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There is a growing interest in using trait-based approaches to characterize
the functional structure of animal communities. Quantitative methods
have been derived mostly for plant ecology, but it is now common to charac-
terize the functional composition of various systems such as soils, coral reefs,
pelagic food webs or terrestrial vertebrate communities. With the ever-
increasing availability of distribution and trait data, a quantitative method
to represent the different roles of animals in a community promise to find
generalities that will facilitate cross-system comparisons. There is, however,
currently no theory relating the functional composition of food webs to their
dynamics and properties. The intuitive interpretation that more functional
diversity leads to higher resource exploitation and better ecosystem function-
ing was brought from plant ecology and does not apply readily to food
webs. Here we appraise whether there are interpretable metrics to describe
the functional composition of food webs that could foster a better understand-
ing of their structure and functioning. We first distinguish the various roles
that traits have on food web topology, resource extraction (bottom-up effects),
trophic regulation (top-down effects), and the ability to keep energy and
materials within the community. We then discuss positive effects of functional
trait diversity on food webs, such as niche construction and bottom-up effects.
We follow with a discussion on the negative effects of functional diversity,
such as enhanced competition (both exploitation and apparent) and top-
down control. Our review reveals that most of our current understanding of
the impact of functional trait diversity on food web properties and functioning
comes from an over-simplistic representation of network structure with well-
defined levels. We, therefore, conclude with propositions for new research
avenues for both theoreticians and empiricists.

1. Introduction

The investigation of functional traits has been proposed as a means to find gen-
eralities in the structure and dynamics of ecological communities, beyond the
mere study of pairwise interactions [1]. It is prohibitive to study and document
all potential pairwise interactions, as their number increases in proportion to
the square of species richness. Instead, traits are common currencies, allowing
comparisons across communities and regional pools [2,3]. Trait-based
approaches are commonly used to explore and understand the diversity of
forms and functions within an ecosystem, and they have been used to approxi-
mate some aspects of ecosystem functioning [4]. While they were originally
developed for plants (e.g. [5,6]), there are now more and more studies investi-
gating the functional composition of animal communities [7], including birds,
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Figure 1. Conceptual relationship between functional composition, food web structure, and dynamics. The functional composition of the community has a direct
effect on food webs via identity effects and an indirect effect via its impact on network structure.

mammals, arthropods, fishes, marine invertebrates, reptiles
and amphibians (e.g. [8—12]). A quantitative approach to rep-
resent the different roles of animals in a community promises
to find generalities and will definitely facilitate cross-system
comparisons. It is not so clear, however, how the current
trait-based approaches apply to food webs, and more generally
to interaction networks.

The difficulty arising with animals is their involvement
in complex interaction networks, making it hard to measure
and understand the role of functional structure and diversity.
The theory developed for plants is applicable for a single
trophic group driven by competition [13], ignoring the com-
plexity arising with animals involved in a more diverse
array of interactions such as herbivory, predation, parasitism,
seed dispersal and pollination. The study of plant community
structure from functional traits is commonly based on
the quantification of the average trait value of a community
weighted by relative abundance (community-weighted mean,
CWM). CWM is meant to represent the most dominant traits
of the community [14], while its associated variance (CWV)
represents how variable is the trait in the community [15].
The functional structure of a community is often described to
understand the role of key traits and how they relate to environ-
mental gradients [16], and to identify causal links on ecosystem
properties and functions [17,18]. Functional trait diversity is
also often used to assess complementarity and redundancy
among species, which ultimately should give insights on the
assembly mechanisms in play [19]. Both CWM and CWYV,
therefore, nicely relate to the mechanisms driving a positive
relationship between the diversity and productivity of plant
communities [20]. The sampling effect is based on the hypoth-
esis that some dominant species, because of their traits (such as
leaf traits [21]), drive ecosystem functioning [22] and that they
are more likely to be found in a diverse community. The com-
plementarity effect, on the other hand, proposes the increase of
resource use efficiency with the diversity of ecological strategies
(e.g. diversity of rooting depth). The CWM and the CWYV, there-
fore, represent the sampling and the complementarity effects,
respectively [23]. While the biodiversity and ecosystem

functioning (BEF) theory is clearly established for plants [24]
and well supported by experiments [25], it was found not so
easy to generalize for food webs because of the complex inter-
actions that could either reverse expectations or simply blur any
relationship [26]. Trophic regulation and the complexity of food
web topologies including omnivory, intra-guild predation,
cannibalism and loops prevent such generalization.

It is not straightforward to appreciate the role of food web
functional trait structure and diversity for ecosystem func-
tioning. Traits are involved both directly and indirectly in
the processes of shaping ecological communities and driving
their dynamics (figure 1). First, traits have a direct effect on
ecosystem functioning through the traditional mechanisms
of resource use complementarity and identity effects. The
presence of top predators, for instance, has been recognized
for a long time as being essential for ecosystem functioning
[27]. Their extinctions due to human actions have often
resulted in dramatic shifts of ecosystem properties. As an
example, in the marine ecosystem, sharks play a key role
through top-down control on lower trophic levels. The loss
of this trophic regulation could have drastic consequences
on ecosystem functioning such as declines in fish production,
sudden increase of some populations, decrease in stability,
and nutrient losses [28]. Secondly, traits have an indirect
effect via their impact on the structure of the food web, and
thereby on trophic cascades. Further, predators can change
the composition of the lower trophic level and thereby influ-
ence nutrient cycling processes [29]. There are some hints as
to how the topology of ecological networks might impact
ecosystem functioning (for instance via the mechanism
of trophic complementarity [30]), but we are yet to fully
understand this relationship.

The objective of this paper is to provide a conceptual frame-
work to guide the interpretation of functional trait structure
and diversity in food webs. We first propose a terminology
for the investigation of the functional structure and diversity
of food webs. We briefly review the types of traits that are typi-
cally used in studies of animal communities. We then review
how functional structure and diversity of animal communities
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have been studied, and contrast these studies to the investi-
gation of plant communities. Next, we describe how traits
have been used to understand pairwise interactions between
animals, and assess the implication of functional diversity on
food web structure. Finally, we explore the implications of
trait diversity for ecosystem functioning. Our framework high-
lights major gaps in knowledge, and we consequently end with
a discussion of the most promising and exciting research ave-
nues opened by the investigation of the functional structure
and diversity of food webs.

2. (lassifying traits in food webs

We focus on three categories of traits that are essential to food
web structure and dynamics. These categories are not exclu-
sive, as some traits—such as body size or movement
ability—can be found in multiple categories. We provide defi-
nitions, and support this classification with the interpretation
of a classical food web model in box 1 and examples of traits
that are commonly studied in table 1.

‘Topological traits’ determine whether a given predator
species can feed on the given prey species. Topological traits
could be further divided into two subcategories [39,40]: “fora-
ging traits’ determine the type of preys a predator will look
for. For instance, the shape of mouthparts of several arthropods
such as ground beetles will tell us much about their optimal prey
type [41]. Such traits are often regrouped into broad categories
such as herbivores, filter feeders or carnivores. By contrast,
‘vulnerability traits’ determine the type of predators for a
given prey species. They include traits providing resistance to
predation, such as particular morphological attributes (e.g.
spines) or chemical defense. A trophic interaction is the result
of a match between foraging and vulnerability traits (see the sec-
tion below on trait-matching models). Topological traits could
include physiological characteristics of a species, morphological,
behavioural (e.g. hiding strategies) and microhabitat preferences
(e.g. foraging location in canopy trees). They should be precise
and measurable attributes of the species, rather than the
common representation into feeding guilds (e.g. [42]). Topologi-
cal traits also encompass any characteristic of species related to
phenology and use of space. The occurrence of an interaction
requires a match between the time of the activity, its location,
and the occurrence of both predators and preys.

‘Consumption traits” determine the rate at which trophic
interactions harm the prey population and benefit the
predator. They determine the functional and numerical
responses of the prey and the predator, respectively (see exten-
sive discussions of the related traits in [33,34]). These traits are
less documented and more difficult to measure (table 1). There
are several steps in the process of a trophic interaction and all of
them correspond to specific traits (these are more formally
interpreted mathematically in box 1). First, the attack rate
(which is the result of foraging speed) is influenced by both
predator and prey characteristics, such as movement, the
capacity to hide, temporal match of activities, spatial distri-
bution of the prey, etc. Further, prey density and the
capacity of the predator to handle individuals also influence
the rate of interactions. Handling time is impacted by prey
characteristics, such as digestibility—for instance, mussels
and gastropods are harder to digest than crustaceans because
of their shell. The handling time is also impacted by the charac-
teristics of the predator, for instance, the recovery time between

attacks, specialized morphological characteristics to process
preys, or the time needed to digest them. Secondly, resource
assimilation efficiency determines the fraction of the prey
biomass that is ingested by the predator and converted into
biomass. Again, both predator and prey characteristics will
determine this quantity, as some preys have a larger proportion
of edible biomass (e.g. relative weight of bones, lignified tissues
in plants), and predators cannot process all of the prey
(e.g. parasitoid larvae do not consume the entire biomass of
their host). The resource assimilation efficiency is an important
characteristic for indirect trophic interactions between scaven-
gers and their resources. Finally, it is also a characteristic of
the predator determining the fraction of the consumed prey
biomass that is converted into its own biomass and into off-
spring. Several traits are related to it, such as fecundity and
the stoichiometry of the predator [43].

‘Life history traits’ are characteristics of preys and pre-
dators affecting their demography, and consequently,
equilibrium abundances. Life history traits are not involved
directly in the trophic interaction, they do not influence the
per capita rate at which the interaction happens. However,
they affect population dynamics and could thus indirectly
determine population size and the per population effect of
one species on another. The R* principle [44], for instance,
states that the equilibrium abundance of a resource is deter-
mined by the ratio of mortality and attack rates of the
consumer. Examples include the rate of ontogenic develop-
ment, age at sexual maturity, duration of the larval stage,
fecundity, or natural mortality rate (examples with references
are provided in table 1).

In summary, topological traits determine the pairwise inter-
actions in a food web, the consumption traits impact the per
capita interaction strength, in both directions, and finally, the
life history traits will be involved in the per population inter-
action strength. All these traits will combine to set trophic
regulation [45], species composition and population size of
both prey and predator at equilibrium (box 1), community stab-
ility in face of a disturbance [46—-48], and the direct and indirect
effects of perturbations [49]. Note that we have thus far kept
aside traits that are involved in species-specific responses to
environmental variation (e.g. optimal temperature, habitat
requirements), as they are not directly involved in the trophic
interactions and food web dynamics. They should nonethe-
less be kept in mind, as they influence the co-distribution of
predators and preys over environmental gradients and conse-
quently the occurrence of an interaction [50], they could
condition interaction rates [51], as well as temporal dynamics.
We also ignored trait-mediated interactions, which are well
known to impact community dynamics and ecosystem func-
tioning [52]. Some interactions impact the expression of
species traits, and indirectly affect other interactions [51].
Trait-mediated interactions are susceptible to affect all three
categories of traits we described here.

The trait-based conceptual framework for plant ecology is
based on a different classification of traits. Lavorel & Garnier
[13] distinguished ‘effect traits’, determining the effect species
have on ecosystem dynamics and properties, from ‘response
traits’, which determine the response of species to the environ-
ment. The framework has been successfully used to analyse
how environmental gradients and disturbances shape the func-
tional structure of plant communities (e.g. [16,53]), and how
effect traits can be used to link biodiversity, ecosystem func-
tioning and even ecosystem services [54,55]. It has also been
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Box 1. Interpretation of functional traits in a food web model.

We illustrate how the different categories of traits influence food web dynamics directly and indirectly. A tri-trophic diamond
food web model (figure Bl) is commonly used to study coexistence [31] and stability [32]. The model represents with
ordinary differential equations the dynamics of a producer compartment P, herbivores H; and H,, and a top carnivore
C. For simplicity, the dynamics of the producer follows a logistic equation with intrinsic growth rate r and carrying capacity
K. Consumers harm the resource population at a given rate, and only a fraction of the resource ingested is converted into
consumer biomass. The dynamics could be described by the following set of differential equations:

%%:wmmmHm—g&MHC—muﬂ» (2.1)
dc
and a?::E:eCHgGﬂﬂﬂC——mcC.

The definition of the different fluxes illustrates how the classification of traits we propose in the main text impacts directly
on the dynamics of this system. The herbivores consume the plant at rate f;(P)H;P and only a fraction e; of that flux is con-
verted into biomass. Similarly, the carnivore consumes the herbivores at rate g(H;). The functions f;(P) and g;(H;) vary across
systems, types of interactions and pairs of species (see Jeschke et al. [33] and Jeschke [34] for an extensive discussion on the
topic). In a type II functional response, for instance, such as a;;/(1 + a;;;;Rj), the maximal attack rate a;; is a single parameter
embedding foraging characteristics of the consumer (e.g. its mobility) and the vulnerability of the resource (e.g. defensive
traits). Similarly, the handling time b;; is a consumption trait that depends on the characteristics of both the consumer (its
capacity to catch and process resources) and the resource (mainly its digestibility). For the same reasons, the assimilation effi-
ciency depends on both consumer and resource traits. The natural mortality rate m; is a life history trait that depends only on
the characteristics of the consumer, not its prey. Resource selection impacts on network structure and will be found in the
variation of the attack rates. For instance, a preference for one of the herbivores by the carnivore would be reflected by a
higher acyy, or a better conversion efficiency ecyy, .

Solving the system at equilibrium also illustrates how the different traits affect the abundance of the different species
indirectly. The analytical solution to the equilibrium densities of the four species web is tedious to write down and not so
useful for this example, but the tri-trophic chain P—H; —C is nonetheless instructive. At equilibrium we get:

P_KG—EQ&>

r

o= c (2.2)

i = S

g(Hi)eQ
and C =my — fi(PenpP,

which shows that the equilibrium abundances of the different species depends on all types of traits. The per capita effect of the
carnivore on the herbivore is simply the functional response gH;, and inversely the per capita effect of the herbivore on the
carnivore is fgI:IieCH,. Similarly, the per population effects are, respectively, gH,C and —ecy, g(I:Ii)I:I,v. This simple example
shows that while per capita effects only depend on the set of traits of the species pair, per population effects also depend
on the entire distribution of traits of the community because indirect interactions propagate through the food chain and
affect all species. As an example, the traits of the plant will affect the per population effect of the carnivore on the herbivore
because the more productive is the plant community (high r and K), the larger will be the carnivore population, and conse-
quently, the total amount of herbivore consumed at equilibrium. Accordingly, we expect that the entire distribution of traits
(mean, variance, covariance and higher moments) will impact net interactions between all pairs of species in a food web.

Figure B1. Schematic representation of the modelled food web (note that only the outgoing flux is represented for clarity, the
assimilation efficiency is not included).
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applied directly to animal communities (e.g. [56]). Plant ecolo-
gists have recently recognized that other compartments of
the interaction network might influence the link between
biodiversity and ecosystem functioning. Plant—pollination or
plant-herbivory are two examples of interactions that can
influence indirectly the relationship between response traits
and the environment, as well as effect traits and ecosystem
functioning. To address this issue, the framework was
extended to measure the functional linkages that cascade
through the primary producers to the consumers [7]. The gen-
eral idea is to link response traits at a given trophic level to
effect traits at another. As an example, the corolla length and
flower colour of a grassland community would be considered
as effect traits because they influence the pollinator com-
munity. In turn, body size and proboscis length of the
pollinators would be considered response traits. The problem
with this classification is that it remains strongly influenced
by a plant-centred perspective, where the primary producers
are structuring the community, and causal relationships are
from the bottom to the top of the food web. But a predator
harms a prey, just as the prey sustains the needs of the predator,
and consequently, it is simply impossible to determine effect
and response traits in such an interaction. In addition, con-
sumption and life history traits can be viewed as effect traits,
as they influence the per capita and the per population effects
one species has on another, respectively. Our classification
thereby appears more appropriate to food webs than the
more traditional effect/response dichotomy. The classification
of some response traits, however, stays relevant when used to
describe attributes related to abiotic or habitat preferences.

3. Quantifying the functional structure
and diversity of food webs

The functional composition of a community is the multivariate
distribution of traits across co-occurring organisms. It is charac-
terized by the different moments of the distribution of each
trait (mean, variance, skewness, etc.), and the covariance
among them. The functional structure is characterized by the
average for each trait, which could be weighted by abundance
(CWM). The ordination of CWMs for all traits allows a visual
representation of the central aspects of the multivariate trait
structure. The functional diversity represents the dispersion
of the traits around their mean. There are also several tech-
niques to quantify the dispersion of traits around the central
moments of the distribution [57], the more direct being the
CWV. The relevant question is, therefore, should we mea-
sure functional diversity of food webs in the same way we
do for plants?

There are several tools to quantify the functional composi-
tion of communities, some redundant and others emphasizing
particular aspects of the multivariate distribution. First ana-
lyses of functional diversity were based on expert
classification, with functional diversity quantified from the
number of functional groups [58], but many functional diver-
sity indices have been proposed since [59]. A group of
indices is based on the computation of pairwise distances
between species (e.g. [17,60]). A major breakthrough was the
proposition of a decomposition of the functional diversity in
three components: the richness, the divergence, and the even-
ness [61]. The computation of functional volume is also a
powerful tool to explore variations in the functional

Box 2. (orrelation among traits influences the occurrence of
interactions.

We are interested in understanding if a predator species i
will feed on a prey species j. It is convenient to treat the
problem as a stochastic event resulting from the
random draw of two species from the multivariate trait
distribution. Species i, therefore, has the trait value T;
with probability P(T;), and similarly for the species j.
The observation of an interaction between these species,
Ly;, should thus be expressed as a joint probability event:

P(Lyj, T, Tj). (2.3)

A trait-matching function describes the probability
of observing this interaction, given the traits of the
two species [66]:

P(Ly|T;, Ty). (2.4)

Now, a correlation between traits indicates that trait T;
is more likely to be observed if T} is observed. Such corre-
lation can arise because of non-random co-occurrence of
species [67,68]). Because the traits are not independent,
the joint probability of observing both traits is:

P(T;, Ty) = P(T{T))P(T)). (25)

Finally, the probability of observing the interaction
could be decomposed as:

P(Ly, Ti, Tj) = P(L;|T;, Tj)P(T;| T;)P(T;). (2.6)

This last equation shows that the occurrence of the
interaction will increase with the conditional probability
of observing trait i given the observation of trait j. In
other words, the interaction will be more likely to
happen if the two traits are more susceptible to be
found together than by chance alone.

composition of assemblages through space and time due to
biotic (e.g. species invasions) or abiotic (e.g. climate change)
perturbations [57]. Computation of functional diversity and
dispersion has been widely applied to different types of organ-
isms such as fishes [11], birds [62], plants [63] or insects [64].
This class of methods, however, considers all organisms the
same way, and the application to food webs, or more generally
to interaction networks, has not been explored in detail.
Further, there is currently no method to relate the functional
composition (or occupation of the functional space) to network
structure.

An important aspect of functional composition that is rel-
evant to food webs but overlooked in these indices is the
covariance among traits. Such covariance could arise, for
instance, from coevolution of the enemy and the victim in an
evolutionary arms race [65]. They could also occur when
traits are correlated in the same way to an underlying environ-
mental gradient [16]. Relationships among traits are susceptible
to have important implications for the structure of the inter-
action network and thus indirectly on ecosystem functioning
(see box 2 for a formal mathematical argument and figure 2
for an illustration). It could make interactions more or less
likely to occur relative to the situation where they are indepen-
dently distributed. The effect of such correlation depends on
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trait 2

C=0.208 C=0.102
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Figure 2. The effect of functional trait structure and diversity on food web top-
ology. The figure illustrates the potential impact of different aspects of the
multivariate trait distribution while keeping the trait-matching rules constant:
trait variability (top left compared with top right), trait correlation (top left com-
pared with bottom-left) and non-uniform trait distribution (clustering, top left
compared with bottom right). Formal proof of the effect of trait correlation is
provided in box 2. The simulations are run with a two-dimensional adaptation
of the niche model [69]. We generalized the model to several niche axes and
flexible distributions of the different traits, but keeping the trait-matching func-
tion based on the ordering of niche positions and the existence of a diet
optimum. Each point represents the position of a species in a two-dimensional
trait space (foraging and vulnerability traits). Each line represents a trophic inter-
action. The predator has the largest trait value (for both traits) and the prey the
smallest. The connectance of the network, C, is indicated on each panel. It
emerges from the underlying rules, instead of being predetermined, as in
the original model. Niche position for each species is drawn from a bivariate
normal distribution with mean trait value of 0. Correlation between niche
axes is null for all panels, except for the bottom left panel that has a correlation
of 0.8. The standard deviation for each trait is set to 10, except for the top left
panel that has standard deviation of 5. A non-uniform distribution of traits is
simulated by five niche positions n; from the bivariate normal with mean 0
and standard deviation of 10, and then after drawing four additional species
with niche positions of mean n; and standard deviation of 3.16. The range r
for each axis is obtained by drawing a random number from a uniform distri-
bution between 0 and 30. The centroid o for each axis is obtained by drawing a
random number from a uniform distribution between the minimal niche pos-
ition and r/2. Preys are of a given predator / are the species whose niche
falls within the interval o; — r/2 and o; + ri/2.

the function relating foraging and vulnerability traits to the
occurrence of an interaction. We currently have a minimal
empirical documentation of the existence of such covariance
structure in the distribution of traits. Further, numerical
methods to analyse it are currently limited and thus new tech-
niques to characterize this particular aspect of functional
composition are required.

Representing the spatial variation of functional structure
and diversity of food webs is of great interest as it can reveal
the effects of environmental filtering between regions or along
gradients. However, despite the large availability of trait data,
this is not a common practice in ecology. Although several
studies have analysed how environment and biotic interactions
may influence functional structure and diversity, this is usually

carried out at small spatial scales and for some specific
groups [70]. Few attempts have been made to analyse the
covariation of diversity across groups and plants. Macro-
ecologists have mapped the spatial variation of some traits
(e.g. maximal body size) for various groups [71,72], but the
covariation among groups is currently overlooked. The obser-
vation of systematic variation in functional structure and
diversity of different groups is susceptible to be instructive for
understanding network assembly. For instance, it is known
that high floral diversity usually stimulates a diversity of func-
tional groups of pollinators [73]. Most published studies,
however, have either analysed covariation between different
biodiversity facets within a given group (e.g. birds, [74]) or cov-
ariation of a given facet (e.g. phylogenetic diversity) across
different groups [75,76]. However, as far as we are aware,
there is no systematic analysis of large-scale functional diversity
between different groups of animals or/and with plants.
We argue that it should give some insights on the link between
functional structure and diversity and food webs.

A promising avenue in the study of functional structure
and diversity is the measure of the contribution of a given
species to the functional diversity of a community. There
are various methods to measure the functional distinctiveness
of a given species in respect to the others [77]. Unlike phylo-
genetic distinctiveness, which emphasizes the evolutionary
heritage of a species, the functional distinctiveness rather
emphasizes how a given species uses a different set of
resources, behaves differently or uniquely affects ecosystem
functioning. It has important implications when it comes to
food webs as functionally distinct species are likely to be par-
ticularly important for the stability of the entire food web and
act as unique hubs gluing the network together [78]. A recent
meta-analysis has also shown that functionally distinct
species are usually geographically rare or of low abundance,
for both plants and animals [79]. Functional distinctiveness
could reveal unique species that have specific diet or strong
identity effects.

4. Relating trait structure to network topology

How do we move from a given trait distribution to a network?
There is currently no clear answer to this question, but the
many theoretical models of food web structure do provide
some preliminary intuition. The first one proposed, the cascade
model [80], ranks species along an abstract axis, and any pred-
ator interacts with a given probability with all species with an
inferior position along this axis. The niche model of food web
structure [69] is similarly based on a single niche axis, and also
considers that predators feed on preys whose niche falls within
a range around an optimum. The minimum potential niche
model [81] extends this approach to multiple niche axes. The
nested hierarchy model is based on similar rules, with the
addition of phylogenetic constraints [82]. All of these models
have in common that species could be ordered according to
their position along a niche axis, which for the purpose of gen-
erality, is never associated with a particular trait. It was recently
shown, however, that most ecological networks could be sum-
marized with only a few of such axes, which could easily match
to some functional traits [50].

All of these theoretical models of network structure have
been fitted to empirical data and compared with each other
[81,83], opening the way for the development of trait-matching

89205107 :LLE § 205 Y "subi] Jiyd  bio"buiysigndAraposjedorgiss H



models of interactions [84]. Indirect methods of inference
of ecological interactions based from traits were developed
first. For instance, Rohr ef al. [40] represents the structure of inter-
action networks using latent traits (basically the niche position
and optimum), which could be later related to functional traits
and to phylogenies. Williams et al. [83] did similarly by fitting
a probabilistic version of the niche model to empirical data, eval-
uating the niche, the optimum and the range for each species,
and then by regressing these parameters to body size. Direct
methods of trait-matching were proposed after. The niche
model was fitted directly with the assumption that body size
is the main niche axis and that the predator—prey body size
relationship represents the optimal niche of a species [85]. This
method was successfully extended to other types of interactions,
such as plant-herbivores where traits such as leaf dry matter
content and incisive strength are good predictors of interactions
[66]. Crea et al. [86] considered multinomial regression to model
interaction probability based on plant and pollinator traits
and abundance. A totally different approach, derived from
multivariate statistics and ordination techniques [87], also con-
firmed that physiological and morphological traits are driving
the diet of marine mammals. At the end, despite some important
differences in the statistical approach used to evaluate trait-
matching functions, we find that a common denominator of
all of these methods is the classification of traits involved in
trophic interactions as foraging and vulnerability traits (see
above and the detailed table in [84]).

However, while trait-matching constraints are fundamen-
tal to establish potential interactions between pairs of species,
their realization also requires that species encounter each
other. Abundance and prevalence consequently have a fun-
damental importance to food web structure [51]. Neutral
models of trophic structure are exclusively based on the
law of mass action; they propose that the frequency of an
interaction happening and the strength of that interaction
should be proportional to the product of abundances
between pairs of species [88]. In other words, they hypo-
thesize that consumers do not select their resources; they
only take them in the proportion they find them. Not surpris-
ingly, rare species interact with much fewer species than
abundant ones, and predominantly with the most abundant
ones. Neutral models can fit well empirical data, even for
interactions that are hypothesized to be strongly driven by
trait-matching constraints [89,90]. An important point to
remember for the purpose of our framework is that traits,
in particular life history ones, involved in the determination
of abundance could also indirectly impact both the topology
of food webs and the intensity of the interactions.

The key question, now that it is established that traits
impact the occurrence of pairwise interactions, is how do
we move from the entire trait distribution to the network
structure? The mean of the different traits, their variance
and their covariance are all moments of the multivariate dis-
tribution that will all affect the network structure. We
illustrate in figure 2 with an adaptation of the niche model
[69] that increasing functional diversity in a food web
whose interactions are determined by trait-matching
constraints could significantly impact on its emerging proper-
ties. The niche model is based on the match between the
niche position of the prey (a vulnerability trait) and the cen-
troid of the diet of the predator (a foraging trait). The
distribution of the foraging and vulnerability traits in
the niche model were originally fixed by hypothesis, but

the figure 2 illustrates that more flexible distributions with a n

variation of the average, the variance and the covariance
could alter the properties of the resulting network. Increasing
the variance (figure 2, top left to top right) of both traits could
decrease the connectance and impact the way the links are
distributed. Similarly, a correlation between traits (figure 2,
bottom left) or their clustering (figure 2, bottom right) can
also significantly impact the network structure. These proper-
ties are, in turn, expected to impact the dynamics, stability,
persistence and functioning of food webs. This figure is
only a specific example, and further investigations will be
required to clarify the roles that the different moments
of the multivariate trait distribution have on network
structure, both in theory and in empirical systems.

5. Impacts of trait diversity on ecosystem
functioning

Completing the loop from the distribution of traits to net-
work structure and ecosystem functioning is far from trivial.
Fortunately, layered food webs can give some preliminary
insights. First studies on the impact of trophic interactions on
the relationship between biodiversity and ecosystem function-
ing were mostly restricted to the investigation of extreme cases
where networks were composed of either generalists or special-
ists, but nothing in between [91]. It was proposed recently that
“trophic complementarity’ is a mechanism driving the shape of
the BEF relationship [30] in networks of intermediate complex-
ity. The principle is simple; it mirrors the one of resource-use
complementarity. Species in a given layer of a food web interact
by both exploitative and apparent competition through shared
resources and predators. The contribution of a given species to
ecosystem functioning is expected to increase with its trophic
complementarity. It is defined as the overlap of interactions
between pairs of species (across resources and predators).
According to the models described above relating traits to
interactions, species sharing similar traits are also expected to
share similar interactions. We thus intuit that there should be
a positive relationship between functional distinctiveness and
trophic complementarity. A key question at this stage is how
traits responsible for trophic interactions are independent
of the ones determining resource use. If they were uncorrelated,
it would imply that quantifying trophic complementarity would
be as important as functional complementarity in predicting eco-
system functioning and even coexistence. The BEF relationship
in food webs has been discussed [26] and some experiments
have provided evidence of a positive relationship ([92], but see
[93]), but only species richness has been investigated thus far,
not functional diversity.

We note at least two hypotheses by which functional diver-
sity of the food web could promote ecosystem functioning.
First, increasing functional diversity at one layer could provide
niches for above layers, such as plant diversity sustaining a
diverse herbivore community (e.g. [94]). In other words, diver-
sity could beget diversity, simply because the higher trophic
layers do require a diversity of preys at the lower level to
establish and persist [67]. Such ‘niche construction’ is based
on the assumption of a sequential build-up of the food web,
where bottom-up processes dominate. It predicts a positive
correlation between functional diversity at the different trophic
levels. High plant functional diversity should promote the
diversity of herbivores, which in turn would promote diversity
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Figure 3. Cartoon representation of the effect of trait diversity in layered and top-down control food webs. The figure represents hypothesized relationships between
functional diversity and plant biomass in BEF experiments where the functional diversity is varied at different trophic levels (indicated by shading). (Online version in colour.)

of predators [95]. It is important, however, to understand the
role of trophic regulation in this relationship to adequately dis-
tinguish the cause and the effect. A strong top-down control, as
imposed by functional diversity of the top layer, could either
promote diversity through keystone predation [96] or via
reduced apparent competition [31]. Functional diversity
could also have a positive effect on nutrient retention and
cycling within the food web [29]. Primary productivity will
be promoted by a tight nutrient cycling loop and thus the diver-
sity of feeding modes, including scavengers and detritivores,
will ensure that primary and secondary production remains
local and is not exported out of the system [97]. Further, a
diversity of stoichiometry in the various organisms, as long
as exudates, could promote the efficiency of detritivores [98].
Functional diversity could, on the other hand, increase
the strength of top-down regulation and consequently have
various effects on primary and secondary productivity,
depending of the trophic level considered. Increased func-
tional diversity of a given trophic level will increase the
regulation of the lower level by enhanced trophic comple-
mentarity. Consequently, the diversity of foraging traits of
herbivores will promote their ability to exploit the plant
level, and the diversity of vulnerability traits will help to
reduce the regulation by carnivores and reduce apparent
competition (figure 3, left panel). As a consequence, we
would expect a negative relationship between functional
diversity of herbivores and primary productivity (figure 3,
central panel, see experimental support in [99]). Conversely,
the diversity of foraging traits of carnivores will help them
to control the herbivore layer, thereby releasing the plants
from grazing (figure 3, right panel). The key question, still
unresolved, is what will happen in between if we add all of
the complexity that is typical of unipartite food webs, such
as intra-guild predation, omnivory, cannibalism and loops.
What remains to be understood is the importance of
functional identity effects in food webs [100]. Functional traits
should be used to better quantify their underlying drivers.
The interpretation of strong identity effects is often intuited
from knowledge of species traits. The trait-based approach

formalizes this interpretation with quantitative analyses, such
as the use of functional distinctiveness and CWM. The food
web literature has been instrumental in the establishment of
the “keystone species” concept [96]. It is well documented that
some predators, because they are highly efficient at controlling
some populations, could promote coexistence and have a sig-
nificant impact on ecosystem structure [27]. Despite the fact
that they are often located at the top of the food chain, we
have a poor understanding of the traits determining the keysto-
neness of a species in a given food web. Further, the keystone
role of a predator has to be the result of a match between its
traits and the ones of the prey species in the food web. The pro-
blem of keystoneness was addressed with the investigation of
the determinants of direct and indirect interactions in modelled
food webs [101]. It was found that the best predictors of single
species removal effects were essentially the biomass of the
removed species (which is a dominance effect) and the network
path length between the removed species and the focal one (the
shorter the path, the stronger the effect). Predator—prey body
mass ratio surprisingly was only a poor predictor of the inter-
action strength. As all the interactions were, however,
determined by a single trait, body size, we do not know to
what extent this result is generalizable to more complex
functional structures.

Answering the classic question of whether an ecosystem is
bottom-up or top-down regulated remains of primary impor-
tance to understand the role of functional diversity in food
webs. For bottom-up systems, we could intuitively predict that
in most situations, increasing functional diversity, whatever is
the complexity of the food web, will always be positive because
it will promote niche construction and close the nutrient cycle.
The challenge is thus found in trophically regulated systems.
Identity effects could also occur with functionally distinct
species, which could either be beneficial or harmful for food
web dynamics. The main problem is that functional diversity
of preys could promote their escape from trophic regulation,
while the diversity of predators could enhance it, making under-
determined the final relationship between functional diversity of
the entire food web and ecosystem functioning.
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Understanding the relationship between functional diversity
and the structure and dynamics of food webs is a key problem
to solve in order to predict ecosystem functioning. The inves-
tigation of the functional structure and diversity of
communities has been mostly restricted to plants, but recent
investigations of animal communities are promising. Traits
could both directly and indirectly impact food web dynamics.
The food web perspective promises a more integrated perspec-
tive of the relationship between biodiversity and ecosystem
functioning [102]. A trait-based approach suggests that it
could be possible to find generalities and circumvent the
idiosyncracies commonly arising in food webs. It extends a
fundamental principle linking food web ecology and ecosys-
tem functioning [103]: “interactions occur between functional
units according to a topology that is driven by trait-matching
constraints’. Further, it helps representing energy and material
fluxes and the multiple types of species interactions [103].

We have identified three broad categories of traits that are
relevant to the characterization of food webs: topological
traits, consumption traits and life history traits. These traits
combine to determine the per capita and per population inter-
action strengths. We have also pointed out that in food webs
the characterization of the functional structure should include
not only the mean and the variance of the different traits, but
also their covariance. Finally, we have emphasized that deter-
mining the strength of trophic regulation is of primary
importance to understand the role of the functional structure
of food web dynamics. The review also highlighted some key
gaps in knowledge and pointed to some of the most critical pro-
blems to solve. In conclusion, we see the following main steps
for a research agenda on functional diversity of food webs:

(1) Gathering and integrating interaction data with functional traits
to improve our understanding of trait-matching constraints.
While there has been some work on this question already,
only the low-hanging fruits have been picked; more specific
data will be required to infer the identity and the strength of
trophic interactions. New platforms for interaction data,
such as ‘mangal’ [104] need to be coupled with platforms
for trait data. A key problem to solve is finding and integrat-
ing relevant traits across different groups of organisms such
as vertebrates, arthropods and plants.

(2) Developing theory relating functional composition, network
structure and ecosystem functioning. As described above

and illustrated in figure 1, we only have a partial under- m

standing of the steps going from traits to ecosystem
functioning. Investigations of this problem will require
data-driven simulation models and to integrate the
entire chain of causal relationships.

(8) Large-scale analysis of the covariation between functional com-
position of trophic guilds and network characteristics. The
above review highlighted that a key aspect of functional
trait structure and diversity to quantify is the multivariate
nature of the problem. The covariation of traits among pre-
dators and preys is key to understand the emergent
properties at the network level. There is a critical gap in
knowledge to solve, as we do not know how functional
structures covary among trophic levels; neither do we
understand the covariation between functional structure
and emerging network properties. There are also some
aspects of the trait distribution that are not qualified by
current metrics describing functional composition.

(4) Understanding the role of a species in a network from its traits.
This question is key to several fields, from conservation,
where it could help to identify keystone species, to invasion
ecology, where it could help to predict not only the invasi-
bility, but most of all, the direct and indirect impacts of
invaders. We now have tools to document species role in
complex networks [105]; the next step will be to predict it
from traits. Answering this question will require theoretical
investigations of pairwise interactions in trait-based food
web models, as well as extensive mining of the literature
on predator removal experiments.

(5) The relationship between identity effects and extinction risks
in food webs. Traits not only determine the role of a species
in a food web and its impact on other species, but also its
vulnerability to global changes. Understanding their
relationship is essential to make the field of network
ecology predictive and relevant for biodiversity managers.
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