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ABSTRACT

Understanding the consequences of species loss in complex ecological communities is one of the great challenges in
current biodiversity research. For a long time, this topic has been addressed by traditional biodiversity experiments.
Most of these approaches treat species as trait-free, taxonomic units characterizing communities only by species number
without accounting for species traits. However, extinctions do not occur at random as there is a clear correlation between
extinction risk and species traits. In this review, we assume that large species will be most threatened by extinction
and use novel allometric and size-spectrum concepts that include body mass as a primary species trait at the levels of
populations and individuals, respectively, to re-assess three classic debates on the relationships between biodiversity and
(2) food-web structural complexity, (zz) community dynamic stability, and (zzz) ecosystem functioning. Contrasting current
expectations, size-structured approaches suggest that the loss of large species, that typically exploit most resource species,
may lead to future food webs that are less interwoven and more structured by chains of interactions and compartments.
The disruption of natural body-mass distributions maintaining food-web stability may trigger avalanches of secondary
extinctions and strong trophic cascades with expected knock-on effects on the functionality of the ecosystems. Therefore,
we argue that it is crucial to take into account body size as a species trait when analysing the consequences of
biodiversity loss for natural ecosystems. Applying size-structured approaches provides an integrative ecological concept
that enables a better understanding of each species’ unique role across communities and the causes and consequences
of biodiversity loss.

*Address for correspondence (Tel.: 449 (0) 341 97 33205; E-mail: ulrich.brose@idiv.de; ubrose@gwdg.de).
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I. INTRODUCTION

(1) Extinctions, traditional biodiversity sciences
and open questions

The world’s ecosystems are currently exposed to species
extinctions at a higher rate than ever before (Barnosky
etal., 2011) leading to projected strong decreases in their
biodiversity (Pereira etal., 2010). This biodiversity crisis has
motivated intensive debates about how biodiversity losses will
affect natural species communities concerning their food-web
structure (often referred to as complexity), dynamic stability,
ecosystem functioning and the subsequent provisioning of
ecosystem services. Traditionally, these questions have been
tackled by detailed descriptions of specific communities
that assign each species its taxonomic Latin binomial.
Subsequently, the functional role (for example, trophic level
in Fig. 1) is described individually for each species in the
community (Fig. 1A). This allows the creation of interaction
networks (networks connecting species by their interactions
such as feeding), in which the species have defined positions
(Fig. 1B). However, neither the taxonomic identity of the
species nor its trophic level predicts any specific links among
species thus yielding random networks (Fig. 1B). Hence,
these traditional biodiversity approaches assess community
differences by species richness and predict the consequences
of species loss by averaging across species without accounting

for their traits. We can illustrate this point by an example
of the functional consequences of losing 5 species from
a community of 40 species. Under the assumption of
random species loss and without knowledge of species traits,
predictions equal the average across all combinations of
five species that could potentially be lost. Such simplified
traditional biodiversity research has identified important
natural and anthropogenic effects on biodiversity, but has
hampered a mechanistic understanding of the consequences
of biodiversity loss across ecosystems by ignoring species’
traits.

(2) Body size as a dominant trait and vulnerability
to extinction

This line of research has led to the conclusion that one
of the key challenges in biodiversity research is how to
include general species traits in biodiversity models and
concepts. In this vein, recent biodiversity theory has started
to include body size as a dominant species trait to predict
the number of species in phylogenetic groups or along global
gradients (Gillooly & Allen, 2007; Reuman etal., 2014).
These results suggest that the consequences of extinctions
may also depend on the size of the species that are lost. The
current changes in biodiversity by species extinctions often
stem from anthropogenic activities such as overharvesting,
destruction of habitats and pollution (Purvis etal., 2000),
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Fig. 1. Three approaches to ecological community description. Latin numbers are used for functional traits, e.g. trophic levels. (A)
The taxonomic approach categorizes trophic levels of species according to taxonomy (unique colour code), yielding (B) networks of
species (nodes) and their interactions (links between nodes) with randomly distributed trophic levels. (C) The allometric approach
orders species according to their body mass based on allometric (often power-law) scaling, creating (D) interaction networks
exhibiting increasing body masses (and scaling of associated traits) with trophic levels. (E) The size-spectrum approach either lumps
all individuals across species in distinct size bins (community-level size spectra, grey dots) or separates species according to taxonomy
and size class (species-level size spectra, coloured dots), resulting in (F) networks with species occupying different trophic levels across
size classes. Note that all panels have the same number of (coloured) non-basal species.

and species’ abilities to cope with these threats are in
turn dictated by their biological traits. Certain key traits
are likely to influence extinction vulnerability: in particular
high trophic level, large home ranges, slow reproduction
rates and low population density have been identified to
increase the probability of extinction (Gaston & Blackburn,
1995; McKinney, 1997; Purvis etal., 2000; Cardillo, 2003;
Cardillo etal., 2005; Olden, Hogan & Vander Zanden,
2007; Davidson etal., 2009; Binzer etal., 2011; Lee & Jetz,
2011). Most of these traits are strongly correlated with body
size: species with a large body size are often positioned at
high trophic levels, require large home ranges, have slow
reproduction rates, and are found at lower densities (Brown
etal., 2004; White et al., 2007; Riede et al., 201 1b; Tamburello,
Coté & Dulvy, 2015). Despite interesting exceptions such
as habitat specialists or species with extreme sensitivity
to environmental pollutants, a majority of recent findings
illustrate that biodiversity loss should be a non-random
process during which extinction likelihood increases with
body size (Johnson, 2002; Cardillo etal., 2005; Olden etal.,
2007; Gill etal., 2009; Rule et al., 2012; Sallan & Galimberti,
2015). Accordingly, the current extinction wave may cause
a deconstruction of natural communities (de Ruiter etal.,
2005) removing species sequentially from the largest to
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the smallest. The ideas and concepts of this review are
based on this assumption that extinction risk increases with
body size. We explore the consequences of biodiversity loss
under two different concepts that include body size as a
dominant species trait (hereafter: size-structured concepts):
the allometric (using average body masses at the species level)
and the size-spectrum approach (using body masses at the
level of individuals). These two size-structured approaches
as well as the traditional, taxonomic approach generate
different network structures of communities (Fig. 1) and
make diverging predictions of the consequences of species
extinctions.

(3) The allometric approach

The allometric approach applies scaling relationships
between species traits such as metabolic or growth rates
and their average body mass (Peters, 1983; Brown etal.,
2004; Brose, 2010). To balance the metabolic energy
requirements, the overall feeding rates (across all interactions)
of many organisms also follow similar allometric scaling
relationships (e.g. Wahlstrom ez al., 2000; Aljetlawi, Sparrevik
& Leonardsson, 2004; Brose etal., 2008; Rall etal., 2012).
These energetic constraints mean that the average body sizes
of species also determine their feeding links (who consumes
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whom) in natural food webs (Warren et al., 2005; Woodward
etal., 2005; Petchey etal, 2008; Arim etal, 2010; Eklof
etal., 2013) and the strengths of their pairwise interactions
describe how much is consumed through specific interactions
(Emmerson & Raffaelli, 2004; Brose ezal., 2008; Kalinkat
etal., 2013). Across ecosystem types, increasing average body
sizes of species are thus correlated with their functional
roles such as trophic levels (Riede etal, 20115; Fig. 1C)
and the number of links to consumers and resources (Otto,
Rall & Brose, 2007; Digel, Riede & Brose, 2011; Thierry
etal., 2011b). Additionally, optimal foraging models can use
consumer and resource body masses to predict specific links
among species (Petchey etal., 2008, 2011). Based on these
principles, the allometric approach uses species-averaged
body masses to predict not only trophic levels (Fig. 1C)
but also specific interactions among species composing the
network structure of the communities (Fig. 1D) and the
strength of each of these interactions. Here, we will focus on
population-level interaction strengths that multiply per capita
interaction strengths of average individuals with population
abundance (see Berlow ezal., 2009 for details). We illustrate
how this allometric concept can predict the consequences of
species loss by employing species-averaged body masses as a
dominant trait.

(4) The size-spectrum approach

The size-spectrum approach, which has mainly been
employed in marine ecology, is based on the notion that
body size is an individual property and not a property
of a species. This is due to the fact that species grow
across several size classes from offspring to adult size and
therefore individuals may experience transitions between
markedly different trophic levels over their ontogenetic
development (Werner & Gilliam, 1984; Pimm & Rice,
1987; Davis etal., 2011; Rudolf & Rasmussen, 2013). For
these organisms, it may be inappropriate to ascribe a
body size to the species as it is the size of the individual
that determines characteristics such as metabolic rate and
predator—prey relationships. Hence, in the community
size-spectrum approach, individuals are grouped into size
classes independent of their taxonomic identity (Sheldon
& Parsons, 1967; Andersen & Beyer, 2006; Reuman etal.,
2008; shown as grey dots for individuals in Fig. 1E). More
recently, species-level size-spectrum approaches have started
to analyse the distribution of traits such as trophic levels across
size classes for taxonomically defined species independently
(Boudreau & Dickie, 1989; Andersen & Beyer, 2006; Hartvig,
Andersen & Beyer, 2011). The growth of species through
several size classes causes ontogenetic niche shifts in diet
breadth and trophic levels (de Roos & Persson, 2001, 2013;
Rudolf & Rasmussen, 2013; Hartvig & Andersen, 2013; see
Fig. 1E, coloured dots indicating that species occur in several
size classes). In consequence, this yields interaction networks
in which species occur several times at different trophic levels
according to their size classes (Fig. 1F). This implies that the
consequences of species loss can be predicted by knowledge
of the size classes of the ontogenetic stages of the species.
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Below, we review the three major debates addressing
the consequences of biodiversity loss for the structure
(Section II), stability (Section III) and functioning (Section
IV) of natural communities. We add a novel aspect to
these debates by comparing predictions of taxonomic,
allometric and size-spectrum concepts. Synthesizing these
concepts highlights novel research agendas at their
Intersections.

II. BIODIVERSITY LOSS AND COMMUNITY
STRUCTURAL COMPLEXITY

(1) Traditional diversity—complexity relationships

The structural complexity of ecological communities is often
described by two main parameters: the number of species
and the number of trophic (i.e. feeding) interactions. Here,
we refer to the number of species as biodiversity and to
the number of feeding interactions as the complexity of
the community. The key role of trophic interactions as one
of the central organizing concepts in community ecology
explains the continuous interest in topological community
descriptions among ecologists. Pioneering food-web studies
described how trophic links among species compose complex
networks (Cohen, 1978; Pimm, 1982). Since then, many
network variables have been proposed based on the number
of nodes and the number of links between them to allow
for ecologically meaningful comparisons among different
food webs across a variety of systems (Martinez, 1991;
Dunne, 2005; Riede etal., 2010; Thompson etal., 2012).
While classic studies assumed that linkage density (i.e. the
number of links per species; Cohen & Briand, 1984) or
connectance (i.e. the proportion of possible links realized,;
Martinez, 1992) should be constant, recent comparisons,
using more detailed data on food webs, suggested that both
complexity parameters vary with diversity (Schmid-Araya
etal.,2002; Riede et al., 2010). More specifically, communities
of lower diversity are characterized by lower linkage density
but higher connectance (Schmid-Araya etal., 2002; Riede
etal., 2010). This apparent paradox finds its explanation
in a power-law increase in the number of links with
diversity exhibiting an empirical exponent higher than one
(implying that the number of links per species increases with
increasing diversity) but lower than two (yielding decreases in
connectance with increasing diversity; for details see Riede
etal., 2010). In consequence, this suggests that species loss
(lustrated by the randomly chosen red node in Fig. 2A) is
associated with the loss of links (red links in Fig. 2B), with
the remaining species (non-red nodes in Fig. 2A) having on
average fewer links to other species while the food web should
have a higher connectance (Fig. 2B). However, these studies
compare empirical food webs of different species richness and
their predictions are based on averages across all species and
do not account for unequal extinction probabilities. Hence,
these predictions are unlikely to hold for the deconstruction
of complexity following real species losses.

Biological Reviews 92 (2017) 684—697 © 2016 Cambridge Philosophical Society
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Fig. 2. Effects of species loss on structural complexity and community stability. Species loss (red node) causes loss of links (red links)
to other species, which changes the complexity (number of links and connection probability) of the networks. A number of species is
affected indirectly (nodes with red circles), which can lead to their dynamic instability and secondary extinction. These effects differ
under the taxonomic approach (A, B), the allometric approach (C, D) and the size-spectrum approach (E, I). The species removed
is randomly chosen under the taxonomic approach (A), the largest species under the allometric approach (C), and the species with
the largest adults (all juvenile nodes are also removed) under the size-spectrum approach (E).

(2) Allometric concepts of structural complexity

Trophic interactions are to a large extent dictated by species
traits. Pioneering studies documented the explicit importance
of species body masses for the formation of predator—prey
interactions in food webs (Warren & Lawton, 1987; Cohen
etal., 1993). Subsequently, these patterns were generalized
across ecosystems and different species groups to show that
(2) predator and prey masses are systematically correlated
(Brose etal., 2006a; Barnes etal., 2010; Riede etal., 20115),
() predator body masses increase with trophic level, and (iz2)
the ratio between predator and prey body masses decreases
with trophic level with specific slopes for each ecosystem
type (Riede etal., 20115). Together, these findings suggest
that consumers become progressively larger from the base to
the top of food webs but more similarly sized to their prey (as
indicated by the increasing size of the nodes in Fig. 2B). Thus,
the loss of large top predators should decrease the average
body masses of the species in the food web, but surprisingly
it should also increase the average predator—prey body-mass
ratios. This would yield communities of smaller species that
have a higher size difference to their prey.

Moreover, the number of interactions a species possesses
tends to vary with body size. This linkage density of a species
can be described using different measurements: general-
ity describes the number of ingoing links to prey species,
vulnerability describes the number of outgoing links to

Biological Reviews 92 (2017) 684697 © 2016 Cambridge Philosophical Society

consumer species, and degree (linkedness) describes the sum
of all ingoing and outgoing links (Dunne, 2005). Allometric
degree distributions describe how these measurements of
linkage density (generality, vulnerability and degree) scale
with species body mass, irrespective of taxonomy or other
traits (Otto et al., 2007). Analyses of a large number of empir-
ical food webs revealed increasing generality and decreasing
vulnerability with the average body mass of a species as a
general pattern (Otto etal., 2007; Digel etal., 2011; Thierry
etal.,2011b; Yvon-Durocher etal., 201 1¢). These patterns find
their explanation in several potential mechanisms, including
(2) that the number of (smaller) resources available increases
with consumer body mass, (i) an increasing fundamen-
tal, physiological generality of larger consumers, and (uz) the
larger space that large consumers sample for resources. These
allometric degree distributions imply that natural food webs
possess a specific architecture: large top predators have a
wide prey spectrum and small basal species have a wide con-
sumer spectrum. Despite some exceptions (e.g. specialized
parasitic top predators), this body-mass signature seems to be
consistent across both different ecosystem types and organism
groups (Riede et al., 20115) although predator—prey body-size
relationships also depend on feeding behaviour (Klecka &
Boukal, 2013) and on predator and prey phylogeny (Nais-
bit etal., 2011). These empirical patterns across communities
suggest that the loss of the largest species with the highest link-
age density (red node in Fig. 2C) should result in a decrease
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of food-web complexity (red links in Fig. 2D). Additionally,
these large top predators usually distribute their trophic links
across prey of different trophic levels (Fig. 2D, red links)
thus creating a web-like network structure with short path-
ways between different populations. In consequence, after
the loss of these highly linked top predators, future food webs
should be less interwoven by links across trophic levels, more
structured by chains of interactions and compartments, and
generally have lower trophic levels (Fig. 2C, D).

Not only the number but also the identities of feeding
interactions are strongly dependent on species body masses
(Rohr etal., 2010; EKIOf etal., 2013). Understanding the role
of body-mass distributions in defining species interactions
can therefore give us valuable insights into the organization
of ecological networks (Stouffer, Rezende & Amaral, 2011).
A community-wide structural measurement that has gained
much interest in food-web research is intervality, expressing
that all species can be ordered in such a way that all
consumers feed on a non-interrupted interval of prey species
(the interval does not include any prey that is not consumed).
This characteristic has been employed as a central rule
in commonly used models for food-web structure (Cohen &
Briand, 1984; Williams & Martinez, 2000). While subsequent
models dropped this assumption (Cattin ¢t al., 2004; Allesina,
Alonso & Pascual, 2008), empirical analyses showed that
natural food webs are close to (but not fully) interval (Stouffer,
Camacho & Amaral, 2006) and identified body size as
an important factor underlying this intervality (Warren &
Lawton, 1987; Cohen, Jonsson & Carpenter, 2003; Stouffer
etal.,2011; Zook etal., 2011). Consistent with these empirical
patterns, laboratory experiments documented that predators
feed within size ranges of potential prey that are limited by
decreasing success rates towards smaller prey (lower chances
of catching prey) and larger prey (lower chances of subduing
prey; Brose etal., 2008; Brose, 2010). Consequently, rigorous
empirical tests documented that consumer and resource body
size are often the most important, although not the only,
species-specific traits explaining the largest proportion of
trophic linkages among species (Rohr etal., 2010; Williams,
Anandanadesan & Purves, 2010; EkIof etal., 2012, 2013).
Some recent approaches used the systematic relationships
between consumer and resource body masses and optimal
foraging theory to develop mechanistic models predicting
the trophic links among species (Petchey etal., 2008, 2011;
Allesina, 2011). These trait-based models can predict the
food-web linkages among populations following the loss of
specific species such as large top predators (Thierry etal.,
2011a). One advantage over prior static food-web models is
that they can account for the re-wiring of trophic links when
consumers switch to new resources after losing others. While
some studies addressed the risk of secondary extinctions
(Curtsdotter etal., 2011; Riede etal., 2011a; Thierry etal.,
2011a), the structural consequences of species loss for natural
communities remain to be explored. In future studies, the
application of allometric and other trait-based food-web
models (Petchey et al., 2008, 2011; Allesina, 2011) to scenarios

of species extinctions offers a generalized and mechanistic
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understanding of how they will affect interaction structure
among the species.

(3) Size-spectrum concepts of structural complexity

As discussed above, recent explorations of food-web
intervality have shown that in natural
communities feed within specific ranges of prey body
masses, which predicts the links among species depending
on their body masses. Yet, the range of intraspecific
variation in body size for many species may muddy the
waters. An analysis of highly resolved food webs showed
that species-based analysis of interactions may obscure
patterns that only emerge when within-species individual
body sizes are employed (Gilljam etal., 2011). Additionally,
relationships between predator body mass and (z) prey
body mass, and (z) predator—prey mass ratio were more
accurately represented when analysing interactions between
individuals instead of species with averaged body sizes
(Gilljam etal., 2011). Adopting an individual-based approach
may thus improve the predictability of empirically observed
community structures. This research agenda is realized by
species-level size-spectrum approaches that simultaneously
group individuals into species and size classes (Hartvig et al.,
2011). The topology is more complex compared to classical
food webs of unstructured populations as the size classes
of a species possess independent sets of links that change
during ontogenetic growth (see the three size classes of the
red species in Fig. 2E). Accordingly, the loss of species with
the largest adult individuals will also lead to the loss of
the juvenile nodes with smaller body sizes and lower trophic
levels (Fig. 2E). Consequently, this causes losses of links across
trophic levels with the most pronounced effect at the highest
trophic levels where species are less redundant (Fig. 2F).
While the predictions concerning the loss of trophic levels
are less clear, species loss in size-spectrum models thus yields
similar conclusions as the allometric models described above
concerning the average linkage density of the species and the
connectance of the food webs.

consumers

(4) Summary: consequences of non-random species
loss for structural complexity

Traditional studies of changes in complexity with biodiversity
employ data across communities that differ in these two
characteristics and demonstrate power-law increases in
connectance with decreasing species richness. This would
imply that species loss should lead to communities with
higher connectance in which species are more interwoven
with each other by their trophic interactions. Accounting
for the fact that species with large body masses are often
most vulnerable to extinctions, allometric and size-spectrum
concepts of biodiversity loss suggest different conclusions.
Given that large species often feed on prey from a wide
size range and thus have a higher number of interactions
than small species, their loss should result in a decrease of
food-web complexity and a dominance of simple chain-like
link structures in food-web compartments.

Biological Reviews 92 (2017) 684—697 © 2016 Cambridge Philosophical Society
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III. BIODIVERSITY LOSS AND COMMUNITY
STABILITY

(1) Diversity—stability relationships

Over several decades, the relationship between the diversity
of food webs and their stability has been central to ecology
(McCann, 2000; Montoya, Pimm & Solé, 2006; Allesina &
Tang, 2012). Stability is higher for natural food webs than
for random networks (Yodzis, 1981; Neutel, Heesterbeek &
de Ruiter, 2002; but see Allesina & Tang, 2012), which
was related to the fact that natural food webs possess
a non-random structure in their topology (Willlams &
Martinez, 2000) and non-random distributions of interaction
strengths across species (de Ruiter, Neutel & Moore,
1995). Overall, these studies documented some surprising
regularities in the way food webs are structured across
different ecosystem types, but the question of how they are
constrained into those stable, non-random configurations
remained unanswered. Concerning the risk of secondary
extinctions as one measure of stability, species deletion
studies unraveled that in particular the loss of the most
connected species (i.e. those that have most interactions
with other species) would severely undermine the structural
integrity of the communities (Sol¢ & Montoya, 2001; Dunne,
Williams & Martinez, 2002). In these taxonomic food-web
models, however, all species have equal or randomly assigned
traits and the likelithood of extinction does not predictably
differ among them. This suggests that effects of extinctions
can potentially occur anywhere in the community while on
average the indirect effects may often be restricted to a local
sphere of a few species that are directly linked (species with
red circles in Fig. 2B).

(2) Allometric concepts of community stability

By contrast, allometric concepts identified aspects of natural
body-mass distributions such as the increase in body masses
with trophic levels as the crucially important structures that
maintain food-web stability (Brose, Williams & Martinez,
20066; Otto etal, 2007; Heckmann etal., 2012). These
empirically supported increases in body masses with the
trophic position of a species (Riede etal., 20115) cause
simultaneous decreases in the per unit biomass rates of
respiration and consumption, which are responsible for
the stabilizing effects of allometry (Kartascheff, Guill &
Drossel, 2009). Similarly, the distribution and correlation
of interaction strengths emerging from size structure and
allometric relations also favour stability (Tang, Pawar &
Allesina, 2014). These results may suggest that the loss of
large-bodied species will most likely imply the most severe
consequences for the stability of natural communities and
also indirect effects on other species may be distributed
across trophic levels (species with red circles in Fig. 2D).
Dynamic food-web model studies demonstrated that the
loss of basal species as well as the loss of large-bodied
top species are most likely to trigger avalanches of secondary
extinctions (Curtsdotter et al., 2011; Riede et al., 201 1a). While
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the consequences of basal loss find their explanation in the
disruption of bottom-up energy supply chains in the food
web (Curtsdotter efal., 2011), the severe consequences of top
predator loss remained more opaque. Potential explanations
include trophic cascades and the lower body masses of
the new top predators that may induce more cyclic and
unstable dynamics. However, these consequences need to
be reconciled with the higher predator—prey body-mass
ratios that result from top-predator loss (see Section II)
that are expected to have a positive effect on community
stability and extinction risks. Future research will thus need to
disentangle these mechanistic consequences of top-predator
loss to provide a general understanding of why and in which
cases it causes avalanches of secondary extinctions.

(3) Size spectra and community stability

In community size-spectrum approaches, body-size-related
traits have a dominant effect on stability: lower mean
preferred predator-to-prey mass ratios, wider diet breadth
of predators and higher growth conversion efliciency, and
larger maturation size all result in higher stability in terms of
faster recovery from perturbations (Blanchard etal., 2009;
Law etal, 2009; Plank & Law, 2012). The community
size-spectrum 1s the sum of all species size-spectra, and as
species of different asymptotic sizes have different life-history
trade-offs, individuals of equal size across species may have
different growth rates. Interestingly, the diversity in growth
rates across the community size-spectrum at a given body
size plays an important role in enhancing stability (Zhang
etal., 2013). Similarly, it was shown that using just a single
trait (e.g. size at maturation) to characterize functional
species identity is insufficient for assembling species-rich food
webs of size-structured populations (Hartvig & Andersen,
2013). These results suggest that species traits that are
not related to body size also have a strong effect on
the stability of size-spectrum models. Future research thus
needs to integrate these additional traits in community and
species-level size-spectrum approaches addressing stability.
In species-level size spectra, species occur with their
life stages in different size classes (Fig. 2E), which allows
addressing questions on how removal of specific size classes
affects communities. These approaches have demonstrated
that even more subtle changes in the size structure of
populations that do not include complete extinctions can
have severe consequences for ecological communities. For
instance, predatory species shape the size-spectra of their
prey populations, and changes of predator size-spectra
through disturbances such as fishing can render the predator
incapable of controlling the prey size distribution. This may
lock the system in a state where competition between prey
and small predators drives the predator population to a
low-density state or even extinction (Walters & Kitchell,
2001; Persson et al., 2007; van Leeuwen, de Roos & Persson,
2008). Morcover, disrupting the slope of size spectra (e.g.
steepening due to more small and fewer large individuals,
as demonstrated through overfishing or warming) can lead
to a less stable system due to inefficient transfer of energy
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through the food web and a shift towards faster growth rates
and an increase in abundance fluctuations of the overall
community (Yvon-Durocher etal., 2011a; Blanchard etal.,
2012). Interestingly, species that appear as generalists can
be highly specialized in each of their life stages, which
makes them highly sensitive to the loss of the stages’
specific resources (Rudolf & Lafferty, 2011). Such sequential
specialism can render the consequences of extinctions more
detrimental if size-structured populations are accounted for.
Ultimately, the loss of large-bodied individuals will reduce
the maximum size of the size spectrum and likely trigger
avalanches of secondary extinctions. The indirect effects
through the life stages in smaller size classes of these species
will distribute the perturbation across the entire networks
(species with red circles in Fig. 2F).

(4) Summary: consequences of non-random species
loss for community stability

Traditional studies have outlined the importance of natural
food-web structures and distributions of interaction strengths
across the links of these networks for maintaining the stability
of natural ecosystems. Allometric approaches have shown
that the increase in body mass with trophic level found in
nature provides these critically important characteristics of
natural communities. Extinctions of the large top predators
will yield lower average body masses of the species but higher
average predator—prey body mass ratios. As allometric
approaches have shown that the former destabilizes and
the latter stabilizes communities, future research will
need to reconcile these two mechanistic consequences of
extinctions. Size-spectrum approaches indicate that subtle
changes in the size structure of populations preceding
extinctions can have severe consequences for the stability of
ecological communities. In conclusion, the consequences of
anthropogenic stressors on top-predator populations may be
more severe than previously expected, and future research
will need to address whether they generally cause subtle
changes of the size structure with strong consequences for
community stability.

(A) Taxonomic approach

(B) Allometric approach
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IV. BIODIVERSITY LOSS AND ECOSYSTEM
FUNCTIONING

(1) Biodiversity and ecosystem functioning

The relationship between biodiversity and ecosystem
functioning has been addressed by numerous experimental
studies (T1lman, 1999; Loreau & Hector, 2001; see Balvanera
etal., 2006, and Cardinale e al., 2006, for an overview). While
decreases in species richness are usually associated with
lower ecosystem functions such as primary productivity, litter
decomposition and nutrient recycling, these relationships
are most often better explained by the diversity of species
functional traits (Cadotte etal., 2009; Flynn etal., 2011), and
they are not necessarily simple and linear (Reiss e/ al., 2009).
Compared to work on isolated trophic levels, assessments
of changing biodiversity within a food-web context reveal a
greater variability in the effects of species loss, as these are
mediated by trophic interactions (Thébault & Loreau, 2003;
Dufly etal., 2007). Furthermore, species loss was often treated
as random, 1.e. focus was on reduced biodiversity per se
rather than the identity or traits of the species going extinct.
Hence, the effects of species loss on ecosystem functions
can potentially emerge at different levels of the food webs,
but there is a high likelihood that redundancy of species of
the same trophic level or functional group can compensate
for this loss (Fig. 3A). In naturally complex communities
the diversity—functioning relationships thus often appear
idiosyncratic (Emmerson etal., 2001; Harvey etal., 2013),
which complicates predictions on the consequences of
biodiversity loss. Hence, there is increasing recognition that
simple inventories of species richness are not sufficient to
predict consequences of species loss, because species differ
in traits such as body size and communities differ in their
structure.

(2) Allometric concepts of ecosystem functioning
In communities organized in multiple trophic levels, the

functional consequences of losing a particular species

(C) Size-spectrum approach

0 lea RS (e
o000 0000 © O

Fig. 3. Changes to ecosystem functioning following species loss. Species loss (red node, same rules of choice as in Fig. 2) eliminates
its contribution to an ecosystem function (e.g. primary or secondary production, predation). The boxes indicate ecosystem functions
carried out by specific trophic levels. Ecosystem functions after extinctions (coloured boxes) are thus lower than those in the intact
community (dashed lines around boxes). The expected losses of ecosystem functions differ among the taxonomic (A), allometric (B)
and size-spectrum (C) approach.
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depend strongly on network structure and species traits
such as body size (Solan etal., 2004; Dangles, Carpio &
Woodward, 2012; Schneider, Scheu & Brose, 2012; Poisot,
Mouquet & Gravel, 2013). Even in communities exhibiting
strong average increases in ecosystem functions with species
diversity, the loss of a species from the full community
can have positive, negative or necutral effects on this
function depending on the community context (Schneider
& Brose, 2013). In multi-trophic predator communities with
a clear size structure, large predators have their strongest
interactions with other predators in intraguild links, whereas
smaller predators mainly impose top-down control on
basal primary producers or decomposers (Schneider etal.,
2012). These systematic relationships allow understanding
and prediction of the differences between the loss of
large-bodied and small-bodied predators. For example, in
three trophic level systems, the loss of large species should
often cause decreases in the functions maintained by basal
species (that are now exposed to stronger top-down control
by the smaller intraguild predators), while the opposite
should follow the loss of small predators (Schneider etal.,
2012). Similarly, the loss of the largest top predator in
four trophic level systems can release smaller intermediate
predators, suppressing primary consumers and leading to
an increase in functions carried out at the bottom of the
web. As this concept was largely developed and tested
by employing food-web motifs of few species, empirical
studies scaling up these findings to more complex and more
diverse communities are needed. Several studies have also
started to integrate the effects of body size allometries into
biodiversity — ecosystem functioning experiments (Ruesink
& Srivastava, 2001; McKie ezal., 2008; Séguin etal., 2014).
In particular, studies addressing effects of varying body-size
distributions across populations on ecosystem functions
provide important general knowledge (Yvon-Durocher &
Allen, 2012). Empirically, anthropogenic stressors such as
land-use changes can shift the body-size distribution of the
species communities, which reduces biodiversity and multiple
ecosystem functions as well as the relationship between
biodiversity and ecosystem functioning (Barnes ezal., 2014).
However, the reasons for this interplay between the body-size
structure and the relationship between biodiversity and
ecosystem functioning remain to be addressed. Modelling
studies demonstrated that the loss of large species is expected
to accelerate competitive exclusion among basal species
(Brose, 2008) and trigger the strongest trophic cascades and
indirect effects in natural ecosystems (Berlow etal., 2009),
which may alter their functionality dramatically. Predicting
the strength of these trophic cascades may also require
accounting for the body-size structures of several trophic
levels such as predators and herbivores separately (Séguin
etal., 2014). While these indirect effects and trophic cascades
are often hard to predict, allometric approaches predict
a high likelihood of losing upper trophic levels where the
redundancy of species is low (Fig. 3B). The strength and
sign of the resulting trophic cascades, however, depends
on community structures such as the number of trophic
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levels and the degree of connectance of the network.
Future research needs to address the interplay of these
parameters with trophic cascades to provide a more general
and mechanistic understanding how the loss of large top
predators may impair ecosystem functionality.

(3) Size-spectra and ecosystem functioning

Although extinctions and the resulting changes in the species
composition of the community have not been a primary
research topic of size-spectrum approaches, the distribution
of the top predator life stages across trophic levels suggests
that these effects may be less focused on upper trophic levels
(red nodes in Fig. 3C). The effects of external stressors and
disturbances on communities have been studied intensively,
and it was shown that changes to community-level size
spectra can have dramatic consequences for ecosystem
functioning. For instance, warming is expected to alter
the shape of size spectra, with steeper slopes (more
small individuals, fewer large individuals) predicted from
metabolic theory and temperature-size rules (Brown etal.,
2004; Daufresne, Lengfellner & Sommer, 2009). These
effects have been demonstrated experimentally, with a shift
towards smaller and more abundant phytoplankton in pond
mesocosms (Yvon-Durocher etal., 2011a). The associated
increase in gross primary productivity was not sufficient to
offset the rise in ecosystem respiration and methane efflux,
which have much higher activation energies, leading to a net
input of COy and CHy to the atmosphere (Yvon-Durocher
etal., 20110).

Furthermore, many human pressures that are often
thought to be acting at the species level may be more
appropriately described as community-level actions that
affect sub-populations of multiple species. For instance,
fishing may be seen as a size-selective pressure on most
fish species, which can trigger community-wide biomass
changes through a trophic cascade to size ranges both
larger and smaller than the targeted individuals (Andersen
& Pedersen, 2010). Some survey data show that exploitation
may change the overall slope of the community size-spectrum
(Daan etal., 2005), although this is not always the case
(Boldt etal., 2012). In consequence of these community-level
changes, altered energy flow and biomass ratios at
opposite ends of the size-spectrum following fishing activity
may lead to similar changes in ecosystem functioning
as those described for environmental stressors such as
warming.

Predatory species shape the size-spectra of prey
populations, and changes in predator size-spectra (e.g.
through warming or fishing) can render the predator
incapable of controlling the prey size distribution. Recent
experimental manipulations of species-level size-spectra also
suggest that loss of a species is not required to modify
top-down control, with altered size structure of a predator
population capable of causing trophic cascades affecting
primary productivity (Jochum ezal., 2012). Mechanistically,
this is caused by the lower body masses of the predators
that can provide a predation refuge for larger herbivores
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(Legagneux etal., 2014) with significant knock-on effects on
primary production. Similarly, manipulating the life-stage
structure of a keystone predator in pond communities altered
its functional role, with concurrent changes in community
structure, primary producer biomass, and ultimately net
primary productivity and ecosystem respiration (Rudolf &
Rasmussen, 2013). Thus, the intraspecific size structure
of natural populations and their modification by external
stressors can be critically important for driving ecosystem
functioning.

(4) Summary: consequences of non-random species
loss for ecosystem functioning

Traditional studies of the consequences of extinctions
in multitrophic communities experienced challenges by
lacking predictions on species’ extinction probabilities
and idiosyncratic relationships with ecosystem functioning.
Allometric approaches use the high likelihood of losing
upper trophic levels to predict trophic cascades affecting
lower trophic levels and ecosystem functions. However, the
network structure of the community (e.g. the number of
trophic levels and the connectance) can strongly modify
the strength and sign of the resulting trophic cascades. In
size-spectrum approaches, the differently sized life stages
of the large top predators are distributed across trophic
levels, which is likely to blur the pattern of trophic cascades.
In addition, size-spectrum analyses have shown that even
without losing species, small reductions in average body mass
within a population such as those introduced by size-selective
fishing can impose severe trophic cascades and alterations
to ecosystem functioning (Jochum ezal., 2012). However, a
systematic exploration of how changes in the distribution
of body masses across the species of a community as well
as across the individuals of a species affect functioning at
the community and ecosystem levels is still lacking. Future
research needs to address how the targeted removal or loss
of larger individuals alters mass—abundance scaling in the
community with modifications of the ratio of autotrophic
to heterotrophic biomass, and potential knock-on effects on
gross primary production, ecosystem respiration, and carbon
sequestration.

V. BEYOND SIZE-STRUCTURED APPROACHES

In this review, our specific aim is to synthesize current
knowledge on community-wide consequences of species loss.
However, it is clear that body size is by no means the
only species-specific trait determining the structure, stability
and functioning of ecological communities. For instance,
a recent study highlighted that even though body size is
the most important predictor of network structure in many
ecological networks, other traits can perform equally well or
sometimes even better (EkIof etal., 2013). The same study
also showed that combining body size with other traits, e.g.
habitat preference, significantly increased the proportion
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of the network structure that can be correctly predicted.
Similarly, it is combinations of several traits that most
accurately predict both species vulnerability to extinction
(Davidson etal., 2009) as well as consequences of the loss.
However, if the choice is restricted to one single trait, body
size is usually the strongest candidate.

There are, nevertheless, ecological communities, or parts
of ecological communities, where body size is potentially of
inferior importance. For instance, in communities that do
not follow the basic body-size structure discussed here such
as food webs when parasites are included (Lafferty, Dobson
& Kuris, 2006; Lafferty et al., 2008) or when small insects feed
on large plants. This also disconnects body size from some of
the other traits predicting vulnerability to extinctions, such
as high trophic level, since parasites and parasitoids in food
webs are small-bodied but hold high trophic levels. It has
been shown that including parasitic interactions in food webs
modifies network structure (Dunne et al., 2013), but both the
vulnerability and functional effects of the loss of parasites in
ecological communities are poorly understood. It is, however,
likely that due to their strong specialization, parasites and
parasitoids will be equally vulnerable to extinction as their
host species (Dunn etal., 2009). The loss of parasites may
have strong effects on several ecosystem functions due to
their pronounced role in regulating host species densities in
communities (Poulin, 2011). There are also numerous types
of non-trophic interactions that are of major importance for
the structure and functioning of ecological communities, e.g.
mutualistic, facilitative and competitive interactions (Kéfi
etal., 2012). It will be a particularly interesting direction of
future research to combine these non-trophic interactions
with food webs composed of trophic interactions as the
important energetic backbones of natural communities (Kéfi
etal., 2015).

VI. CONCLUSIONS

(1) Over several decades, biodiversity research has
been dominated by important debates on how the
loss of species from natural communities affects their
structural complexity, dynamic stability and ecosystem
functioning. While traditional studies employed taxonomic
characterizations of species and often neglected their traits,
novel size-structured approaches include body size as a
supertrait, which allows predicting the consequences of
non-random species loss assuming a positive correlation
between extinction risk and body size.

(2) Concerning structural complexity, allometric and
size-spectrum approaches both suggest that future food webs
will be characterized by a higher number of links per species
(on average each species has more interactions) but a lower
connectance (on average species interact with a small fraction
of the coexisting species). In addition, this 1s likely to yield
interaction networks composed of simple food chains. In
consequence, indirect effects of external stressors may travel
more quickly through the networks of feeding interactions
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leading to a higher likelihood of trophic cascades in natural
communities.

(3) Such changes in community structure are likely to
cause severe knock-on effects on community stability. The
loss of large-bodied species will simultaneously decrease
the average body size of the species and increase the
average predator—prey mass ratio. As these two changes may
have contrary effects on food-web stability, the long-term
consequences of species loss remain to be addressed.
Furthermore, size-spectrum approaches have shown that
even much more subtle reductions in the average body size of
individuals within populations that do not include complete
extinctions can yield strong trophic cascades that undermine
dynamic stability and cause secondary extinctions.

(4) In  consequence, allometric and size-spectrum
approaches both suggest that species loss should have
strong effects on ecosystem functions such as gross primary
production, ecosystem respiration, and carbon sequestration.
Both stronger indirect effects such as trophic cascades
and changes in the stability of ecological communities
are expected to reduce not only the average of many
ecosystem functions but also their reliability by higher
temporal variation.

(5) While these ecological advances by size-structured
approaches provide an integrative ecological concept that
enables a better understanding of each species’ unique role
across communities and the causes and consequences of
biodiversity loss, our review has also identified important
gaps in our knowledge. For instance, the consequences of
shifting body-mass distributions across and within species
for ecosystem functions and community stability need to
be addressed in more detail. Integrating metabolic and
food-web theory is essential to unravel the mechanistic
pathways underlying how these body-mass distributions
affect communities and ecosystems. Additionally, body
size has a dominant effect on species’ movement and
the resulting spatial dynamics of ecological communities.
Future studies need to address how extinctions of large
species change these spatial dynamics and subsequently
community structure, stability and functioning. Eventually,
the integrated size-structured biodiversity research described
herein will provide a mechanistic insight into the
consequences of species loss.
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