias (Faculty of

Science), Montevideo, Uruguay, under the Institutional Code: ZVC-P. Fishes were collected

on a private land in the region of Humedales del Este (Eastern Wetlands) which was declared

Biosphere Reserve by UNESCO (program MAB). Permissions to collect had been granted by

the landowners.

Study system

Predators and prey for analysis come from a set of temporary ponds located in grassland in the

Laguna de Castillos basin, Rocha, Uruguay. Ponds are formed from ground depressions dur-

ing the rainy season, when rainwater supply surpasses water loss due to evaporation [42]. The

aquatic system shows a high diversity of macrophyte, macroinvertebrate and vertebrate species

[40, 43]. Our analyses are based on the diet information collected from stomachs of 619 indi-

viduals belonging to the four killifish species that inhabit the ponds: Austrolebias viarius, A.

cheradophilus, A. lutheoflammulatus and Cynopoecilus melanotaenia [12, 43]. In our study sys-

tem, these species are the top predators, showing a strong positive intraguild relationship

between their body mass and their trophic position, along with prey richness and number of

energy sources (i.e. plants, detritus, phytoplankton and terrestrial prey) [12]. In addition, we
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detected a smooth incorporation of prey items with increasing body size, determining the

emergence of a strong nested size-dependent organization of trophic interactions [14]. Fish

individuals were sampled during winter 2006, identified at the species level and their standard

length was measured following established procedures [40, 42, 44]. Following [12] and [14],

individual predators were sorted by size and classified into 20 body size classes, each of them

composed of 31 individuals (30 in the largest class) (S1 Fig).

Prey items in the stomach content of each individual fish were identified to the highest pos-

sible taxonomic resolution and categorized into trophic groups as primary producers, herbivo-

rous and detritivores, and carnivorous (data published in [12, 42]). We used the membership

to a trophic group as a categorical trait of prey, subsequently included in the predator selection

analyses. The trophic groups represent an increasing gradient in the energy quality of prey

form primary producers to carnivorous species [12, 21]. Prey size was the second trait of prey

considered in the selection analyses. Prey size was estimated from a dataset of invertebrates

that inhabit the pond system, that were collected in October 2008 [40] (S2 Fig). In addition, we

obtained from literature [45–49] the body sizes of those items that appeared in the killifish diet

but that were not collected in the field survey. These data represented less than 1% of prey

items in terms of richness and abundance.

Prey trait representation in predator body size classes

The representation of traits in communities along an environmental gradient is usually visual-

ized through the trend exhibited by the “community-weighted mean” along the gradient [50].

This metric captures the average representation of traits in each community. In analogy, we

estimated a “diet-weighted mean” (DWM), indicating the representation of prey traits across

predator size classes. For quantitative traits, DWM ¼
Xn

i¼1
pi ∗ traiti, where pi is the relative

abundance of the trophic item i in a killifish size class and traiti is the mean trait value of that

item—that is the average prey trait value independently of its taxonomic identity. For categori-

cal traits with n levels, traiti represents a particular level i of the trait and pi is the relative abun-

dance of all prey items within i—that is the frequency of a categorical prey level (e.g.

carnivorous prey) in predator diet, independently of prey taxonomy [50]. Here, DWM pro-

vides an estimation of the relative frequency of primary producers, herbivorous and detriti-

vores, and carnivorous prey items, and the average prey size (combining all trophic groups) in

the diet of each killifish body size class [51].

CATS regression model and hypotheses evaluation

In the present analysis we employed CATS regression model to relate the abundance of a prey

item with the interaction between its traits and the body size of consumers [34–36, 51, 52].

This technique allows to evaluate how influential the traits of a prey item are in determining its

abundance in the diet of consumers with different body sizes. The CATS regression model

consists of a generalized linear mixed model of Poisson family, with an offset that represents a

prior abundance distribution of prey items. That is, the frequency of each prey item along all

size classes of predators combined [36]. Using this approach, the abundances of prey items in

each predator body size class were related to predator body size, prey traits—size and trophic

group—and the interaction among them. The sign of the model coefficients (β) directly trans-

lates into positive (β> 0), null (β = 0) or negative (β< 0) prey selection according to their

traits [36]. In addition, the numeric value of the model coefficients represents a measure of the

relative selection for some kind of prey over others (e.g. small vs large prey). That is, the larger

the magnitude of the coefficient, the larger the selection strength for a certain prey category

[35, 37]. This allowed us to analyze whether and to what extent predators with different body
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sizes prefer different prey items (e.g. vegetable vs. animal prey) and whether this selection is

affected by prey traits (e.g. body size and trophic category).

We used the CATS regression model to evaluate the prey selection patterns expected under

the three alternative mechanisms, and then the support for the seven competing hypotheses

(Fig 1). The inclusion of the predators and prey traits as fixed effects in the model represents a

direct way of testing the predictions associated with mechanisms M2 and M3 (Fig 1B and 1C).

Under the gape limitation mechanism M2, small predators are expected to select small prey for

all trophic categories (i.e. βsmall prey > βlarge prey), whereas this preference should weaken for

large predators (i.e. βsmall prey� βlarge prey) (Fig 1B). Under the optimal foraging mechanism

M3, large predators should select prey with high energy reward (i.e. large, animal prey—βsmall

prey < βlarge prey and βprimary producers prey < βanimal prey), but small predators may comparatively

prefer prey items with low energy reward (i.e. small, primary producer prey—βsmall prey >

βlarge prey and βprimary producers prey > βanimal prey) (Fig 1C). The prediction associated to the

energy demand mechanism M1 was tested by including the identity of predator body size class

as random effect [53] (Fig 1A). Under this mechanism, it is expected that prey items are incor-

porated into the diet of large predators independently of prey traits. The random effect associ-

ated to the predator size class controls for the variation in consumption rate among body size

classes of predators not related to prey traits. That is, trends in diet are explained by differences

in consumption rate along predator body size classes due to the increasing energy demand of

larger predators and are independent of changes in the selection of prey traits. Since the energy

demand mechanism predicts that this variation in prey consumption originates from differ-

ences in predator body size, we also computed the Pearson correlation between the number of

prey items and the predator body size.

The CATS regression model including both fixed and random effects (i.e. full model) was

compared with alternative simpler models that could be used to test the mechanisms herein

evaluated. The full model was compared against several nested models constructed by system-

atically removing different terms from the full model. The criteria used to select the best model

was based on the Akaike´s Information Criterion (AIC) and the estimation of the weight of

evidence [54], which indicates the probability that one of the models is the real one, as com-

pared to all the alternative models. In addition, we performed the Wilks´ likelihood ratio test,

which permits comparing the degree of empirical support that two nested statistical models

receive from data. Finally, the identity of prey items was also included as random effect [53] to

control for the effect of the natural differences in prey abundances—i.e. those not related to

predator body size. All analysis were conducted in R [55] at α = 0.05 significance.

Data availability

All raw data and code lines used in this study are freely available at https://doi.org/10.5061/

dryad.bk3j9kdjg

Results

We found significant trends for the diet weighted mean of prey traits along the gradient of

predator body sizes. First, we observed a reduction in the proportion of primary producers

present in the diet, down to a complete absence of this item in the largest predator size classes

(Fig 2A). Second, the frequency of herbivorous and detritivores prey items did not differ

among predators (Fig 2B). Third, we detected a strong increase in the frequency of carnivorous

prey items with predator size (Figs 2C and S3). Finally, the representation of larger prey items

systematically increased with predator body size (Fig 2D). It is important to note that these
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results only describe general patterns regarding the representation of different types of prey in

the diet of predators, but do not evidence the mechanisms responsible for such patterns.

The full CATS regression model outperformed each one of the alternative models (weight

of evidence = 0.998) (S1 Table) showing a good performance (R2 = 0.67). This result indicates

that 67% of the occurrence and strength of trophic links in this system was explained by the

trait values of predators and prey here considered. Furthermore, our analysis sheds light on

the prey selection mechanisms involved, by evidencing support for the three alternative mech-

anisms evaluated. In this context, our results support H7, which relates the combined action of

Fig 2. Diet weighted mean of prey traits along the gradient in predator body size. (A) primary producers are overrepresented in the diet

of smaller predators, but their representation progressively decreases along size classes (R2 = 0.26, P = 0.02). (B) The representation of

herbivorous and detritivores prey did not change along body size classes of consumers (R2 = 0.01, P = 0.9). (C) Carnivorous prey

systematically increases with consumers body size (R2 = 0.88, P<0.01). (D) The average body size of prey items systematically increases

with predator body size (R2 = 0.6, P<0.01).

https://doi.org/10.1371/journal.pone.0292374.g002
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the three prey selection mechanisms considered here. The action of the first mechanism about

the increase in the number of prey consumed as a determinant of differences in trophic inter-

actions along predator size classes was strongly supported. Specifically, the regression model

with a random effect associated to predator body size class outperformed a model without this

effect (ΔAIC = 505.33) (S1 Table). In addition, we obtained a strong positive association

between the number of individual prey consumed and the predator body size (r = 0.91; t18 =

9.2; P< 0.0001). Despite this, we observed a change in the selection of prey traits (body size

and trophic group) along the gradient of predator body size, also supporting the action of

mechanisms M2 and M3 (Fig 3 and S2 Table and S4 Fig).

Supporting the prediction derived from the gape limitation mechanism, small predators

positively selected small prey items from all trophic groups (i.e. βsmall prey > βlarge prey) (Fig 3).

However, this selection was progressively inverted for primary producer prey (βsmall prey <

βlarge prey) (Fig 3A) and reduced for herbivorous and detritivores prey (βsmall prey� βlarge prey)

(Figs 3B and S4) as predator body size increased. Moreover, carnivorous prey of small size

were always selected over large carnivorous prey (βsmall prey > βlarge prey), a pattern that was

magnified in large predators (Figs 3C and S4). In this sense, the gape limitation mechanism is

supported by the consistent selection over small prey by small predators, and the selection pat-

tern observed for herbivorous and detritivores prey in which both small and large prey items

were equally consumed by large predators. Interestingly, the selection pattern observed for pri-

mary producers, for which large prey were preferred by large predators (Fig 3A), is the only

one that supports the action of the optimal foraging mechanism in terms of selecting large

over small prey by large predators. However, this mechanism is also supported by the observed

replacement among prey trophic groups along size classes of predators (see below).

As expected under the optimal foraging mechanism, as predators become larger there was a

transition in the selection pattern from low (i.e. primary producers) to high energy prey (i.e.

animal prey−herbivorous, detritivores and carnivorous) (Fig 3). The selection for primary pro-

ducers peaked at small size classes of predators (Fig 3A), whereas the selection for herbivorous

and detritivores prey peaked at intermediate body size classes (Fig 3B). The reduction in the

preference for herbivorous and detritivores prey was coupled with a progressive increase in

the selection for carnivorous prey that continues rising towards the lager body size class of

consumers. Consequently, selection of prey traits in terms of trophic group in the predator

body size gradient goes from a preference for primary producer, which are replaced by the

preference for herbivorous and detritivores prey, being finally replaced by carnivorous prey

(Fig 3). In this sense, the consumption pattern supports the mechanism of optimal foraging

towards more energetic prey as predators become large.

Discussion

Prey selection is a basic process driving the emergence of food web structure [19, 56, 57]. Con-

sequently, detecting the mechanisms that determine how and why prey are selected by preda-

tors is key to understand the structure and assembly of communities [2, 58]. In this

framework, the increase in energy demand, the gape limitation and the optimal foraging

mechanisms have been proposed to explain the role of consumers body size and prey traits on

the emergence of common structural patterns among food webs. These mechanisms involve

alternative trends in prey selection along predator body size gradients and were all supported

by our results. Based on our analyses we found that: first, the energy demand mechanism,

which refers to a trait-independent increase in number of prey at large body sizes, had strong

statistical support as a determinant of trophic interactions. Second, selection on small prey for

small size classes of predators associated with gape limitation is evidenced along primary
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producers, herbivorous and detritivores and carnivorous prey. This size preference is reduced

for herbivorous and detritivores prey items as predator body size increases, additionally sup-

porting the gape limitation mechanism. However, larger consumers progressively select

smaller carnivorous prey, a pattern not expected from the hypotheses here and elsewhere eval-

uated and that requires considering further mechanisms—e.g. risk avoiding or enhanced

escape behavior due to their higher mobility. Third, the replacement of selection among tro-

phic categories in the gradient of consumer body size, and the switch in selection from small

to large primary producer prey, support the action of the optimal foraging mechanism. From

the set of seven hypotheses proposed, our results allowed to detect the most suitable one which

combines the action of the three alternative mechanisms (H7). Our study shed light on the

mechanisms through which the match-mismatch of predator-prey traits shapes food webs.

The taxonomic and functional diversity of the prey pool is the substrate over which selec-

tion mechanisms operate [35, 59]. A high prey diversity with a continuous representation of

body sizes, as the observed in this system [14, 40]; S2 Fig), is optimal for evidencing different

selection mechanisms. Congruently, clear trends in selection patterns were detected with a

gradual transition in the sign and strength of trait selection from small to large predators.

These patterns provide a direct evaluation of the main body size-dependent mechanisms pro-

posed to explain food web architecture. It should be noted that the same selection pattern

operating over a system with a low prey diversity and/or with discontinuous body sizes may

have low effect on food web structure or promote sharp transition in consumption patterns

[13, 27, 60]. In this vein, our study adds to the existing evidence, supporting that the pond

food web herein analyzed is strongly structured by processes mediated by body size [12, 14, 40,

61, 62], and serves as an optimal study model for testing mechanisms based on trophic rela-

tionships guided by body size.

The CATS regression model exhibited a high explanatory power for the occurrence and

strength of trophic interactions in the pond food web (R2 = 0.67). It is remarkable that only

considering the body size of predators and prey, plus a general trophic categorization of these

Fig 3. Selection of prey traits along the predator body size gradient. (A) primary producers, (B) herbivorous and detritivores and (C) carnivorous prey items. Line type

shows the interaction between prey trophic status and prey body size. The dotted lines correspond to prey items with small body sizes (percentile 0.05 of prey body sizes),

the solid lines represent medium-sized prey (percentile 0.5 of prey body sizes), and dashed lines represent large prey (percentile 0.95 of prey body sizes). Selection

coefficient relates prey consumption with prey traits. Selection of prey body sizes must be interpreted observing the vertical axis of the figure. When the dotted line is at the

top of curves, small prey items are selected at this size class. When the dashed line is at the top, large size classes of prey are selected. Small prey items from all trophic

groups are preferred by small predators. However, large predators select large primary producer prey over the small ones. In addition, the preference for small

herbivorous-detritivores prey weakens for large predators, which consume this kind of prey independently of prey size. Note that large carnivorous prey are always

avoided, and that this pattern is enhanced as predator body size increases.

https://doi.org/10.1371/journal.pone.0292374.g003
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prey, was enough to explain a large fraction of the food web structure, in agreement with prior

studies (e.g. [17, 63]). In addition, trait-selection analyses advance on the mechanistic under-

standing of the role of body size on the properties of food webs. For example, [14] detected a

strong nested and antimodular pattern in this food web along the gradient in killifish body

size. Nestedness has been also reported in several food webs [10, 11, 13, 64]. The gradual trend

in selection of prey traits from smaller to larger consumers identifies the proximal mechanisms

generating the observed nestedness in prey consumption [14]. However, it also points to a pro-

gressive substitution of prey trophic groups (Fig 3). Similarly, the relaxation in gape limitation

and the increase in consumption rate explain the increase in trophic position, prey richness

and number of energy sources with body size [12, 65]. It has to be highlighted that the trait

selection approach is not intended to explain a particular food web pattern—e.g. nestedness,

food chain length or connectance. However, 67% of the variation in weighted trophic links

was explained by the model, explaining in a large extent the emergence of several features of

food web architecture at higher levels. In this sense, the selection pattern of prey items should

be central in modulating the stability of ecosystems, due to their connection with food webs

features that were proved to determine network stability—modularity, nestedness, integration

of energy channels [7, 12, 13, 17, 18, 63, 66].

The direct analysis of trait selection in trophic interactions was able to evidence the action

of mechanisms not detected when the evaluation of particular food web metrics was the focus

of different studies. For example, for the killifish guild herein studied, it was found that the

preference of larger prey items was not a requirement for the emergence of body size-depen-

dent food web structure [12]. Instead, the relaxation of gape limitation and the rise in prey

number were able to explain the increase in prey diversity, energy paths and predator trophic

position with body size. The selection pattern reported here further supports these ideas. How-

ever, trait selection analysis was also able to detect patterns congruent with optimal foraging

predictions not revealed in previous studies (e.g. [12, 14]). In addition, a consistent selection

for small sized carnivorous prey was here evidenced, being the consumption of large predatory

prey always avoided. This trend is magnified for larger predators (Fig 3). Large carnivorous

prey are less abundant [67], demand longer handling times [30], move faster and have more

maneuverability [68, 69], and their consumption could be risky, either because of aggressive

antipredator behavior [57, 70, 71] or due to trophically transmitted parasites [72]. The consis-

tent avoidance of large carnivorous prey may be suggesting the action of mechanisms based on

antipredator traits that would make them less profitable in terms of energy reward for large

predators, in agreement with the optimal foraging mechanism [57]. In this sense, the use of

CATS models for evidencing the mechanisms beyond the emergence of food web structure

complements approaches based on specific metrics of food webs. Indeed, since the CATS

regression predicts the elements of the weighted food web matrix, it could be potentially used

for predicting a large variety of food web metrics commonly used in ecological studies.

Diet Weighted Mean (DWM) is a useful approach for evidencing how the representation of

prey traits is changing along gradients of predators’ traits. The community weighted mean,

from which the idea of DWM was borrowed, has shown a great potential for visualizing the

action of possible assembly mechanisms [35, 51]. Although community weighted mean pro-

vides information regarding patterns, it is frequently used as the main tool for inferring the

mechanisms behind them, representing an indirect way of testing hypotheses and their explan-

atory forces [73]. However, a single pattern of traits representation in a community can origi-

nate from different assembly rules [35]. Similarly, diet weighted means, prey frequencies or

food web metrics can originate by several underlying causes. For example, considering that

only a fraction of the total prey items (or traits) consumed could be truly subject to selection,

the information provided by the general pattern of prey consumption shown in Fig 2 is
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insufficient to tell between those selected and not selected prey items and the potential expla-

nations for such selection [74]. The trait-dependent prey selection approach overcomes these

limitations, providing a direct analysis of the selection processes that determine trends in diet

among predators or environments. Finally, traits selection models can also overcome a canoni-

cal limitation of prey preference studies about the need to identify the species pool truly avail-

able for consumers to evidence selection mechanisms [75–77]. In the CATS regression model,

the set of prey items and abundances observed among all consumers can be used as the effec-

tive species pool exploited by predators. This effective prey species pool is included as both an

offset and as a random factor that indicates the expected prey frequencies in each predator

body size class. Therefore, changes in the representation of these items in the diet of predators

with different body sizes can be associated with a selection process based on the interaction

between consumers and prey traits [36]. The CATS model represents a robust tool to analyze

prey selection mechanisms based on functional, morphological and behavioral attributes that

complements previous approach and overcomes some limitations from behavioral ecology

and food web studies. This is key in the inference process and hypothesis testing contributing

to the progress in the field of food webs [78–80].

Conclusions

Our study focused on the mechanistic basis responsible for several well-reported trends in

food web structure with predator body size. These trends can be explained by different mecha-

nisms involving trait-mediated interactions between predators and their prey, which have

been indirectly inferred in the past. By using a trait-based approach we found support for the

three proposed mechanisms associated with energy demand, gape limitation and optimal for-

aging, but also for additional mechanisms such as risk avoidance as determinants of food web

structure. On this basis, our results favored the most complex of the tested hypotheses, H7,

which integrates the three prey selection mechanisms considered in this study. Unveiling the

connection between species traits and trophic interactions has the potential to provide mecha-

nistic predictions about the expected effect of changes in species traits, driven either by

changes in community composition or by trait evolution, on the structure of food webs.

Supporting information

S1 Table. Model selection process results. Akaike´s Information Criterion values (AIC),

weight of evidence (WAIC) and Wilks´ likelihood ratio test results for the alternative models

included in the selection process. Predator body size (PredBS), Predator body size^2

(PredBS2), Prey body size (PreyBS), Prey trophic group (PreyTG), Predator body size class

identity (PredBSC ID).

(XLSX)

S2 Table. CATS regression model results. Selection coefficients obtained from the CATS

model (R2 = 0.67). Body size (BS), Trophic group (TG).

(XLSX)

S1 Fig. Predator body size classes and their range values. Range values for the 20 predator

body size classes used in the analyses. Each body size class is composed of 31 killifish individu-

als, except for the last one which contains 30 individuals.

(TIF)

S2 Fig. Prey body size distribution. Body size distribution of potential animal prey catego-

rized as A) herbivorous-detritivores and B) carnivorous in the study system. Body size estima-

tions were made from a dataset of invertebrate and vertebrate individuals collected in 2008 in
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the study system (see Methods section). The green line represents the body size range of pri-

mary producer prey, which was obtained from published literature.

(TIF)

S3 Fig. Prey richness and abundance. Richness (A) and abundance (B) of prey items catego-

rized as primary producers, herbivorous-detritivores and carnivorous in the diet of each body

size class of killifish.

(TIF)

S4 Fig. Selection of prey body size along the predator body size gradient. Selection of prey

body size along predator body size classes for prey categorized as (A) primary producers, (B)

herbivorous and detritivores and (C) carnivorous. Selection coefficient relates prey consump-

tion based on their size with predator body size. Small predators select over small prey items of

all trophic groups. However, large predators select larger primary producers meanwhile they

consume herbivorous-detritivores prey items independently of their size. Contrary, as preda-

tor body size increases, large carnivorous prey are always avoided, a pattern that is magnified

for those larger predators.

(TIF)
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