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Abstract

Many different concepts have been used to describe species’ roles in food webs (i.e., the
ways in which species participate in their communities as consumers and resources). As each
concept focuses on a different aspect of food-web structure, it can be difficult to relate these
concepts to each other and to other aspects of ecology. Here we use the Eltonian niche as
an overarching framework, within which we summarize several commonly-used role concepts
(degree, trophic level, motif roles, and centrality). We focus mainly on the topological ver-
sions of these concepts but, where dynamical versions of a role concept exist, we acknowledge
these as well. Our aim is to highlight areas of overlap and ambiguity between different role
concepts and to describe how these roles can be used to group species according to different
strategies (i.e., equivalence and functional roles). The existence of “gray areas” between role
concepts make it essential for authors to carefully consider both which role concept(s) are
most appropriate for the analyses they wish to conduct and what aspect of species’ niches
(if any) they wish to address. The ecological meaning of differences between species’ roles
can change dramatically depending on which role concept(s) are used.
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1 Introduction

PA1A

Ecologists often wish to understand a species’ “place in the biotic environment, its relations
to food and enemies” (Elton 1927 in Johnson & Steiner 2000) or, in short, its Eltonian
niche (see Box 1). Eltonian niches provide a conceptual framework with which to relate
species sharing the same environment. Species can be arranged along a hypothetical “niche
axis” indicating their degree of similarity to each other (Godoy et al. 2018). Species with
overlapping niches compete for whatever resource(s) are associated with the niche axis and
therefore may be less likely to coexist (Godoy et al. 2018). When a single limiting resource
can be used as the niche axis, this is a straightforward framework with which to analyse
ecological communities. In many cases, however, species require (and compete for) a wide
variety of abiotic and biotic resources that may not all be known. In such cases, it may not
be possible to specify the Eltonian niches of all species in a community.

It is possible, however, to describe the biotic component of species’ Eltonian niches using
food webs— networks of species’ trophic interactions (Pimm, Lawton & Cohen 1991). These
networks often describe antagonistic interactions such as predation and parasitism, but can
also include mutualisms (such as pollination and seed-dispersal) where one species feeds on
another while providing a reproductive service. Food webs describe energy and biomass flows
through a community (Lindeman 1942; Wootton 1997), represent ecosystem functions (Mem-
mott et al. 2007; Reiss et al. 2009; Thompson et al. 2012), and can offer insights into the
community’s overall stability (Neutel, Heesterbeek & de Ruiter 2002; Thébault & Fontaine
2010). Thus, describing species’ roles in food webs (i.e., how each species participates in its
community) provides a toolbox with which to assess species’ Eltonian niches both in terms
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of their requirements for survival and their impacts on their communities (Chase & Leibold
2003).

Note, however, that roles and Eltonian niches are related but not equivalent. A species’
role in a network (e.g., a food web describing interactions between species at a single site)
describes only part of the Eltonian niche. This is true even when we completely ignore
species’ abiotic requirements (Peterson 2011). First and foremost, food webs generally only
include one type of interaction (e.g., predation or pollination but not both [Fontaine et al.
2011]). Some researchers are attempting to rectify this limitation (e.g., [Fontaine et al. 2011]),
but published webs including multiple interaction types remain rare (but see Albrecht et al.
2014; Pocock, Evans & Memmott 2012). A species’ role in a food web therefore describes
only the portion of its niche that relates to the kind of interaction being described in the food
web. For example, the roles of a species of Lepidoptera will be quite different in networks
describing pollination, herbivory, or predation. Moreover, the Eltonian niche aims to identify
the biotic conditions that a species requires in order to persist for moderate timescales (i.e.,
from individual lifespans up to thousands of years [Peterson 2011]) while food webs describe
communities at a particular point in time with no guarantee that the species present during
sampling will persist. Food webs thus provide a representation of species’ niches that are
narrowly focused on a single interaction type and may include a broader set of conditions
than would allow moderate-term persistence.

As well as these difficulties with selecting appropriate spatial and temporal scales at which
to define species’ niches based on their food-web roles, there is also the question of which
role concept to use. Some of these role concepts offer clearer analogues to the Eltonian niche
than others, which can limit the applicability of network studies to other branches of ecology
that apply the Eltonian niche concept more directly. Moreover, this plethora of definitions
can lead to confusion when considering different studies of species’ roles. This is similar to
the confusion that has arisen in the keystone species literature, where an intuitive concept
has been associated with many, sometimes mutually exclusive, precise definitions (Cottee-
Jones & Whittaker 2012). To tackle these problems, here we review several commonly-used
concepts of species’ roles in food webs. For each definition, we summarize the methodology
used to obtain the role and highlight its connection to the species’ Eltonian niche. Where
multiple role concepts describe similar aspects of species’ Eltonian niches, we take care to
point these connections out. As well as reviewing role definitions, we outline ways in which
species with similar roles may be grouped. Finally, we conclude with an outline of current
limitations to the idea of species’ roles, and how researchers are working to overcome these
limitations. Terms in italics are defined in Box 1.

2 Concepts of species’ roles in networks

2.1 Degree

One of the mathematically simplest definitions of a species’ role is it’s degree: the number
of interaction partners (or feeding links in which the species participates; Fig. 1; [Jordan,
Benedek & Podani 2007]). Degree depends only on the focal species’ local neighborhood
within the network— those species which directly interact with the focal species. Thus,



degree provides a measure of species’ participation in a food web without requiring any
knowledge of the global (i.e., overall) structure of the web (Jorddn, Benedek & Podani 2007).
Degree can also be used to investigate particular subsets of a species’ local neighborhood.
If the focal species’ role as a predator specifically (for example) is of greater interest than
its overall role, degree can be divided into in-degree— the number of incoming links —
and out-degree— the number of outgoing links (Fig. 1B). In food web terms, in-degree
corresponds to generality— number of prey —and out-degree to vulnerability— number of
predators (Jordan et al. 2006). Note that this is only applicable in unipartite networks
because each group of species in a bipartite network has only in-links or only out-links. In
any of these forms, degree describes a species’ place in the biotic environment in terms of
how strongly the species interacts with its community.

Degree has often been equated with importance to the structure and functioning of a
community. Species with high degrees are believed to be particularly important because
changes to the abundances of such species directly affect many other species (Lai, Liu &
Jordan 2012). Perturbations to high-degree species may therefore have larger effects on
the food web than perturbations to low-degree species. Moreover, it is more likely that
high-degree species in mutualistic networks will have interaction partners that depend very
strongly upon them and could go extinct if the high-degree species becomes rare (Aizen,
Morales & Morales 2008; Bascompte, Jordano & Olesen 2006). In antagonistic networks,
this may also be true of species with high vulnerabilities (out-degrees) but not necessarily
those with high generalities (in-degrees; Curtsdotter et al. 2011. In both antagonistic and
mutualistic networks, the removal of a high-degree or high-vulnerability species is more likely
to cause secondary extinctions than the removal of a low-degree species (Curtsdotter et al.
2011; Dunne, Williams & Martinez 2002; Ekl6f & Ebenman 2006; Kaiser-Bunbury et al. 2010;
Memmott, Waser & Price 2004). This suggests that species with many interactions may be
keystone or dominant species in ecological networks because they are generalists with many
interaction partners (Dunne, Williams & Martinez 2002). Degree can also have implications
for understanding the impacts of introduced species. For example, specialist pollinators that
are weak contributors to nestedness (i.e., that tend not to interact with a subset of plants
that interact with generalist pollinators) are more likely than generalists to interact with
exotic plants (Stouffer, Cirtwill & Bascompte 2014) while generalist introduced species tend
to interact with partners that are strongly dependent upon them (Aizen, Morales & Morales
2008). This suggests that introduced plants may be valuable resources for specialist pollina-
tors that have lost native interaction partners and that efforts to control these plants may
have adverse effects on some pollinator species. In predator-prey food webs, generalists may
also be more likely to become successful invaders and drive native specialists extinct, leading
to “biological homogenization” (Layman & Allgeier 2012; Olden et al. 2004). Although it
seems intuitively likely that species with broader diets (higher degrees) are more likely to
become invasive, this does not appear to be the case for birds (Kolar & Lodge 2001). The
relationship between invasiveness and degree in other taxa remains to be seen.

As well as predicting species’ effects on their communities, degrees can also be used to
predict which species are most likely to go extinct after the loss of an interaction partner.
Specialist consumers (those with low in-degrees) are particularly vulnerable to the loss of
prey (Allesina 2012). This is because, with fewer prey to begin with, it is more likely that the
lost prey would constitute a critical proportion of the consumer’s diet than would a single
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lost prey in the diet of a generalist with many resources to draw from. This difference in
vulnerability to secondary extinction in turn has implications for biogeography. As specialists
are more likely to go extinct following the loss of a prey species, they should appear in fewer
habitat patches than generalists at the landscape level (Gravel et al. 2011; Holt 2010) and
have smaller geographic ranges overall (Holt 2010). This means that specialists make a
particularly large contribution to beta diversity (Odegaard 2006).

Despite its utility, some have argued that the qualitative degree described above, which
is calculated based only on the presence or absence of links between species, does not accu-
rately reflect species’ specialization or importance to the community (e.g., Bliitthgen, Menzel
& Bliithgen 2006). To address this problem, several quantitative extensions of degree have
been formulated. These extensions all weight interactions to reflect the importance of the
focal species to each of its interaction partners rather than assuming all interactions have the
same importance (Bliithgen et al. 2007; Dormann 2011; Nilsson & McCann 2016). Weighted
measures may thus provide a more realistic measure of a species’ effect on its interaction
partners than qualitative degree (Véazquez, Morris & Jordano 2005; Wootton 2005). How-
ever, calculating weighted degrees requires more detailed data than those used to determine
qualitative degree. As these data are more costly and time-intensive to collect, datasets that
include interaction weights are much rarer than food webs that include only the presence or
absence of interactions, limiting their use to date.

Both quantitative and qualitative degree describe the breadth of a species’ Eltonian niche
(how many resources and enemies it has) but neither reveals what the species’ niche is. As
described above, this can still be useful when ranking species’ risk of extinction or their
potential to cause adverse effects if lost. For studies which aim to compare other aspects of
species’ Eltonian niches, however, other role concepts are necessary.

2.2 Trophic level

Besides describing the potential for a species to affect the rest of its community, degree can
also be used to give an idea of a species’ vertical position in a food web— i.e., its trophic
level (Thompson et al. 2007). This role concept refers to a species’ place in the food chains
that make up a food web, relative to the primary producers that support the community.
Species that do not consume any other species in the web (i.e., those with an in-degree of
zero) are primary producers or other basal resources (Williams & Martinez 2000). At the
other extreme, species with no predators (i.e., those with an out-degree of zero) are top
predators (Fig. 1B). Those with both predators and prey (i.e., non-zero in- and out-degrees)
are intermediate consumers. In most cases, this also includes cannibalistic species (Williams
& Martinez 2000). In Eltonian niche terms, trophic levels tell us whether a focal species
relates to its biotic environment as a predator, prey, or both. This has implications for,
among other areas, island biogeography and studies of invasive species. In both cases,
species with lower trophic levels are more likely to successfully colonize a novel site as they
are less likely to require prey that may or may not be present (Holt 2010).

For species other than primary producers and top predators, degree alone is not enough
to calculate trophic levels. Instead, it is necessary to consider the network structure beyond
the focal species’ local neighborhood. Specifically, trophic levels can be calculated by fol-
lowing food chains from primary producers to the focal species (Lindeman 1942). Each step
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up the food chain is a new trophic level, with strict herbivores (that consume only basal
resources) assigned a trophic level of two and consumers occupying ever higher values based
on their sets of prey species (Baird & Ulanowicz 1989; Christian & Luczkovich 1999; Darnell
1961; Lindeman 1942). This simple definition was developed under the assumption that
species feed on sets of prey with the same trophic level (Lindeman 1942). As the prevalence
and importance of omnivory in food webs has become clear (Emmerson & Yearsley 2004;
Holt 1997; Thompson et al. 2007), however, non-integer trophic levels based on the average
lengths of food chains leading to the focal species have become the norm (Cousins 1987;
Thompson et al. 2007; Vander Zanden & Rasmussen 1996; Williams & Martinez 2004). To
emphasize this shift, some researchers prefer the term “trophic position” (e.g., Cohen, Jon-
sson & Carpenter 2003; Levine 1980). As the two terms refer to the same property, we will
continue to use trophic level to refer to a species’ vertical position in a food web.

A variety of methods have been developed to account for species that feed on prey at
different trophic levels (Fig. 1B). Each approach emphasizes different interactions. “Shortest
trophic level”, for example, assumes that because losses occur during the transfer of energy
between trophic levels, species obtain most of their energy along the shortest food chain in
which they participate (Hairston, N.G., Jr & Hairson, N.G., Sr 1993; Williams & Martinez
2004). Under this concept, therefore, a species’ trophic level is one greater than the lowest
trophic level among its prey (Hairston, N.G., Jr & Hairson, N.G., Sr 1993; Williams & Mar-
tinez 2004). Other methods such as prey-averaged trophic level take all food chains in which
the focal species participates into account (Williams & Martinez 2004). These measures can
also incorporate dynamical information by weighting each prey species according to the pro-
portion of the predator’s diet it makes up. Regardless of the precise methodology, however,
trophic levels always rank species based on their vertical position in food webs, with primary
producers setting the baseline.

Trophic levels can also be calculated independent of food-web topology by using stable
isotopes (Peterson & Fry 1987; Post 2002; Vander Zanden & Rasmussen 1996). This approach
uses the different rates of bioaccumulation of carbon and nitrogen isotopes to measure species’
average trophic levels without requiring knowledge of specific interactions between species.
Because they are calculated based on tissue samples, stable isotope-based trophic levels are
always weighted averages that depend upon the proportions of each prey in the predator’s
diet and on the digestability of each prey. While the stable isotopes approach is therefore
useful in cases where the structure of the food web is not known or where researchers desire a
dynamical version of trophic level, there are also a number of methodological issues that limit
its applicability. Stable isotope ratios vary between taxa and tissue types depending on their
particular biochemistries (Vander Zanden et al. 2015) and between study sites, requiring
the use of baseline species in each food web under study (Boecklen et al. 2011; Cabana &
Rasmussen 1994; Kling, Fry & O’Brien 1992; O'Reilly et al. 2002). Moreover, n isotopes can
only be used to distinguish among n+ 1 potential sources (Phillips & Gregg 2003)— and then
only when the isotope values of the sources are distinct (Newsome et al. 2012). For species
with many sources of prey— especially where those prey represent different taxa and/or feed
in different habitats —the range of possible diets for a consumer may be too broad to obtain
a good estimate of its trophic level (Phillips & Gregg 2003). Improved statistical methods
can help to solve this problem, but ideally stable isotopes data should be combined with
direct observations of feeding interactions or of scat (Newsome et al. 2012). All of the above
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caveats for both topological and stable-isotopes methods notwithstanding, different measures
of trophic level tend to be strongly correlated (Carscallen et al. 2012; Williams & Martinez
2004). This supports the idea that topological definitions of trophic levels are grounded in
sound ecological characteristics and suggests that trophic levels may be comparable across
studies even if different methodologies are used. That is, different definitions of trophic level
capture similar information about a species’ Eltonian niche.

Similar to degree, trophic level can be used to predict which species may have large
effects on their communities— for example by causing a trophic cascade (Boersma et al.
2014; Dyer & Letourneau 2003; EkI6f & Ebenman 2006; Estes, Burdin & Doak 2015) after
a change in abundance. Top predators and primary producers are expected to have particu-
larly large effects on the rest of their communities through top-down and bottom-up control,
respectively (Dyer & Letourneau 2003; Gratton & Denno 2003; Power 1992). Both groups
tend to have strong direct effects on the trophic level immediately below/above them (Grat-
ton & Denno 2003; Polishchuk et al. 2013); these direct effects can have cascading indirect
effects by leading to alternately higher and lower abundances at each level (Power 1992).
Whether or not a trophic cascade occurs also depends on the degree of omnivory in the
web (Thompson et al. 2007) as well as the type of web (Dyer & Letourneau 2003), such that
trophic level is not always a strong predictor of cascades. Nevertheless, where omnivory is
low (Thompson et al. 2007), species at risk of causing trophic cascades following a change in
abundance may be high priorities for conservation action because of the risk that they might
negatively impact the rest of their community. Like degree, therefore, trophic level offers
information about how important a species is to its biotic community. Unlike degree, which
is related to the breadth of the Eltonian niche but not what the niche might be, trophic level
gives information about the position of a species’ niche along an axis from producer to top
predator, but not the breadth of the Eltonian niche.

2.3 Motif roles

A major limitation to both trophic level and degree is that they give little information on
species’ indirect interactions (except for those involved in trophic cascades)— interactions
that can have major impacts on the focal species despite not involving it directly (Jordan
et al. 2006; Wootton 1994). The ability of these role concepts to describe species’ Eltonian
niches is therefore limited because indirect effects can modulate the relationships between the
focal species and their interaction partners. For example, if a predator of the focal species has
other prey and the focal species becomes rare, the predator might seek out the alternative
prey (McCann, Rasmussen & Umbanhowar 2005). The interaction between the predator
and its alternate prey might thereby provide the focal species with relief from predation
pressure (Hammill et al. 2015). Similarly, removal of a predator might allow its prey to
increase in abundance which in turn could affect the abundance of other predators (Sanders,
Sutter & van Veen 2013). In either case, indirect interactions can modulate the effect of a
focal species’ biotic environment and shape its Eltonian niche.

More generally, each unique arrangement of interacting species (i.e., each motif) has
different consequences for the flow of energy and biomass through a network. Some of
these meso-scale structures have been shown to affect the focal species’ population size and
dynamics (Holt 1997; Polis, Myers & Holt 1989; Zabalo 2012), suggesting that participation
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in certain motifs can also affect species’ Eltonian niches. To test for such effects, one can
define species’ motif roles within a food web. These roles extend the concept of network
structural motifs— unique patterns of n interacting species (Milo et al. 2002) —to the
species level by tracking the frequency with which each species occupies each position within
each motif (Cirtwill & Stouffer 2015; Stouffer et al. 2012; Fig. 2). This role definition aims
to provide a more holistic picture of species’ Eltonian niches by explicitly including direct
and indirect interactions

To determine the motif role of a focal species, the network is first decomposed into a
set of motifs (Milo et al. 2002; Stouffer et al. 2007). In unipartite food webs (i.e., those
where the species are not divided into groups such as plants and pollinators), there are
13 unique three-species motif structures (Stouffer et al. 2007). Some of these motifs have
clear biological meanings and have been studied in isolation, including “three-species food
chains” (Bascompte & Melian 2005; Hastings & Powell 1991; Laws & Joern 2013; Fig. 2),
“apparent competition” (two prey sharing a predator [Bascompte & Melidn 2005; Holt &
Kotler 1987; Lefevre et al. 2009; McKinnon et al. 2013]), and “intraguild predation” (two
predators sharing a prey, where one predator also consumes the other [Holt 1997; Kondoh
2008; Polis, Myers & Holt 1989; Zabalo 2012]). Others, including many of the motifs involving
two-way interactions (i.e., A eats B and B eats A), have not yet been interpreted to our
knowledge. This is also true for most motifs that contain more than three species. These
large motifs are necessary when describing species’ roles in bipartite food webs, which contain
only two three-species motifs (Baker et al. 2015). Where possible, however, it is best to use
relatively small motifs. This is partly because of computational limitations and the difficulty
in interpreting large motifs but also because the impact of indirect effects is expected to
decrease moving farther from the focal species (Jordan et al. 2006; Jordén & Scheuring
2002).

Regardless of the size of motifs being used, each motif contains one or more unique
positions. In a three-species food chain motif, each species occupies a unique position as the
top, bottom, and middle species all have different biological meanings (Cirtwill & Stouffer
2015; Stouffer et al. 2012). In an apparent competition motif, in contrast, there are only two
unique positions as the two prey are indistinguishable in the context of that motif. Once a
network has been broken down into its component motifs, the motif roles of each species can
be calculated by counting the number of times the focal species occurs in each position within
each motif (Baker et al. 2015; Cirtwill & Stouffer 2015; Stouffer et al. 2012). This yields a
vector of frequencies which describes the focal species’ role in terms of its direct and indirect
interactions, providing a detailed picture of the way in which the species is embedded in its
community (Fig. 2, Baker et al. 2015; Cirtwill & Stouffer 2015; Stouffer et al. 2012). Because
a motif role provides a detailed picture of a focal species’ relationships to other species in the
community (as a competitor as well as predator and prey), the motif role can be seen as a
holistic description of the species’ niche from the perspective of the interaction described in
the food web. Note that this description is more nuanced than that given by degree as motifs
also describe the relationships between the focal species’ interaction partners, revealing the
presence of trophic loops, intraguild predation, and other ecologically important patterns.
To our knowledge, there are not yet any published studies combining interaction strengths
with motifs. However, a Python package which calculates weighted (or unweighted) motif
roles is currently in production (Bernat Bramon Mora, personal communication). With the
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upcoming release of this tool, we expect that quantitative studies of motif roles will soon be
available.

Despite being a relatively new development, motif roles have already been used to com-
pare the ways in which free-living species and parasites fit into food webs (Cirtwill & Stouffer
2015), to measure variation in species’ roles over space and time (Baker et al. 2015), and
to test whether species’ roles are phylogenetically conserved (Stouffer et al. 2012). As motif
roles are summaries of the biotic components of species’ Eltonian niches, these studies anal-
ogously test whether free-living species and parasites have similar Eltonian niches; whether
Eltonian niches vary over space and time; and whether related species have similar Eltonian
niches, respectively. Motifs can also be used to define the roles of each interaction within
a food web (Cirtwill & Stouffer 2015). Shifting perspective from species to the interactions
between them can illustrate how different subtypes of interactions (e.g., concomitant preda-
tion on parasites inside their hosts) can shape species’ Eltonian niches (Cirtwill & Stouffer
2015).

Apart from motif roles, the frequencies with which motifs appear in networks has also
been linked to community stability, with some motifs appearing much more commonly in sta-
ble than unstable networks (Borrelli et al. 2015; Stouffer 2010). This approach has been ex-
tended to predict which species contribute most to the stability of their communities (Stouffer
et al. 2012). To the extent that species” motif roles provide a holistic summary of the biotic
component of species’ Eltonian niches, this is a particularly exciting development. It sug-
gests that the filling of some niches within a community gives a greater boost to the stability
of that community than does filling other niches. If this finding is repeated, motif roles could
therefore provide a means of prioritizing species for conservation or restoration on the basis
of their ability to stabilize a community under threat.

2.4 Centrality

Motif roles incorporate meso-scale structures to describe species’ direct and indirect inter-
actions. Some measures of centrality also incorporate meso-scale (i.e., direct and indirect
interactions) and global network structures to describe a species’ ability to influence the
rest of the food web (Estrada 2007; Lai, Liu & Jordan 2012). These measures extend the
thinking behind degree (which considers only the focal species’ local neighborhood) and also
consider the focal species’ impact through indirect interactions (Jordan et al. 2006; Lai, Liu
& Jordan 2012). This extension means that the straightforward association between degree
and Eltonian niche breadth is blurred for other measures of centrality.

Measures of centrality that incorporate meso-scale network structures are usually calcu-
lated by identifying the set of food chains in which the focal species participates and then
summarizing the species’ participation in these chains, just as with prey-averaged trophic
level. Unlike trophic levels, however, measures of centrality also consider the food chains that
do not involve the focal species and also consider species “above” the focal species as well as
those at lower trophic levels. Two such measures, “betweenness centrality” and “informa-
tion centrality” (Fig. 3), both quantify the frequency with which the focal species appears
on paths between pairs of other species (Estrada 2007; Jordan et al. 2006; White & Borgatti
1994). The main difference between the two is that betweenness centrality includes only the
shortest paths between species while information centrality includes all paths (Estrada 2007;
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Jordan et al. 2006). Both measures assess the importance of species as “bridges” for energy
transfer (Poulin et al. 2013). A species with high betweenness or information centrality takes
part in more food chains and therefore affects more energy flows than a species with low cen-
trality. Both measures can also be calculated incorporating interaction strength (Dormann,
Gruber & Fruend 2008).

While betweenness and information centrality are based on food chains (meso-scale struc-
tures), other definitions of centrality are based on the global structure of the food web. One
such measure, eigenvector centrality, is based on the defining eigenvector—the eigenvector
associated with the largest eigenvalue—of the food web matrix (Allesina & Pascual 2009;
Bonacich 1972). Eigenvectors are used to decompose matrices into orthogonal (completely
uncorrelated) axes— this is exactly the process underlying principal components analyses
(PCA) and other ordination methods (Jolliffe 2002). The defining eigenvector of a food web
is analogous to the first axis of variation in a PCA. In this formulation, the centrality of
species i is the ith entry in the defining eigenvector (Allesina & Pascual 2009; Bonacich 1972;
Lai, Liu & Jordan 2012). Keeping with the PCA analogy, a species’ eigenvector centrality is
its position on the first axis of variation in the structure of the network. Eigenvector central-
ity can be understood as a distributed version of degree, where each neighbor j contributes
to the degree of species i in proportion to j’s centrality (Lai, Liu & Jordén 2012).

Like other centrality measures, eigenvector centrality aims to describe a species’ impor-
tance in the network. In this case, a species that interacts with highly-connected partners
will have high eigenvector centrality and is likely to be important because any variation in the
focal species” abundance will affect its highly-connected partners and, via these partners, the
rest of the web (Poulin et al. 2013). This logic is similar to that used when ranking species’
importance by their degree, except that eigenvector centrality incorporates the structure of
the whole network. FEigenvector centrality can also be related to network stability. The
leading eigenvalue (the value associated with the first eigenvector; analogous to the amount
of variance explained by the first PCA axis) determines whether a network is locally sta-
ble (Donohue et al. 2013; Estrada 2007; Neubert & Caswell 1997; Plank & Law 2011; Rohr,
Saavedra & Bascompte 2014). Species with extreme values of eigenvector centrality can
therefore be viewed as strong contributors to the stability (or instability) of a food web.

At least nine other centrality measures have been proposed (Jordan, Benedek & Podani
2007). Comparative studies have generally found strong correlations between different cen-
trality measures (Estrada 2007; Jordan et al. 2006), suggesting that the various centrality
measures capture equivalent information about species’ roles. We therefore will not describe
the other measures in detail here (detailed descriptions are given in Estrada (2007); Jordén,
Benedek & Podani (2007); Jordan et al. (2006)).

The logic behind all of these centrality measures draws heavily on the keystone species
concept— the notion that certain species will have a much larger effect on their community
than would be expected based on the species’ biomass alone (Jordan et al. 2006; Paine 1966).
Indeed, because highly-central species are expected to affect many other species, centrality
has been used to identify potential keystone species in several studies (Estrada 2007; Jordan
et al. 2006; Lai, Liu & Jordan 2012; Mello et al. 2015). Like the keystone species concept,
centrality does not tell us so much what a species’ Eltonian niche is, but rather suggests which
species might have niches that are particularly important for the structure or functioning
of the food web. A central species is likely to have a strong effect on the rest of the food
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web, but we cannot tell whether two central species interact with similar sets of partners or
otherwise fit into the web in similar ways. To relate centrality to the Eltonian niche it may
be necessary to use several role concepts in the same study.

3 Grouping species with similar roles

3.1 Structural and regular equivalence

Having completed a brief outline of methods for describing species’ roles within networks,
we now introduce equivalence methods for identifying species with similar roles. There are
several ways to group species based on their level of equivalence within a network, but all
aim to identify sets of species with similar Eltonian niches. These approaches differ from
the previous definitions of role by focusing explicitly on the identities of species’ interaction
partners (Yodzis & Winemiller 1999). For instance, two species with the same degree may
or may not interact with the same partners, but two species are only structurally equivalent
if they share identical sets of interaction partners (Borgatti 2002; Fig. 3). In fact, two
structurally-equivalent species will have the same roles under any of the definitions above
and, by interacting with the same predators and prey, have the same Eltonian niches.

The strict definition of structural equivalence can be relaxed slightly to quantify the
degree of structural equivalence on a continuous scale by using a distance metric such as
Jaccard dissimilarity (number of common interaction partners divided by the number of
partners interacting with either species) to compare the overlap in species’ interaction part-
ners (Yodzis & Winemiller 1999). It would also be possible to calculate a continuous version
of structural equivalence using a distance metric such as Bray-Curtis dissimilarity that could
accommodate interaction strengths as well as sets of interactions, but to our knowledge
this has not yet been done. While such quantitative measures provide more information by
placing species on a continuous scale from fully equivalent to completely distinct, they are
still restrictive in that species interacting with ecologically similar, but not taxonomically
identical, partners will not be considered equivalent. For example, consider two species of
herbivorous insects, each of which consumes a different plant from the same genus and which
are preyed upon by similar spider species. Intuitively, we understand that these two insects
have similar roles in their community (and Eltonian niches) despite having low structural
equivalence. To capture this intuitive similarity, another technique is evidently necessary.

One proposed solution to this problem is to adapt the concept of reqular equivalence from
the study of social networks (White & Reitz 1983) to ecological networks (Johnson et al.
2001; Luczkovich et al. 2003). In this framework, nodes (or species) within a network are
equivalent if they interact with the same “types” of partners (Fig. 4). For example, in a net-
work of several corporations, company presidents are equivalent because they each interact
with boards of directors, venture capitalists, etc. (Johnson et al. 2001). Even though each
company president may interact with different individuals, company presidents nevertheless
form a recognizable “type” or “group” of people that interact with people who belong to a
set of other recognizable groups (e.g., boards of directors and venture capitalists). In ecolog-
ical networks, researchers often wish to avoid defining such groups a priori in order to avoid
biasing analyses towards collections of species that are appealing to humans but may not
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be ecologically relevant. To do this, several algorithms have been developed that iteratively
assign species to groups until the best-fitting arrangement of groups has been reached (Bor-
gatti & Everett 1993; Johnson et al. 2001; Luczkovich et al. 2003). Fortunately, the groups
determined by such algorithms (e.g., predatory insects, scavengers, and aquatic larvae) usu-
ally tend to be intuitive and biologically meaningful (Johnson et al. 2001; Luczkovich et al.
2003). Thus, by identifying species with similar roles, regular equivalence groups can point
to elements of Eltonian niches that are shared by the species in a group. Some of these
groups also include information about abiotic requirements such as habitat requirements
and thus begin to address the non-biotic components of species’ Eltonian niches. As with
structural equivalence, regular equivalence could be calculated using quantitative food webs.
This appears to be uncommon at present but may be a useful approach in future work.

Structural and regular equivalence groups are being used increasingly often in food web re-
search, with structural equivalence having the longer history. Structurally equivalent species
are often collapsed into trophospecies in order to reduce bias in the resolution of unipartite
food webs (e.g., Martinez 1991; Vermaat, Dunne & Gilbert 2009). Larger, higher-trophic
level species are often easier to identify than smaller, lower-trophic level, or cryptic species,
leading to better resolution at the top of the food web than among basal species. This greater
detail at the top of the food web can then bias estimates of food-web structural properties
such as the number of links per species or proportions of species in different trophic groups
(e.g., top predators, basal resources), hindering efforts to understand the true structure and
function of communities (Martinez 1991; Thompson & Townsend 2000). To reduce this bias
and facilitate comparisons between food webs, structurally equivalent species are often col-
lapsed into a single node, or trophospecies (Martinez 1991). Each node then represents a
unique Eltonian niche within the food web.

Regular equivalence, on the other hand, has much in common with the concept of func-
tional redundancy in which species with similar “functions” in a community are grouped
together. This redundancy is believed to be important because species with similar Eltonian
niches may be able to compensate if one species becomes rare or goes extinct (Aizen, Sabatino
& Tylianakis 2012; Naeem 1998; Rosenfeld 2002). The loss of a species with a redundant
role in a community will therefore have little effect on the rest of the community (Aizen,
Sabatino & Tylianakis 2012; Naeem 1998; Rosenfeld 2002). As well as identifying groups
of species with redundant roles, simulated food webs constructed using models based on
regular equivalence groups capture many of the characteristics of empirical webs (Allesina &
Pascual 2009). This has lead to the suggestion that groups might be the appropriate level of
analysis in future studies of food webs, particularly as larger and more detailed data become
available (Allesina & Pascual 2009). Despite the usefulness of groups for identifying redun-
dant or similar species, approaches based on lumping species into groups share a common
drawback with describing networks based on summary statistics. Specifically, focusing on
groups of similar species necessarily obscures the differences between the species within a
group. These differences may be relevant for ecological functions other than those involving
predator-prey interactions (e.g., habitat construction) and it is important to recognize that
focusing on different types of interactions or ecological functions will lead to different groups.
Nevertheless, group-based approaches to analyzing food webs hold great promise, especially
as more techniques are developed to incorporate more ecological information into regular
equivalence groups (Gauzens et al. 2015). These increasingly detailed groups should lower
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the risk of masking important differences between species.

3.2 Module-based roles

Another way to group species according to their types of interaction partners is through
module roles, which measure the extent to which species interact with different modules
(tightly-knit groups) within a network. Module-based roles are similar to centrality in that
they measure the importance of a species’ Eltonian niche to the community rather than
describing the niche directly. Unlike centrality, however, module-based roles depend more
explicitly on the meso-scale structure of the network. That is, the size and arrangement
of modules within a network is critical to the definition of module-based roles. Modules
are defined as a group of species that interact more frequently among themselves than with
species that are not members of the module (Guimera & Amaral 2005a;b; Kirkpatrick, Gelatt
& Vecchi 1982). They are usually detected algorithmically using techniques such as simulated
annealing that aim to find the set of modules that minimizes the number of links between
different modules (Guimera & Amaral 2005a).

Once modules have been defined, species can be classified based first on the focal species’
importance to its own module and second on the extent to which the focal species’ in-
teractions are distributed across modules (Guimera & Amaral 2005a). The focal species’
importance within its module is determined by on its “within-module degree”, a Z-score
testing whether the focal species has significantly more interactions with other species in the
same module than the average number of within-module links (Guimera & Amaral 2005a).
Note that within-module degree only involves information about the module to which the
focal species belongs and does not depend on the number of links the focal species has to
species in other modules. Species with a within-module degree of at least 2.5 are desig-
nated “hubs” and have significantly more interactions within their module than the average
(p<<0.005; Guimera & Amaral 2005a).

Both hub and non-hub species can be further divided based on the participation coef-
ficient, which measures the evenness of the distribution of the focal species’ interactions.
Values near 0 indicate species that interact almost exclusively within their own modules,
whereas values near 1 indicate species who interact with species in all modules equally
(Fig. 5). Participation coefficient, like degree, focuses on direct interactions among species.
Longer paths, i.e., those used to calculate trophic level or centrality, are not considered. Un-
like degree, however, participation coefficient takes the modular structure of the network into
account. By distinguishing between interaction partners in different modules, module-based
roles are conceptually similar to motif roles. Both include some information about indirect
interactions as well as direct interaction: strength of association with a particular group of
species for module-based roles, and participation in different configurations of interactions
for motif roles.

Using these two parameters (within-module degree and participation coefficient), species
can be divided into varying numbers of roles. In general, however, module hubs have low
participation coefficients and are are important to the cohesion of their modules but have
few interactions with other modules. Network hubs have high participation coefficients and
are important to the coherence of the network as a whole as well as the cohesion of their
module (Guimera & Amaral 2005a; Olesen et al. 2007; Poulin et al. 2013). In non-hub
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species, low participation coefficients indicate peripheral species while high participation
coefficients indicate connector species that “glue” different modules together (Guimera &
Amaral 2005a; Olesen et al. 2007; Poulin et al. 2013).

As with motif roles, module-based roles are relatively new and their potential is only
beginning to be explored. So far it has been shown that plants’ and pollinators’ module-based
roles are conserved between their native and exotic ranges (Olesen et al. 2007), and that the
module-based roles of parasites and free-living species are phylogenetically conserved (Poulin
et al. 2013). This suggests that module roles may be highly consistent in both mutualistic
and antagonistic networks; that a species that has many interactions concentrated within
its module at one site is likely to also be a module hub at another site (Olesen et al. 2007)
and a species that is closely related to a connector species is also likely to interact with
species in several modules (Poulin et al. 2013). This potential for consistent module-based
roles is intriguing but still requires more empirical support. Connecting module-based roles
to traits such as body size can also reveal groups of species which fulfill similar functions in
a community. For example, large-bodied frugivores tend to be module hubs but, because of
their tendency to consume only the largest fruits, do not connect different modules. Instead,
these between-module links tend to be supplied by medium-bodied frugivores which act as
connectors (Donatti et al. 2011). Identifying species’ module roles can therefore highlight
an ecologically important group of species that might otherwise be missed (Donatti et al.
2011). The taxonomic diversity of species within a module may also be an indicator of how
robust the module, and the network as a whole, is likely to be to species loss (Donatti et al.
2011; Mello et al. 2011).

3.3 Functional roles

Instead of grouping species with similar structural roles, we may wish to group species
with similar ecological functions. Regular equivalence offers one way to identify groups
of functionally redundant species (e.g., Gauzens et al. 2015). Another approach is to group
species based on traits that are expected to affect an ecological function such as seed dispersal
or pollination. Species with similar traits are believed to make similar contributions to the
function in question, and can therefore be said to have similar functional roles (Dehling
et al. 2016; Petchey & Gaston 2002; Tilman 2001). As a species’ function in a community is
intimately related to the way it interacts with resources and enemies, a species’ functional
role also describes part of a species’ Eltonian niche.

Traits that describe species functional roles influence the set of interactions in which
they participate (Dehling et al. 2016; Thompson & Townsend 2005). One trait that has
been found to explain a great deal of variation in predator-prey interactions is body mass,
as many taxa feed on smaller prey (e.g., Gravel et al. 2011; Petchey et al. 2008; Stouffer
2010; Stouffer, Camacho & Amaral 2006; Stouffer, Rezende & Amaral 2011; Williams 2008;
Williams, Anandanadesan & Purves 2010; Williams & Martinez 2000; Zook et al. 2011).
In most cases, however, more than one trait is necessary to describe all of the interactions
in a community (Allesina, Alonso & Pascual 2008; Allesina 2011; Cattin Blandenier 2004;
EkIof et al. 2013). Moreover, while using empirical traits to create model food webs can
reproduce general structural properties, such approaches often fail to predict specific inter-
actions (Bartomeus et al. 2016; Petchey et al. 2008). In an attempt to address both of these
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shortcomings, some studies have used artificial traits based on the properties of the observed
network (Dalla Riva & Stouffer 2015; Rohr et al. 2016; 2010). These abstract traits are
generally derived from the network itself and are based on the idea that predators’ “foraging
traits” must match the “vulnerability traits” of their prey (Dalla Riva & Stouffer 2015; Rohr
et al. 2010) or that mutualist interaction partners must have well-matched traits (Rohr et al.
2016). Artificial traits are conceptually similar to ordination axes in that they reduce the
variation in species’ interaction partners to a minimal set of dimensions that may or may
not be easy to interpret. Species with similar artificial traits (and similar interactions) are
likely to share real traits as well; looking for the traits that unite species with overlapping
functional roles could guide the choice of traits to include in future models of ecological
networks. In this way, artificial traits can reveal similarities between species that are not
obvious based on easily-observed traits such as body mass. Moreover, species with similar
artificial traits are likely to be functionally redundant (Rosenfeld 2002) or strongly compete
with each other. Functional roles can thus be used to identify species with similar Eltonian
niches as well as highlighting traits that shape interactions.

An alternative way to identify species with similar functional roles is to analyze the
traits of the focal species’ interaction partners rather than the traits of the focal species
itself (Fig. 6; Dehling et al. 2016). This approach is common in studies of plant-pollinator
communities, where pollination syndromes are often used to predict which species will in-
teract (Fenster et al. 2004; Ollerton et al. 2009; Waser et al. 1996). Pollinators vary in their
adherence to classical syndromes (Fenster et al. 2004; Ollerton et al. 2009), but in general
species tend to interact with partners whose traits are relatively similar and match some
limiting trait of the focal species (Dalsgaard et al. 2009; Dehling et al. 2014; Junker et al.
2013; Stang et al. 2009; Stiles 1975; Wolf, Stiles & Hainsworth 1976). By grouping species
that interact with partners that have similar traits, we can infer sets of species that have
similar functional roles in their community.

Functional roles have been used to demonstrate co-adaptation between interaction part-
ners, as mutualists are expected to converge on compatible traits (Bliithgen et al. 2007;
Hutchinson, Gaiarsa & Stouffer 2018). Species with unique functional roles interact with
partners that have extreme or unusual values of the traits that affect the interaction being
studied (Dehling et al. 2016). Because of this, they tend to interact with fewer partners (Coux
et al. 2016; Junker et al. 2013; Maglianesi et al. 2014) and, as specialists, may then be
more vulnerable to extinction (Allesina 2012). Species with similar functional roles, mean-
while, may indicate functional redundancy and a more robust community (Aizen, Sabatino
& Tylianakis 2012; Rosenfeld 2002).

Grouping species based on functional traits is somewhat analogous to grouping regularly-
equivalent species based on the types of species with which they interact. The major dis-
tinction is that regular-equivalence groups are emergent properties of a network’s topology
whereas functional roles are linked at least implicitly to a functional mechanism. These
mechanisms could be, for example, fruit size (Dehling et al. 2016; 2014) or flower character-
istics that limit the set of interaction partners (Fenster et al. 2004; Hutchinson, Gaiarsa &
Stouffer 2018; Ollerton et al. 2009). As well as physical traits, behavioral traits such as di-
urnal or nocturnal activity (Knop et al. 2017) strongly shape the sets of interaction partners
available to each species and could be used to define species’ functional roles. This focus
on biologically-explicit groups means that functional roles provide a convenient summary of
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species’ Eltonian niches in the type of network being studied and that functional roles are
among the easiest role concepts to relate to species’ natural histories.

4 Limitations to role concepts and future directions

As described above, one of the main limitations of species roles is that while they do offer
insight into a species’ Eltonian niche— its “place in the biotic environment, its relations to
food and enemies” (Elton 1927 in Johnson & Steiner 2000) —a role will only capture one
aspect of that niche. In particular, most of the role concepts described above focus on iden-
tifying species with more ‘important’ niches based on their likelihood of having substantial
effects on the rest of the web. Some concepts such as motif roles and functional roles are
more flexible, as they describe all of a species’ interactions rather than providing a single
summary statistic. These roles give a better picture of species’ Eltonian niches from the
perspective of food webs, but the fact remains that roles defined in a food web describing
only one type of interaction will overlook components of species’ niches that do not involve
that interaction (Fontaine et al. 2011; Kéfi et al. 2016). Combining different network types
has the potential to improve this by integrating distinct aspects of species’ niches (e.g., as
pollinators and as prey [Fontaine et al. 2011]). One way forward is to identify species’ module
roles in a network which includes trophic interactions and positive and negative non-trophic
interactions (Kéfi et al. 2016). The role concepts described in Kéfi et al. (2016) provide a
more comprehensive picture of species’” Eltonian niches than do roles in webs which describe
a single interaction.

Another important limitation in studies of species’ roles is the point-sample nature of
most ecological networks. Species’ Eltonian niches encompass their relationships to the biotic
and abiotic environment as a whole, but networks provide a spatially and temporally limited
snapshot of communities. As more networks that include replication over time and/or space
are published (e.g., Leong et al. 2015; Olesen et al. 2011; 2008; Ponisio, Gaiarsa & Kremen
2017), we will obtain more thorough descriptions of species’ roles. As information about
the spatial and temporal variability of species’ roles becomes available, we may be able to
better understand the differences between species” “fundamental” Eltonian niches (all of the
interactions in which a focal species could reasonably participate) and the Eltonian niches
that they actually realize in a particular community (i.e., species’ realized niches). This
is especially intriguing with respect to species which have moved outside of their historical
ranges (e.g., introduced species or those whose ranges have shifted due to climate change).
It is possible that a species’ role in its native community could be used to predict the way in
which it will interact with a novel set of potential partners (Aizen, Morales & Morales 2008;
Emer et al. 2016). For example, the traits of an introduced species’ interaction partners in
its native habitat could be used to identify a plausible set of interaction partners in a novel
setting. The species’ degree in its native range, meanwhile, could indicate it’s dietary flexi-
bility. A species which interacts with only a single partner in its native range is less likely to
find suitable interaction partners in a novel setting than one which interacts with many part-
ners that have a variety of traits. Supporting these possibilities, in plant-pollinator networks
degree and closeness centrality are highly conserved across locations (Emer et al. 2016) and
high-degree pollinators tend to have relatively flexible sets of interaction partners (Ponisio,
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Gaiarsa & Kremen 2017). If species’ roles in their native and introduced communities are
generally related, then species’ roles will be a powerful tool for conservation biologists.

Besides exploring the spatial and temporal variation of species’ roles, an increasing num-
ber of studies have connected species’ roles to their phylogenies. Related species tend to have
similar roles for several of the role concepts we describe above (Poulin et al. 2013; Rohr &
Bascompte 2014; Stouffer et al. 2012). Species’ phylogenies are believed to shape their roles
because phylogenetically-conserved traits affect interactions between species (Dalla Riva &
Stouffer 2015; Gémez, Verdi & Perfectti 2010). Thus, conserved traits lead to conserved in-
teractions which lead to conserved roles. As well as explaining similarities between the roles
of related species, incorporating evolutionary processes into studies of ecological networks can
provide insights into the historical drivers of the structure of current communities (Cham-
berlain et al. 2014; Hutchinson, Gaiarsa & Stouffer 2018; Peralta 2016; Rezende et al. 2009;
Schleuning et al. 2014).

Most contemporary studies attempt to explain trends in network structure using species’
traits (Brose 2010; Woodward et al. 2005) or neutral processes (Canard et al. 2014; Poisot,
Stouffer & Gravel 2015; Siepielski et al. 2010). These approaches have been valuable, but
evolutionary explanations may be more parsimonious (in terms of modelling) when there
are many traits that are likely to affect interactions. If important traits are phylogenetically
conserved, it may be possible to predict interactions using a simple model that contains only
phylogenetic information rather than a complex model including a large number of traits.
Evolutionary explanations may also be useful as a proxy for traits that are unknown, difficult
to measure, or are not the main research focus.

Explanations based on species’ evolutionary histories may also explain species that seem
to lack appropriate interaction partners in modern networks. This is most obvious in the case
of “evolutionary anachronisms” such as the large-seeded plants of South America that are
believed to have been dispersed by large mammals that are now extinct (Janzen & Martin
1982). Adaptations to extinct interaction partners can also explain species’ interactions with
introduced species, such as when these large-seeded South American plants are dispersed by
introduced cattle and horses (Barlow 2000).

Perhaps the most important factor limiting the usefulness of species roles to ecologists
is that role concepts are often abstract. This abstraction can be beneficial as, for example,
it allows us to identify groups of species when we are not confident that any particular
taxonomic level or ecosystem function is the appropriate basis for categories (Luczkovich
et al. 2003). Nevertheless, roles that are not clearly tied to some aspect of species’ natural
histories can make network studies less accessible to non-specialist readers. Eltonian niches
provide a common ground between species roles and other ecological concepts; we therefore
propose that future researchers could emphasise this connection to integrate species roles
into the ecological literature in a more intuitive way.

One step in this direction is to use ecological concepts to guide the choice of network mea-
sures (Mello et al. 2015) that define a species role. For example, we may be concerned about
an invasive species competing with native species. To measure the likelihood of competition,
we might choose degree as our role concept on the basis that a generalist invader will likely
compete with many native species. Alternatively, we could use functional roles to predict
which native species’ roles overlap most with the invader. The choice of role concept will also
depend on the data that are available (e.g., trait data, interaction strengths, or only pres-
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ence/absence of interactions). We may, for instance, wish to order species according to their
impact on the rest of the community to set conservation priorities. If interaction strengths
are known, then a weighted measure of centrality will be useful. If only unweighted interac-
tions are known, it may be more useful to use module-based roles to track species’ ability to
affect their local neighbourhoods and the network as a whole. When using weighted versions
of role concepts, it is important to note that rare or weak interactions may still be important
for community stability because of their potential for dissipating perturbations (Allesina &
Tang 2012; Emmerson & Yearsley 2004; Wootton & Stouffer 2016). After selecting network
measures that specifically address the ecological question at hand, we also suggest that re-
searchers bear in mind the part of a species’ Eltonian niche that they are analyzing (e.g., a
species’ importance or its vertical position in food chains, or a more holistic summary such
as motif roles) and use this niche framework to place their results in the context of the focal
species’ ecology.

5 Conclusions

Throughout this review we have outlined some of the questions that have been asked using
some of the most commonly-used species role concepts. To conclude, we return to the
question of why species roles, in general, are useful. Networks allow us to place the focal
species in its community context but the network as a whole is difficult to interpret. By
reducing a complex network to a single value or vector, species’ roles compress the network
into a tractable form. If we consider food webs as maps of ecological communities (Pimm,
Lawton & Cohen 1991), roles provide the topographic lines, borders, and roadways that
simplify a map and provide meaning. Just as different types of maps have different themes
(e.g., political maps, terrain maps, geological maps, etc.), different role concepts provide
different perspectives on a food web. Our task as researchers working with species’ roles
is to make our choice of role concept, and the aspect of species’ Eltonian niches that it is
meant to capture, as clear as cartographers make their maps.
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Figure Captions

Figure 1: Each of the two food webs below contain species with different degrees and
trophic levels. A) In this bipartite food web, pale blue squares represent pollinators and
dark green circles represent plants. Note that species in one group only interact with species
in the other group (i.e., plants do not pollinate other plants). B) In a unipartite food web,
any two species (circles) could potentially interact and all nodes belong to a single group. It
is possible (though rare) for plants to consume animals, and animals may consume plants,
animals, or both. The species marked with “* illustrates this by consuming both a basal
resource and another consumer. In a unipartite web, a focal species’ degree (number of
interaction partners) can also be subdivided into in- and out-degrees based on numbers of
prey and predators, respectively. For example, the species highlighted in the red, dashed
box has an in-degree of 2 and an out-degree of 1, giving an overall degree of 3. In both
networks, node size increases with degree while fill represents trophic level (TL; height in
food chains). In A), the two groups of species are at different trophic levels. In B), trophic
levels increase from primary producers (TL=1; dark green) to predators (TL=3, very light
green). Most of the species in this food web have integer trophic levels. The species marked
with “*’. however, is an omnivore with both plant and animal resources. Its trophic level
therefore depends on the exact definition of trophic level used. Short-weighted trophic level
considers only the most direct path from the focal species to a primary producer; under this
definition, the focal species has a trophic level of 2. Prey-averaged trophic level (PATL), in
contrast, considers the trophic levels of all the focal species’ prey. If interaction strengths
(indicated by line weights) are not considered, the focal species has a trophic level of 2.5. If
interaction strengths are accounted for, however, the focal species’” PATL will be closer to 2
because the omnivore has a stronger link to the basal resource than to its herbivore prey.
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TL
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. Plants
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Figure 2: Motif roles describe the way in which each species is embedded in a food web.
They are defined by decomposing the web into its component motifs (unique configurations
of n interacting species) and counting the number of times that each species appears in each
motif. In A), we highlight two focal species. In B), we show the roles of these two species,
defined based on three-species motifs. Note that while there are 13 different three-species
motifs, this simple food web contains only one-way interactions and therefore is made up of
the five motifs which contain one-way interactions exclusively. These five motifs are shown
above the roles of species ‘a’ and ‘e’; note that the three-species loop motif does not occur
in the roles of either species. Also note that each set of 3 interacting species represents only
one motif: the motif which includes all interactions among those three species. For example,
the set [c, e, j] represents the omnivory motif (second from right in the lower panel) but does
not represent a three-species chain or direct competition motif (left and second from left) as
these motifs do not capture all of the interactions within this set of species.

A
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Figure 3: Betweenness centrality measures the number of times a focal species appears
on the shortest path between pairs of other species. This measure is often used to infer
a species’ ability to affect the rest of the food web. Species A appears on two such paths
while species B appears on 11. Species B is therefore more likely to have a large effect on
its community than is species A. Note that because only the shortest path between a pair
of species is considered, the path D-B-C (traced by the dotted arrow) does not contribute
to the betweenness centrality of species B. Information centrality is similar to betweenness
centrality but includes all paths passing through a species; not only the shortest path. Thus,
the path D-B-C would be included when calculating information centrality.

21



Figure 4: Sets of structurally equivalent species (nodes with the same gray fill; nodes with
white fill are not structurally equivalent to any other node) interact with exactly the same
sets of partners while sets of reqularly equivalent species (enclosed in red, dashed boxes)
interact with partners from the same sets of groups. In this web, regular equivalence groups
correspond to trophic levels such that primary producers (bottom group) only interact with
herbivores (second group from bottom), herbivores interact with primary producers and
consumers (second group from top), and so on. Note that structurally-equivalent species
are also regularly-equivalent, but the reverse is not necessarily true (e.g., the two groups of
herbivores in this food web are regularly but not structurally equivalent).
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Figure 5: This unipartite food web contains three modules (circled in red, dashed lines). It
is possible to group species with similar roles based on how often they interact with species
within their module and with species in other modules. Hub species have significantly more
interactions within their module than the average (i.e., high “within-module degree”; Z-
score>2.5). Different types of hubs can be distinguished based on the evenness of their
interactions across modules (their “participation coefficients”). Both network and module
hubs have significantly more partners within their own module than other species. The net-
work hub (black square) has many interactions with other modules (participation coefficient
close to 1) while module hubs (black triangles) rarely interact with species from other mod-
ules (participation coefficient close to 0). Non-hub species (connectors and peripherals) do
not have significantly more links within their module than the average (Z-score<2.5) and,
again, can be distinguished by the distribution of their interactions among modules. The
connector (black star) has interactions spread evenly among modules ( participation coef-
ficient close to 1). Finally, peripheral species (white circles) have few interaction partners
within their modules and few links to other modules (participation coefficient close to 0).
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Figure 6: The functional roles framework uses the traits of interaction partners to group
species with similar roles. A) In this plant-pollinator network, we are interested in comparing
the roles of the three pollinators (colored squares). B) The functional role of each pollinator
is characterized by the area of trait space that includes all plants visited by the pollinator.
In this community, the red and green pollinators’ roles (lower left) overlap while the blue
pollinator has a unique role (upper right). Note that the axes used to describe the trait
space may be concrete traits, as shown here, or abstractions such as PCA axes that describe

variation in many traits.
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Glossary

Eltonian niche
Stability
Role

Keystone

Degree

Local

Global
Unipartite web
Bipartite web

Beta diversity

Qualitative web
Quantitative web

Trophic level
Food chain

Trophic cascade

Motifs
Meso-scale

Motif role
Centrality

Structural
equivalence
Regular
equivalence
Node
Trophospecies
Module

Functional roles

Phylogenetic
conservation

A species’ interactions with food sources and natural enemies.

The ability of a food web to withstand perturbations.

A species’ relationship to others in its food web. May be summarized in many
ways depending on which aspects of the species’ niche or network structure
are of most interest.

A species with larger effects on its community than would be expected based
on its biomass.

The number of direct interactions in which a species participates.

The portion of the food web that directly affects the focal species.

The entire food web.

A web containing one group of species that interact amongst themselves.

A web containing two groups of species where all interactions occur between
groups.

Change in community composition (turnover) between sites. Calculated as
the ratio (Whittaker’s beta) or difference (absolute turnover) between local
and regional diversity.

A web in which links are present or absent (i.e., not weighted). Also called a
binary or topological web.

A web where links are weighted by frequency, biomass transfer, or some other
property. Also called a weighted web.

A species’ vertical position in a food web or height in a food chain.

A path from a primary producer to a top predator, where each step up the
chain corresponds to an increase in trophic level.

Significant changes in the abundance of species at a higher or lower trophic
level following a change in the abundance of a focal species.

Unique patterns of n interacting species; building blocks of networks.

The structure of the network including the focal species’ local neighborhood
and some indirect interactions, but not the entire network.

The vector describing a species’ frequency of participating in each position
within each motif of a given size class

A species’ ability to affect the rest of the network by participating in many
food chains.

When a set of species all interact with exactly the same set of partners.

When a set of species all interact with partners from the same groups, but not
necessarily with the same sets of partners.

A component of a network. In food webs, usually a species.

A set of structurally equivalent species, collapsed into a single node.

A group of species that interact more often amongst themselves than with
other species.

Roles defined by traits of the focal species’ interaction partners that are rele-
vant for a particular ecological process.

The tendency for related species to have more similar traits because of their
shared common ancestry.

25




References

Aizen, M.A., Morales, C.L. & Morales, J.M. (2008) Invasive mutualists erode native polli-
nation webs. PLoS Biology, 6, e31.

Aizen, M.A., Sabatino, M. & Tylianakis, J.M. (2012) Specialization and rarity predict non-
random loss of interactions from mutualist networks. Science, 335, 1486—1489.

Albrecht, M., Padrén, B., Bartomeus, 1. & Traveset, A. (2014) Consequences of plant inva-
sions on compartmentalization and species’ roles in plant—pollinator networks. Proceedings
of the Royal Society B: Biological Sciences, 281, 20140773.

Allesina, S., Alonso, D. & Pascual, M. (2008) A general model for food web structure.
Science, 320, 658-661.

Allesina, S. (2011) Predicting trophic relations in ecological networks: a test of the Allometric
Diet Breadth Model. Journal of Theoretical Biology, 279, 161-168.

Allesina, S. (2012) The more the merrier. Nature, 487, 175-176.

Allesina, S. & Pascual, M. (2009) Food web models: a plea for groups. Ecology Letters, 12,
652-662.

Allesina, S. & Tang, S. (2012) Stability criteria for complex ecosystems. Nature, 483, 205—
208.

Baird, D. & Ulanowicz, R.E. (1989) The seasonal dynamics of the Chesapeake Bay ecosystem.
Ecological Monographs, 59, 329-364.

Baker, N.J., Kaartinen, R., Roslin, T. & Stouffer, D.B. (2015) Species’ roles in food webs
show fidelity across a highly variable oak forest. Fcography, 38, 130-139.

Barlow, C. (2000) The ghosts of evolution. Basic Books, New York.

Bartomeus, 1., Gravel, D., Tylianakis, J.M., Aizen, M.A., Dickie, I.A. & Bernard-Verdier,
M. (2016) A common framework for identifying linkage rules across different types of
interactions. Functional Ecology, 30, 1894-1903.

Bascompte, J., Jordano, P. & Olesen, J.M. (2006) Asymetric coevolutionary networks facil-
itate biodiversity maintenance. Science, 312, 431-433.

Bascompte, J. & Melidn, C.J. (2005) Simple trophic modules for complex food webs. Ecology,
86, 2868-2873.

Bliithgen, N., Menzel, F. & Bliithgen, N. (2006) Measuring specialization in species interac-
tion networks. BMC' ecology, 6, 9.

Bliithgen, N., Menzel, F., Hovestadt, T., Fiala, B. & Bliithgen, N. (2007) Specialization,
constraints, and conflicting interests in mutualistic networks. Current Biology, 17, 341
346.

26



Boecklen, W.J., Yarnes, C.T., Cook, B.A. & James, A.C. (2011) On the use of stable isotopes
in trophic ecology. Annual Review of Ecology, Evolution and Systematics, 42, 411-440.

Boersma, K.S., Bogan, M.T., Henrichs, B.A. & Lytle, D.A. (2014) Top predator removals
have consistent effects on large species despite high environmental variability. Oikos, 123,
807-816.

Bonacich, P. (1972) Factoring and weighting approaches to status scores and clique identifi-
cation. The Journal of Mathematical Sociology, 2, 113-120.

Borgatti, S.P. (2002) A statistical method for comparing aggregate data across a priori
groups. Field Methods, 14, 88-107.

Borgatti, S.P. & Everett, M.G. (1993) Two algorithms for computing regular equivalence.
Social Networks, 15, 361-376.

Borrelli, J.J., Allesina, S., Amarasekare, P., Arditi, R., Chase, I., Damuth, J., Holt, R.D., Lo-
gofet, D.O., Novak, M., Rohr, R.P., Rossberg, A.G., Spencer, M., Tran, J.K. & Ginzburg,
L.R. (2015) Selection on stability across ecological scales. Trends in Ecology & FEvolution,
30, 417-425.

Brose, U. (2010) Body-mass constraints on foraging behaviour determine population and
food-web dynamics. Functional Ecology, 24, 28-34.

Cabana, G. & Rasmussen, J.B. (1994) Modelling food chain structure and contaminant
bioaccumulation using stable nitrogen isotopes. Nature, 372, 255-257.

Canard, E.F., Mouquet, N., Mouillot, D., Stanko, M., Miklisova, D. & Gravel, D. (2014)
Empirical evaluation of neutral interactions in host-parasite networks. The American
Naturalist, 183, 468-479.

Carscallen, W.M.A., Vandenberg, K., Lawson, J.M., Martinez, N.D. & Romanuk, T.N.
(2012) Estimating trophic position in marine and estuarine food webs. FEcosphere, 3,
1-20.

Cattin Blandenier, M.F. (2004) Food web ecology: models and application to conservation.
Ph.D. thesis, Universite de Neuchatel.

Chamberlain, S.A., Cartar, R.V., Worley, A.C., Semmler, S.J., Gielens, G., Elwell, S., Evans,
M.E., Vamosi, J.C. & Elle, E. (2014) Traits and phylogenetic history contribute to network
structure across Canadian plant—pollinator communities. Oecologia, 176, 545-556.

Chase, J.M. & Leibold, M.A. (2003) Ecological niches. University of Chicago Press, Chicago.

Christian, R.R. & Luczkovich, J.J. (1999) Organizing and understanding a winter’s seagrass
foodweb network through effective trophic levels. Ecological Modelling, 117, 99-124.

Cirtwill, A.R. & Stouffer, D.B. (2015) Concomitant predation on parasites is highly variable
but constrains the ways in which parasites contribute to food web structure. Journal of
Animal Ecology, 84, 734-744.

27



Cohen, J.E., Jonsson, T. & Carpenter, S.R. (2003) Ecological community description using
the food web, species abundance, and body size. Proceedings of the National Academy of
Sciences of the United States of America, 100, 1781-1786.

Cottee-Jones, H.E.W. & Whittaker, R.J. (2012) The keystone species concept: a critical
appraisal. Frontiers of Biogeography, 4, 117-127.

Cousins, S. (1987) The decline of the trophic level concept. Trends in Ecology € FEvolution,
2, 312-316.

Coux, C., Rader, R., Bartomeus, 1. & Tylianakis, J.M. (2016) Linking species functional
roles to their network roles. Ecology Letters, 19, 762-770.

Curtsdotter, A., Binzer, A., Brose, U., de Castro, F., Ebenman, B., Eklof, A., Riede, J.O.,
Thierry, A. & Rall, B.C. (2011) Robustness to secondary extinctions: comparing trait-
based sequential deletions in static and dynamic food webs. Basic and Applied Ecology,
12, 571-580.

Dalla Riva, G.V. & Stouffer, D.B. (2015) Exploring the evolutionary signature of food webs’
backbones using functional traits. Oikos, 125, 446-456.

Dalsgaard, B., Martin Gonzalez, A.M., Olesen, J.M., Ollerton, J., Timmermann, A., An-
dersen, L.H. & Tossas, A.G. (2009) Plant-hummingbird interactions in the West Indies:

floral specialisation gradients associated with environment and hummingbird size. Oecolo-
gia, 159, 757-766.

Darnell, R.M. (1961) Trophic spectrum of an estuarine community, based on studies of Lake
Pontchartrain, Louisiana. Fcology, 42, 553-568.

Dehling, D.M., Jordano, P., Schaefer, H.M., Bohning-Gaese, K. & Schleuning, M. (2016)
Morphology predicts species’ functional roles and their degree of specialization in plant-
frugivore interactions. Proceedings of the Royal Society B: Biological Sciences, 283,
20152444.

Dehling, D.M., Topfer, T., Schaefer, H. M., Jordano, P., Bohning-Gaese, K. & Schleuning,
M. (2014) Functional relationships beyond species richness patterns: trait matching in
plant-bird mutualisms across scales. Global Ecology and Biogeography, 23, 1085-1093.

Donatti, C.I., Guimaraes, P.R., Jr, Galetti, M., Pizo, M.A., Marquitti, F.M.D. & Dirzo,
R. (2011) Analysis of a hyper-diverse seed dispersal network: modularity and underlying
mechanisms. Fcology Letters, 14, 7T73-781.

Donohue, I., Petchey, O.L., Montoya, J.M., Jackson, A.L., McNally, L., Viana, M., Healy, K.,
Lurgi, M., O’Connor, N.E. & Emmerson, M.C. (2013) On the dimensionality of ecological
stability. Fcology Letters, 16, 421-429.

Dormann, C.F. (2011) How to be a specialist? Quantifying specialisation in pollination
networks. Network Biology, 1, 1-20.

28



Dormann, C.F., Gruber, B. & Fruend, J. (2008) Introducing the bipartite package: analysing
ecological networks. R news, 8, 8-11.

Dunne, J.A., Williams, R.J. & Martinez, N.D. (2002) Network structure and biodiversity
loss in food webs: robustness increases with connectance. FEcology Letters, 5, 558-567.

Dyer, L.A. & Letourneau, D. (2003) Top-down and bottom-up diversity cascades in detrital
vs. living food webs. Fcology Letters, 6, 60—68.

Ekl6f, A. & Ebenman, B. (2006) Species loss and secondary extinctions in simple and complex
model communities. Journal of Animal Ecology, 75, 239-246.

Eklof, A., Jacob, U., Kopp, J., Bosch, J., Castro-Urgal, R., Chacoff, N.P., Dalsgaard, B.,
de Sassi, C., Galetti, M., Guimaraes, P.R., Jr, Loma&scolo, S.B., Martin Gonzélez, A.M.,
Pizo, M.A., Rader, R., Rodrigo, A., Tylianakis, J.M., Vazquez, D.P. & Allesina, S. (2013)
The dimensionality of ecological networks. Fcology Letters, 16, 577-583.

Elton, C. (1927) Animal Ecology, vol. 365. Macmillan Co., New York.

Emer, C., Memmott, J., Vaughan, [.P., Montoya, D. & Tylianakis, J.M. (2016) Species roles
in plant—pollinator communities are conserved across native and alien ranges. Diversity
and Distributions, 22, 841-852.

Emmerson, M. & Yearsley, J.M. (2004) Weak interactions, omnivory and emergent food-web
properties. Proceedings of the Royal Society B: Biological Sciences, 271, 397-405.

Estes, J.A., Burdin, A. & Doak, D.F. (2015) Sea otters, kelp forests, and the extinction of
Steller’s sea cow. Proceedings of the National Academy of Sciences of the United States of
America, 113, 880-885.

Estrada, E. (2007) Food webs robustness to biodiversity loss: the roles of connectance,
expansibility and degree distribution. Journal of Theoretical Biology, 244, 296-307.

Fenster, C.B., Armbruster, W.S., Wilson, P., Dudash, M.R. & Thomson, J.D. (2004) Pol-
lination syndromes and floral specialization. Annual Review of FEcology, Evolution and
Systematics, 35, 375-403.

Fontaine, C., Guimaraes, P.R., Jr, Kéfi, S., Loeuille, N., Memmott, J., van der Putten, W.H.,
van Veen, F.J.F. & Thébault, E. (2011) The ecological and evolutionary implications of
merging different types of networks. Fcology Letters, 14, 1170-1181.

Gauzens, B., Thébault, E., Lacroix, G. & Legendre, S. (2015) Trophic groups and modules:
two levels of group detection in food webs. Journal of The Royal Society Interface, 12,
20141176.

Godoy, O., Bartomeus, 1., Rohr, R.P. & Saavedra, S. (2018) Towards the integration of niche
and network theories. Trends in Ecology € FEvolution, 33, 287-300.

Gémez, J.M., Verda, M. & Perfectti, F. (2010) Ecological interactions are evolutionarily
conserved across the entire tree of life. Nature, 465, 918-921.

29



Gratton, C. & Denno, R.F. (2003) Seasonal shift from bottom-up to top-down impact in
phytophagous insect populations. Oecologia, 134, 487-495.

Gravel, D., Massol, F., Canard, E., Mouillot, D. & Mouquet, N. (2011) Trophic theory of
island biogeography. FEcology Letters, 14, 1010-1016.

Guimera, R. & Amaral, L.A.N. (2005a) Cartography of complex networks: modules and
universal roles. Journal of Statistical Mechanics, 2, P02001.

Guimera, R. & Amaral, L.A.N. (2005b) Functional cartography of complex metabolic net-
works. Nature, 433, 895-900.

Hairston, N.G., Jr & Hairson, N.G., Sr (1993) Cause-effect relationships in energy-flow,
trophic structure, and interspecific interactions. The American Naturalist, 142, 379-411.

Hammill, E., Kratina, P., Vos, M., Petchey, O.L. & Anholt, B.R. (2015) Food web persistence
is enhanced by non-trophic interactions. Oecologia, 178, 549-556.

Hastings, A. & Powell, T. (1991) Chaos in a three species food chain. Ecology, 72, 896-903.

Holt, R. (1997) Community modules. Multitrophic interactions in terrestrial systems (eds.
A.C. Gange & V.K. Brown), pp. 333-350. Blackwell Science, Oxford, UK.

Holt, R. (2010) Toward a trophic island biogeography. The theory of island biogeography re-
visited (eds. J.B. Losos & R.E. Ricklefs), pp. 143-185. Princeton University Press, Prince-
ton.

Holt, R.D. & Kotler, B.P. (1987) Short-term apparent competition. The American Naturalist,
130, 412-430.

Hutchinson, M.C., Gaiarsa, M.P. & Stouffer, D.B. (2018) Contemporary ecological interac-
tions improve models of past trait evolution. Systematic Biology, 0, 1-13.

Janzen, D.H. & Martin, P.S. (1982) Neotropical anachronisms: the fruits the gomphotheres
ate. Science, 215, 19-27.

Johnson, J.C., Borgatti, S.P., Luczkovich, J.J. & Everett, M.G. (2001) Network role analysis
in the study of food webs: an application of regular role coloration. Journal of Social
Structure, 2, online only.

Johnson, S.D. & Steiner, K.E. (2000) Generalization versus specialization in plant pollination
systems. Trends in FEcology € Evolution, 15, 140-143.

Jolliffe, I.T. (2002) Principal component analysis. Springer-Verlag, New York, 2nd edn.

Jordén, F., Benedek, Z. & Podani, J. (2007) Quantifying positional importance in food webs:
a comparison of centrality indices. Ecological Modelling, 205, 270-275.

Jordan, F., Liu, W., Davis, A.J. & Memmott, J. (2006) Topological keystone species: mea-~
sures of positional importance in food webs. Oikos, 112, 535-546.

30



Jordan, F. & Scheuring, 1. (2002) Searching for keystones in ecological networks. Qikos, 99,
607-612.

Junker, R.R., Bliithgen, N., Brehm, T., Binkenstein, J., Paulus, J., Schaefer, H.M. & Stang,
M. (2013) Specialization on traits as basis for the niche-breadth of flower visitors and as
structuring mechanism of ecological networks. Functional Ecology, 27, 329-341.

Kaiser-Bunbury, C.N., Muff, S.; Memmott, J., Miiller, C.B. & Caflisch, A. (2010) The
robustness of pollination networks to the loss of species and interactions: a quantitative
approach incorporating pollinator behaviour. Ecology Letters, 13, 442—452.

Kéfi, S., Miele, V., Wieters, E.A., Navarrete, S.A. & Berlow, E.L. (2016) How structured is
the entangled bank? The surprisingly simple organization of multiplex ecological networks
leads to increased persistence and resilience. PLOS Biology, 14, e1002527.

Kirkpatrick, S., Gelatt, C.D. & Vecchi, M.P. (1982) Optimization by simulated annealing.
Science, 220, 671-680.

Kling, G.W., Fry, B. & O’Brien, W.J. (1992) Stable isotopes and planktonic trophic structure
in Arctic lakes. FEcology, 73, 561-566.

Knop, E., Zoller, L., Ryser, R., Gerpe, C., Horler, M. & Fontaine, C. (2017) Artificial light
at night as a new threat to pollination. Nature, 548, 206-209.

Kolar, C.S. & Lodge, D.M. (2001) Progress in invasion biology: predicting invaders. Trends
in FEcology € Evolution, 16, 199-204.

Kondoh, M. (2008) Building trophic modules into a persistent food web. Proceedings of the
National Academy of Sciences of the United States of America, 105, 16631-16635.

Lai, S.M., Liu, W.C. & Jordan, F. (2012) On the centrality and uniqueness of species from
the network perspective. Biology Letters, 8, 570-573.

Laws, A.N. & Joern, A. (2013) Predator-prey interactions in a grassland food chain vary
with temperature and food quality. Oikos, 122, 977-986.

Layman, C.A. & Allgeier, J.E. (2012) Characterizing trophic ecology of generalist consumers:
a case study of the invasive lionfish in the Bahamas. Marine Ecology Progress Series, 448,
131-141.

Lefevre, T., Lebarbenchon, C., Gauthier-Clerc, M., Missé, D., Poulin, R. & Thomas, F.
(2009) The ecological significance of manipulative parasites. Trends in Ecology € Evolu-
tion, 24, 41-48.

Leong, M., Ponisio, L.C., Kremen, C., Thorp, R.W. & Roderick, G.K. (2015) Temporal
dynamics influenced by global change: bee community phenology in urban, agricultural,
and natural landscapes. Global Change Biology, 22, 1046-1053.

Levine, S. (1980) Several measures of trophic structure applicable to complex food webs.
Journal of Theoretical Biology, 83, 195-207.

31



Lindeman, R.L. (1942) The trophic-dynamic aspect of ecology. Ecology, 23, 399-417.

Luczkovich, J.J., Borgatti, S.P., Johnson, J.C. & Everett, M.G. (2003) Defining and measur-
ing trophic role similarity in food webs using regular equivalence. Journal of Theoretical
Biology, 220, 303-321.

Maglianesi, M.A., Bliithgen, N., Béhning-Gaese, K. & Schleuning, M. (2014) Morphological
traits determine specialization and resource use in plant-hummingbird networks in the
neotropics. FEcology, 95, 3325-3334.

Martinez, N.D. (1991) Artifacts or attributes? Effects of resolution on the Little Rock Lake
food web. FEcological Monographs, 61, 367-392.

McCann, K.S., Rasmussen, J.B. & Umbanhowar, J. (2005) The dynamics of spatially coupled
food webs. Ecology Letters, 8, 513-523.

McKinnon, L., Berteaux, D., Gauthier, G. & Béty, J. (2013) Predator-mediated interactions
between preferred, alternative and incidental prey in the arctic tundra. Oikos, 122, 1042—
1048.

Mello, M.A.R., Marquitti, F.M.D., Guimaraes, P.R., Jr, Kalko, E.K.V., Jordano, P. &
de Aguiar, M.A.M. (2011) The modularity of seed dispersal: differences in structure and
robustness between bat- and bird-fruit networks. Oecologia, 167, 131-140.

Mello, M.A.R., Rodrigues, F.A., Costa, L.F., Kissling, W.D., Sekercioglu, C.H., Marquitti,
F.M.D. & Kalko, E.K.V. (2015) Keystone species in seed dispersal networks are mainly
determined by dietary specialization. Oikos, 124, 1031-1039.

Memmott, J., Craze, P.G., Waser, N.M. & Price, M.V. (2007) Global warming and the
disruption of plant-pollinator interactions. Fcology Letters, 10, 710-717.

Memmott, J., Waser, N.M. & Price, M.V. (2004) Tolerance of pollination networks to species
extinctions. Proceedings of the Royal Society of London B: Biological Sciences, 271, 2605—
2611.

Milo, R., Shen-Orr, S.; Itzkovitz, S., Kashtan, N., Chklovskii, D. & Alon, U. (2002) Network
motifs: simple building blocks of complex networks. Science, 298, 824-827.

Naeem, S. (1998) Species redundancy and ecosystem reliability. Conservation Biology, 12,
39-45.

Neubert, M.G. & Caswell, H. (1997) Alternatives to resilience for measuring the responses
of ecological systems to perturbations. Fcology, 78, 653—665.

Neutel, A.M., Heesterbeek, J.A.P. & de Ruiter, P.C. (2002) Stability in real food webs: weak
links in long loops. Science, 296, 1120-1123.

Newsome, S.D., Yeakel, J.D., Wheatley, P.V. & Tinker, M.T. (2012) Tools for quantifying
isotopic niche space and dietary variation at the individual and population level. Journal
of Mammalogy, 93, 329-341.

32



Nilsson, K.A. & McCann, K.S. (2016) Interaction strength revisited-clarifying the role of
energy flux for food web stability. Theoretical Ecology, 9, 59-71.

Odegaard, F. (2006) Host specificity, alpha- and beta-diversity of phytophagous beetles in
two tropical forests in Panama. Biodiversity and Conservation, 15, 83-105.

Olden, J.D., Poff, N.L.R., Douglas, M.R., Douglas, M.E. & Fausch, K.D. (2004) Ecological
and evolutionary consequences of biotic homogenization. Trends in Ecology € Evolution,
19, 18-24.

Olesen, J.M., Bascompte, J., Dupont, Y.L., Elberling, H., Rasmussen, C. & Jordano, P.
(2011) Missing and forbidden links in mutualistic networks. Proceedings of the Royal
Society B: Biological Sciences, 278, 725-732.

Olesen, J.M., Bascompte, J., Dupont, Y.L. & Jordano, P. (2007) The modularity of polli-
nation networks. Proceedings of the National Academy of Sciences of the United States of
America, 104, 19891-19896.

Olesen, J.M., Bascompte, J., Elberling, H. & Jordano, P. (2008) Temporal dynamics in a
pollination network. Ecology, 89, 1573-1582.

Ollerton, J., Alarcén, R., Waser, N.M., Price, M.V., Watts, S., Cranmer, L., Hingston, A.,
Peter, C.I. & Rotenberry, J. (2009) A global test of the pollination syndrome hypothesis.
Annals of Botany, 103, 1471-1480.

O’'Reilly, C.M., Hecky, R.E., Cohen, A.S. & Plisnier, P.D. (2002) Interpreting stable isotopes
in food webs: recognizing the role of time averaging at different trophic levels. Limnology
and Oceanography, 47, 306-309.

Paine, R.T. (1966) Food web complexity and species diversity. The American Naturalist,
100, 65-75.

Peralta, G. (2016) Merging evolutionary history into species interaction networks. Functional
Ecology, 30, 1917-1925.

Petchey, O.L., Beckerman, A.P., Riede, J.O. & Warren, P.H. (2008) Size, foraging, and food
web structure. Proceedings of the National Academy of Sciences of the United States of
America, 105, 4191-4196.

Petchey, O.L. & Gaston, K.J. (2002) Functional diversity (FD), species richness and com-
munity composition. Ecology Letters, 5, 402—411.

Peterson, A.T. (2011) Ecological niche conservatism: a time-structured review of evidence.
Journal of Biogeography, 38, 817-827.

Peterson, B.J. & Fry, B. (1987) Stable isotopes in ecosystem studies. Annual Review of
Ecology and Systematics, 18, 293-320.

Phillips, D.L. & Gregg, J.W. (2003) Source partitioning using stable isotopes: coping with
too many sources. Oecologia, 136, 261-269.

33



Pimm, S.L., Lawton, J.H. & Cohen, J.E. (1991) Food web patterns and their consequences.
Nature, 350, 669-674.

Plank, M.J. & Law, R. (2011) Ecological drivers of stability and instability in marine ecosys-
tems. Theoretical Ecology, 5, 465-480.

Pocock, M.J.O., Evans, D.M. & Memmott, J. (2012) The robustness and restoration of a
network of ecological networks. Science, 335, 973-978.

Poisot, T., Stouffer, D.B. & Gravel, D. (2015) Beyond species: why ecological interaction
networks vary through space and time. Oikos, 124, 243-251.

Polis, G.A., Myers, C.A. & Holt, R.D. (1989) The ecology and evolution of intraguild preda-
tion: potential competitors that eat each other. Annual Review of Ecology and Systematics,
20, 297-330.

Polishchuk, L.V., Vijverberg, J., Voronov, D.A. & Mooij, W.M. (2013) How to measure
top-down vs bottom-up effects: A new population metric and its calibration on Daphnia.
Oikos, 122, 1177-1186.

Ponisio, L.C., Gaiarsa, M.P. & Kremen, C. (2017) Opportunistic attachment assembles
plant-pollinator networks. Fcology Letters, 20, 1261-1272.

Post, D.M. (2002) The long and short of food-chain length. Trends in Ecology €& Evolution,
17, 269-277.

Poulin, R., Krasnov, B.R., Pilosof, S. & Thieltges, D.W. (2013) Phylogeny determines the
role of helminth parasites in intertidal food webs. Journal of Animal Ecology, 82, 1265—
1275.

Power, M.E. (1992) Top-down and bottom-up forces in food webs: do plants have primacy.
Ecology, 73, 733-746.

Reiss, J., Bridle, J.R., Montoya, J.M. & Woodward, G. (2009) Emerging horizons in biodi-
versity and ecosystem functioning research. Trends in FEcology € Evolution, 24, 505-514.

Rezende, E.L., Albert, E.M., Fortuna, M.A. & Bascompte, J. (2009) Compartments in a
marine food web associated with phylogeny, body mass, and habitat structure. Fcology
Letters, 12, 7T79-788.

Rohr, R.P. & Bascompte, J. (2014) Components of phylogenetic signal in antagonistic and
mutualistic networks. The American Naturalist, 184, 556-564.

Rohr, R.P., Naisbit, R.E., Mazza, C. & Bersier, L.F. (2016) Matching—centrality decompo-
sition and the forecasting of new links in networks. Proceedings of the Royal Society B:
Biological Sciences, 283, 20152702.

Rohr, R.P., Saavedra, S. & Bascompte, J. (2014) On the structural stability of mutualistic
systems. Science, 345, 1253497.

34



Rohr, R.P., Scherer, H., Kehrli, P., Mazza, C. & Bersier, L.F. (2010) Modeling food webs:
exploring unexplained structure using latent traits. The American Naturalist, 176, 170—
177.

Rosenfeld, J. (2002) Functional redundancy in ecology and conservation. Oikos, 98, 156-162.

Sanders, D., Sutter, L. & van Veen, F.J.F. (2013) The loss of indirect interactions leads to
cascading extinctions of carnivores. Ecology Letters, 16, 664—669.

Schleuning, M., Ingmann, L., Strauf}, R., Fritz, S.A., Dalsgaard, B., Dehling, D.M., Plein, M.,
Saavedra, F., Sandel, B., Svenning, J.C., Béhning-Gaese, K. & Dormann, C.F. (2014) Eco-
logical, historical and evolutionary determinants of modularity in weighted seed-dispersal
networks. FEcology Letters, 17, 454-463.

Siepielski, A.M., Hung, K.L., Bein, E.E.B. & McPeek, M.A. (2010) Experimental evidence
for neutral community dynamics governing an insect assemblage. Fcology, 91, 847-857.

Stang, M., Klinkhamer, P.G.L., Waser, N.M., Stang, I. & van der Meijden, E. (2009) Size-
specific interaction patterns and size matching in a plant-pollinator interaction web. An-
nals of Botany, 103, 1459-1469.

Stiles, F.G. (1975) Ecology, flowering phenology, and hummingbird pollination of some Costa
Rican Heliconia species. Ecology, 56, 285-301.

Stouffer, D.B., Sales-Pardo, M., Sirer, M.I. & Bascompte, J. (2012) Evolutionary conserva-
tion of species’ roles in food webs. Science, 335, 1489-1492.

Stouffer, D.B. (2010) Scaling from individuals to networks in food webs. Functional Ecology,
24, 44-51.

Stouffer, D.B., Camacho, J. & Amaral, L.A.N. (2006) A robust measure of food web inter-
vality. Proceedings of the National Academy of Sciences of the United States of America,
103, 19015-19020.

Stouffer, D.B., Camacho, J., Jiang, W. & Amaral, L.A.N. (2007) Evidence for the existence
of a robust pattern of prey selection in food webs. Proceedings of the Royal Society B:
Biological Sciences, 274, 1931-1940.

Stouffer, D.B., Cirtwill, A.R. & Bascompte, J. (2014) How exotic plants integrate into pol-
lination networks. Journal of Ecology, 102, 1442-1450.

Stouffer, D.B., Rezende, E.L. & Amaral, L..A.N. (2011) The role of body mass in diet conti-
guity and food-web structure. Journal of Animal Ecology, 80, 632-639.

Thébault, E. & Fontaine, C. (2010) Stability of ecological communities and the architecture
of mutualistic and trophic networks. Science, 329, 853-856.

Thompson, R.M. & Townsend, C.R. (2005) Food-web topology varies with spatial scale in a
patchy environment. Ecology, 86, 1916-1925.

35



Thompson, R.M., Brose, U., Dunne, J.A., Hall, R. O., Jr, Hladyz, S., Kitching, R.L., Mar-
tinez, N.D., Rantala, H., Romanuk, T.N., Stouffer, D.B. & Tylianakis, J.M. (2012) Food
webs: reconciling the structure and function of biodiversity. Trends in Ecology € Evolu-
tion, 27, 689-697.

Thompson, R.M., Hemberg, M., Starzomski, B.M. & Shurin, J.B. (2007) Trophic levels and
trophic tangles: the prevalence of omnivory in real food webs. Ecology, 88, 612-617.

Thompson, R.M. & Townsend, C.R. (2000) Is resolution the solution?: The effect of tax-
onomic resolution on the calculated properties of three stream food webs. Freshwater
Biology, 44, 413-422.

Tilman, D. (2001) Functional diversity. Encyclopedia of Biodiversity (eds. S.A. Levin, R. Col-
well, G. Daily, J. Lubchenco, H.A. Mooney, E.D. Schulze & G.D. Tilman), vol. 3, pp.
109-120. Academic Press, San Diego, CA.

Vander Zanden, H.B., Tucker, A.D., Hart, K.M., Lamont, M.M., Fujisaki, I., Addison, D.S.,
Mansfield, K.L., Phillips, K.F., Wunder, M.B., Bowen, G.J., Pajuelo, M., Bolten, A.B.
& Bjorndal, K.A. (2015) Determining origin in a migratory marine vertebrate: a novel
method to integrate stable isotopes and satellite tracking. Ecological Applications, 25,
320-335.

Vander Zanden, M.J. & Rasmussen, J.B. (1996) A trophic position model of pelagic food
webs: impact on contaminant bioaccumulation in lake trout. Fcological Monographs, 66,
451-477.

Vazquez, D.P., Morris, W.F. & Jordano, P. (2005) Interaction frequency as a surrogate for
the total effect of animal mutualists on plants. FEcology Letters, 8, 1088-1094.

Vermaat, J.E., Dunne, J.A. & Gilbert, A.J. (2009) Major dimensions in food-web structure
properties. Fcology, 90, 278-282.

Waser, N.M., Chittka, L., Price, M.V., Williams, N.M. & Ollerton, G. (1996) Generalization
in pollination systems, and why it matters. Fcology, 77, 1043-1060.

White, D.R. & Borgatti, S.P. (1994) Betweenness centrality measures for directed graphs.
Social Networks, 16, 335-346.

White, D.R. & Reitz, K.P. (1983) Graph and semigroup homomorphisms on networks of
relations. Social Networks, 5, 193-234.

Williams, R.J. (2008) Effects of network and dynamical model structure on species persis-
tence in large model food webs. Theoretical FEcology, 1, 141-151.

Williams, R.J., Anandanadesan, A. & Purves, D. (2010) The probabilistic niche model re-
veals the niche structure and role of body size in a complex food web. PLoS ONE, 5,
e12092.

36



Williams, R.J. & Martinez, N.D. (2000) Simple rules yield complex foodwebs. Nature, 404,
180-183.

Williams, R.J. & Martinez, N.D. (2004) Limits to trophic levels and omnivory in complex
food webs: theory and data. The American Naturalist, 163, 458—-468.

Wolf, L.L., Stiles, F.G. & Hainsworth, F.R. (1976) Ecological organization of a tropical,
highland hummingbird community. Journal of Animal Ecology, 45, 349-379.

Woodward, G., Ebenman, B., Emmerson, M., Montoya, J.M., Olesen, J.M., Valido, A. &
Warren, P.H. (2005) Body size in ecological networks. Trends in Ecology € Evolution, 20,
402-409.

Wootton, J.T. (1994) The nature and consequences of indirect effects in ecological commu-
nities. Annual Review of Ecology and Systematics, 25, 443—466.

Wootton, J.T. (1997) Estimates and tests of per capita interaction strength: diet, abundance,
and impact of intertidally foraging birds. Fcological Monographs, 67, 45—64.

Wootton, J.T. (2005) Field parameterization and experimental test of the neutral theory of
biodiversity. Nature, 433, 309-312.

Wootton, K.L. & Stouffer, D.B. (2016) Many weak interactions and few strong; food-web
feasibility depends on the combination of the strength of species’ interactions and their
correct arrangement. Theoretical Ecology, 9, 185-195.

Yodzis, P. & Winemiller, K.O. (1999) In search of operational trophospecies in a tropical
aquatic food web. Oikos, 87, 327-340.

Zabalo, J. (2012) Permanence in an intraguild predation model with prey switching. Bulletin
of Mathematical Biology, 74, 1957-1984.

Zook, A.E., Eklof, A., Jacob, U. & Allesina, S. (2011) Food webs: ordering species according
to body size yields high degree of intervality. Journal of Theoretical Biology, 271, 106-113.

37



