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Abstract. All organisms are ultimately dependent on a large diversity of consumptive and non-consumptive

interactions established with other organisms, forming an intricate web of interdependencies. In 1992, when
1700 concerned scientists issued the first “World Scientists’ Warning to Humanity”, our understanding of such
interaction networks was still in its infancy. By simultaneously considering the species (nodes) and the links that
glue them together into functional communities, the study of modern food webs – or more generally ecological
networks – has brought us closer to a predictive community ecology. Scientists have now observed, manipulated,
and modelled the assembly and the collapse of food webs under various global change stressors and identified
common patterns. Most stressors, such as increasing temperature, biological invasions, biodiversity loss, habitat
fragmentation, over-exploitation, have been shown to simplify food webs by concentrating energy flow along
fewer pathways, threatening long-term community persistence. More worryingly, it has been shown that communities can abruptly change from highly diverse to simplified stable states with little or no warning. Altogether,
evidence shows that apart from the challenge of tackling climate change and hampering the extinction of threatened species, we need urgent action to tackle large-scale biological change and specifically to protect food webs,
as we are under the risk of pushing entire ecosystems outside their safe zones. At the same time, we need to
gain a better understanding of the global-scale synergies and trade-offs between climate change and biological
change. Here we highlight the most pressing challenges for the conservation of natural food webs and recent
advances that might help us addressing such challenges.

1

The “interdependent web of life”

In 1992, when scientists from around the world issued the
first “World Scientists’ Warning to Humanity” (UCS, 1992)
they already emphasized the importance of protecting what
they called the “interdependent web of life (...) whose interactions and dynamics we only imperfectly understand”.
Interestingly, this call simultaneously highlighted the great
importance of and our assumed ignorance about the complex web of biological interactions that support life on Earth.
Perhaps due to the intrinsic difficulties of delivering strong
predictions regarding the stability and functioning of such
interdependent webs, over the last 30 years, the need to halt

climate change and protect threatened species has been the
focus of most media attention. But during this period, scientists have fully embraced the quest of understanding the
structure and dynamics of the underlaying web of life and
produced staggering advances (e.g. Bascompte and Jordano,
2007; Poisot et al., 2013; Thompson et al., 2012). We are
thus now in a much better position to evaluate the status of
the world’s food webs, and the news is not reassuring.
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All life is imbedded in a complex web of
interactions

After centuries of cataloguing life on Earth and nearly 2 million species named and described, many groups remain very
poorly known and we are still far from knowing how many
species there are on the planet (Scheffers et al., 2012). At
the same time, increasing demand for food, water, timber,
fuels, and minerals, to meet the needs of a rapidly growing
human population, has changed ecosystems more rapidly and
extensively in the last 50 years than ever before, resulting in
a rapid loss of biodiversity (Barnosky et al., 2011; IPBES,
2019). As a result, we are losing species much faster than
the background extinction rate (Ceballos et al., 2015), with
many species going extinct before they are recorded by scientists and, what is more disturbing, before we have any idea
of the role they play in their ecosystems.
We have known for a long time that no organism can survive and reproduce without interacting with other organisms
around it (Fig. 1). Most of these interactions reflect the need
to access energy to keep the metabolism working, and these
include all trophic interactions, such as predation, herbivory,
or parasitism. While these interactions are only beneficial for
one of the species involved, other interactions are mutually
beneficial, such as the pollination of flowering plants by insects or the dispersal of their seeds by frugivorous animals.
But there is still a myriad of other interaction types that vary
greatly on their net effect for the species involved, including obligatory symbiosis between algae and fungi that cannot
survive in isolation (e.g. Pogoda et al., 2018), birds that always build their nests on the same plant species (e.g. Millington and Grant, 1983), or seeds that cannot germinate unless
they find the right mycorrhizal fungi (e.g. Bidartondo, 2005).
It is now clear that the linear food chains we learned about
in school are actually a gross simplification of the countless
vertical and horizontal, antagonistic and mutualistic interactions spanning multiple spatial and temporal scales, frequently known as food webs or more generally as ecological
networks (Bascompte and Jordano, 2013).
Ecologists were well aware of the importance of food
webs in structuring natural ecosystems even before ecology
emerged as a discipline (e.g. Darwin, 1859); however, until recently, we simply lacked the tools that allowed us to
make sense of the apparent mess of biotic interactions (Lawton, 1995). The incorporation of analytical tools from neighbouring disciplines and their refinement within the realm of
ecology have provided such framework, creating a rapidly
developing field that quantitatively explores the patterns and
mechanisms responsible for food web assembly and disassembly (Bascompte and Jordano, 2007). The great tweak of
the network approach is that it expands the traditional emphasis on taxonomic species into interaction matrices that
simultaneously quantify the species (nodes) and the links
(edges) that glue them together into functional communities,
thus providing a privileged viewpoint from where one can
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simultaneously see the forest and the trees, metaphorically
speaking (Heleno et al., 2014).
Although the field was still incipient at the time the first
World Scientists’ Warning to Humanity (UCS, 1992), since
then we have learned a great deal about the structure of food
webs and how it relates to community functioning and persistence (Bascompte and Jordano, 2007; Fontaine et al., 2006;
Pocock et al., 2012; Rumeu et al., 2017; Tylianakis et al.,
2010). We have studied food web resilience to various global
change stressors and identified common patterns, and it is
clear that the consequences of global change cannot be accurately predicted by simply summing up the isolated effects it has on each species. Indeed, understanding how the
responses of pairwise interactions scale up to shape the responses of entire communities to global change remains one
of the great scientific challenges of our times (Bascompte,
2009). It has also become evident that by losing species we
lose more than just a Latin binomial name of the board; we
also lose the functions that those species performed in the
ecosystem they are integrated in and upon which we ultimately depend (Kremen and Hall, 2005). By maintaining
high levels of biodiversity via a myriad of bottom-up and topdown effects, biotic interactions are directly and indirectly
responsible for most services we derive from nature. These
services include the provision of food, fuel, shelter, pest control, flood regulation, water quality, pollination, seed dispersal, soil production, carbon storage, nutrient cycling, recreation, inspiration, and many others (MEA, 2005), to the point
that the resilience of natural food webs are directly or indirectly related to many UN Sustainable Development Goals
(UN, 2015).
Nearly 30 years ago, 1700 concerned scientists issued a
first warning to humanity highlighting the pressing need to
rethink the way that humanity interacts with the natural word
so as to avoid a collision with unknown effects (UCS, 1992).
Recently, a second warning was issued and signed by more
than 15 000 scientists from 187 countries stating that “To prevent widespread misery and catastrophic biodiversity loss,
humanity must practice a more environmentally sustainable
alternative to business as usual” (Ripple et al., 2017). Here
we take a broader view of biodiversity and elaborate over the
state of the world’s food webs, their capacity to withstand
external threats, and the detection of early-warning signals
of eventual food web collapse.

3

The architecture of biodiversity

Whether biological communities have a highly predictable
structure or whether they are better portrayed as a random association of co-occurring species is a question as
old as ecology. Depicting communities as sets of nodes and
links allowed the identification of a set of emergent patterns
shared by most biological communities that distinguish them
from random species assemblages and define an underlywww.web-ecol.net/20/1/2020/
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Figure 1. Fragment of an Azorean food web and the biotic interactions linking plants, herbivores, their parasitoids and frugivorous birds,

and their external parasites. The network visualization was built with the software Network3D (Williams, 2010) based on data from Heleno
et al. (2013) and Heleno et al. (2010).

ing “biostructure” (McCann, 2007) or the “architecture of
biodiversity” (Bascompte and Jordano, 2007). At least three
interrelated properties emerge from most food webs. First,
there is a dominance of generalist interactions, such that the
tight specialization between two species is extremely rare
in nature (Pimm et al., 1991). Secondly, most interactions
are highly asymmetrical; i.e. if species A depends strongly
on species B, the reciprocal dependence is rarely observed
(Bascompte et al., 2006). Thirdly, the overall interaction matrix usually follows a nested pattern in which the interactions established by the most specialized species tend to
be a particular subset of the interactions established by the
most generalist species in a hierarchical (i.e. Russian-dolllike) pattern (Bascompte et al., 2003). Empirical and theoretical work showed that this hierarchical arrangement of interactions protects communities against the random loss of
species by creating a redundancy (i.e. backup) system that
buffers against lost interactions (Verdú and Valiente-Banuet,
2008). However, as most species in a highly nested network
interact directly with a core of generalist species, this generates a “small world” effect (Watts and Strogatz, 1998),
which can also have negative implications on network stability, namely by accelerating the spread of diseases or facilitating the spread of invasive species (James et al., 2012;
Rohr et al., 2014; Traveset and Richardson, 2014).
4

Patterns and mechanisms of food web disruption

As biotic interactions are frequently lost at a much faster pace
than species, several forms of anthropogenic disturbances aswww.web-ecol.net/20/1/2020/

sociated with global change have been documented to simplify food web structure far beyond the linear loss of species
themselves (Valiente-Banuet et al., 2015). At first glance,
such decoupling might seem intuitive and relatively unimportant; however it can lead to the accumulation of “ghost
species” – extant species that already lost the biotic resources
they need for long-term persistence, thus originating an extinction debt to be collected in the form of inevitable secondary extinctions (Tilman et al., 1994; Valiente-Banuet et
al., 2015). Such effects can be even more worrying as species
might stop playing their functional roles in ecosystems, i.e.
become functionally extinct, well before their actual extinction (Anderson et al., 2011).
We must make no mistake: we are seeing one of the
great historical convulsions in the world’s fauna
and flora (Charles Elton 1958).
By allowing us to model the probability of secondary extinctions and the capacity of food webs to withstand biodiversity losses before they happen, network approaches have
greatly improved our understanding of community responses
to global change stressors (Pocock et al., 2012; Rumeu et al.,
2017). If extinctions were random, i.e. an unselective pruning
of the entire community, their main consequence would be a
gradual decrease in overall diversity with only moderate effects on the intrinsic community structure. However, current
extinctions have been repeatedly shown not to be random
but oriented towards particularly vulnerable groups, namely
species with large home ranges, large body size, long lifespan, low reproductive rate, specialists, and species of higher
Web Ecol., 20, 1–10, 2020
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trophic levels (Gardner et al., 2011; Ledger et al., 2013; Ripple et al., 2014, 2015; Vidal et al., 2014). Some of the traits
that make these groups vulnerable to extinctions also make
them disproportionately important for the structure of food
webs, such that these non-random changes have a very strong
potential to drastically change entire communities (Memmott
et al., 2004; Montoya et al., 2006; Ripple et al., 2015; Rumeu
et al., 2017; Woodward et al., 2012).
4.1

Patterns

Most anthropogenic stressors associated with global change
have been shown to affect food webs in multiple ways (reviewed in Traveset et al., 2018; Tylianakis and Morris, 2017),
usually with net negative effects on species, interactions, and
a simplification of network structure (Tylianakis et al., 2008).
Our goal here is not to provide a systematic review of these
effects but to pinpoint some of the main mechanisms by
which global change stressors have been shown to affect food
webs.
Among all stressors, the effects of rising temperature and
biological invasions received most attention. Temperature
directly affects organisms’ metabolic rate, for example by
favouring C4 plants (Zavaleta et al., 2003), with likely implications for entire food webs (Moya-Laraño et al., 2012).
Field experiments have shown that different trophic groups
will likely respond differently to increased temperature, yet
consistently leading to a simplification of the food web either in agricultural fields (Derocles et al., 2018), grasslands
(de Sassi et al., 2012) or in streams (O’Gorman et al., 2012).
Biological invasions also have a well-demonstrated potential to disrupt local food webs. One of the most striking examples has been documented on the island of Guam, where
the introduction of the brown tree snake (Boiga irregularis)
rapidly decimated the populations of birds, bats, and reptiles,
negatively affecting pollination and seed dispersal services to
plants, with detrimental consequences for plant recruitment
(Rogers et al., 2017). Similarly, the introduction of invasive
alien plants can also simplify herbivory networks (Heleno et
al., 2009), often with cascading effects to higher trophic levels (López-Núñez et al., 2017). Pollination networks are also
affected by the arrival of super-generalist invasive species, although changes on overall food web structure have been hard
to identify (Traveset et al., 2015; Vilà et al., 2009). Other
stressors, such as agriculture intensification and habitat fragmentation have also been shown to simplify plant–animal interactions, usually by concentrating energy flow along fewer
pathways in intensively managed landscapes (Albrecht et al.,
2007; Morrison et al., 2020; Tylianakis et al., 2008, 2007).
Urbanization is also known to affect natural food webs (Faeth
et al., 2005); however generalization on the magnitude or direction of such effects is still not really possible due to the
difficulty of disentangling the effects from multiple associated drivers, the variability in the concept of urbanization,
and paucity of studies. Finally, elevated atmospheric CO2 ,
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eutrophication, deforestation, drought, and over-exploitation
have all been shown to simplify food webs or at least to have
the potential to do so (Laliberté and Tylianakis, 2010; Ledger
et al., 2013; Stiling and Cornelissen, 2007; Woodward et al.,
2012).
While long-term datasets to monitor community-level
changes are rarely available, fishery records from the last
70 years show unambiguous changes in entire marine food
webs. These changes are driven by a selective exploitation
of large fish from high trophic levels and reflect a steady decline in the mean trophic level of captures as fishing efforts
progressively shift to the lower trophic levels when higher
trophic level populations are depleted (MEA, 2005). Such
consumptive and non-consumptive effects often propagate
downwards and upwards across multiple trophic levels, generating “trophic cascades” (López-Núñez et al., 2017; Ripple
and Beschta, 2006; Ripple et al., 2016) that have been collectively referred to as the trophic downgrading of planet Earth
(Estes et al., 2011).
4.2

Mechanisms

Due to the intrinsic difficulty of experimentally inducing
community-wide changes, empirical studies still lag behind
theoretical predictions regarding food web collapse. However, evidence for a simplification of food webs due to the
action of global change stressors is now unsurmountable
(Tylianakis and Morris, 2017). Such effects are mediated
by non-random changes in species encounter probabilities,
which can be triggered by three broad mechanisms. First,
several climate change drivers can affect species phenology,
reducing the temporal windows during which interactions
are possible and creating temporal mismatches between resources and consumers. Such mismatches are particularly
worrying in temperate regions, where animal life cycles tend
to be aligned with the period of maximum available resources
for reproduction, growth, molt, or migration. In particular,
the consistent anticipation of spring events over the last few
decades has been followed by an anticipation of the phenological cycles of many plants and animals (Hegland et al.,
2009; Parmesan and Yohe, 2003). Although many consumers
are able to track the shifting phenology of their resources
(e.g. Sparks and Yates, 1997), many others cannot, leading
to documented mismatches between caterpillars and nesting
birds (Visser et al., 2006), between roe deer birth date and
vegetation flush (Plard et al., 2014), or between flowering
and pollinators (Memmott et al., 2007). Another important
way by which climate change generates phenological mismatches is by disrupting the timing of animal migrations with
the availability of their key resources (Mayor et al., 2017).
Secondly, by rearranging species distributions, climate
change is already affecting species encounter probabilities,
leading to the spatial decoupling of biotic interactions (Lurgi
et al., 2012). Global warming is directly promoting poleward range shifts of many species, the expansion of warmwww.web-ecol.net/20/1/2020/
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adapted species, and severe range contractions of rangerestricted species, such as high-mountain biota (Parmesan,
2006; Parmesan and Yohe, 2003). Differential range shifts
between consumers and their key resources can generate a
spatial window where their interaction is no longer possible (Montoya and Raffaelli, 2010). The frequency and consequences of such spatial mismatches will likely be exacerbated if specific range shifts are not idiosyncratic but driven
by broad species attributes, such as body size or mobility,
thus affecting entire groups and functions (Lurgi et al., 2012;
Vidal et al., 2014).
Finally, interaction frequencies can change even if the
original interacting species continue to coexist in time and
space but under a new biological context. Such interaction
rewiring – where the original interactions are replaced by
novel interactions – has been mostly documented as a response to new resources in a context of biological invasions.
For example, Azorean birds and Galápagos insects were both
documented to divert their consumption patterns from native
resources (fruit and nectar, respectively) to the most attractive resources provided by alien plants, disrupting the native interaction networks across extant species (Heleno et al.,
2013; Traveset et al., 2013).

5

Networks’ rewiring potential and functional
surrogate species

All food webs are intrinsically dynamic, constantly rearranging the interactions as new species enter or leave the network due to natural (e.g. seasonal changes) or anthropogenic
(e.g. species extinctions or introductions) disturbances. Logically, the functional consequences of biodiversity declines
are contingent on the ability of the remaining species to “fill
the gap” created by lost species and continue to provide key
ecosystem services (Kremen and Hall, 2005; Rumeu et al.,
2017). Recently, these concerns have gained a new momentum with the perception of an eminent “global pollination
crisis” potentially affecting both food production and natural ecosystems (Steffan-Dewenter et al., 2005). While many
insect species have experienced drastic declines in recent
decades (Hallmann et al., 2017), not all insect populations
are declining and some even show steady increases (Bartomeus et al., 2013). The goal is now to understand if the
few “winner” species can functionally replace the role of
many “loser” species (McKinney and Lockwood, 1999). Evidence shows that winners can take up part of the lost services; however, this functional replacement will generally be
incomplete as trophic complementarity is critical to ensure
the effective delivery of most ecosystem services (Fontaine
et al., 2006; Rumeu et al., 2017; Scherber et al., 2010).
Such partial surrogate potential comes for example from the
Balearic islands, where introduced carnivores (particularly
pine martens) only partially buffer for the seed dispersal services provided by the frugivorous lizards they contributed
www.web-ecol.net/20/1/2020/

5

to exterminating (Celedón-Neghme et al., 2013; Traveset et
al., 2012). Although a few success stories exist, such as the
Hawaiian ‘ie’ie (Freycinetia arborea) which is now pollinated by the introduced white-eye (Zosterops japonica) after the extinction of several endemic birds (Cox, 1983), such
system simplifications entail the loss of redundancy needed
to respond to future environmental changes (Reich et al.,
2012).
Even if the lost ecosystem functions cannot be fully reinstated, partially recovering at least some of the lost or degraded services might be critical for long-term ecosystem resilience (Correia et al., 2017). Such a possibility opened a
new research focus exploring several alternative approaches
to restoring ecosystem functionality through rewilding sensu
lato (Miller and Hobbs, 2019). In this context, the use of
functional surrogate taxa is actively being considered in
restoration programmes to reinstate critical ecosystem functions once supported by depleted, locally extinct, or globally
extinct taxa (Hansen et al., 2010). However, while such analogues can be useful conservation tools, they inevitably come
both at a higher implementation cost and at a higher risk than
protecting the original species.
While network rewiring potential is still very hard to predict and highly variable across interaction types, it is now
clear that it must be explicitly incorporated into current
species extinction models (Costa et al., 2018; Tylianakis and
Morris, 2017).

6

Forecasting food web collapse

As the anthropogenic pressure on the biosphere continues
to intensify to meet the demand of a global economy sustained by natural resources (Pacheco et al., 2018), a growing number of studies reported specific destruction thresholds at which local communities rapidly collapse (Carpenter et al., 2011; Fortuna and Bascompte, 2006). Such nonlinear transitions of biodiverse systems into simplified alternative stable states have been theoretically predicted and locally documented on a number of empirical systems including lakes, coral reefs, oceans, forests, and arid lands (Fig. 2)
(reviewed in Scheffer et al., 2001). Such findings have raised
concerns over an eventual planetary-scale transition threshold (Barnosky et al., 2012), beyond which abrupt changes
might have important consequences for human well-being
(MEA, 2005). Because such rapid regime shifts can be catastrophic and extremely hard to reverse, improving our capacity to predict them is now a pressing scientific goal (Lever
et al., 2014; Staniczenko et al., 2017). Several methods have
been suggested to identify potential “early-warning signals”
of ecosystem collapse, including the detection of increasing variance in ecological processes, increased autocorrelation across several changes (e.g. species abundances or process rates), or increased asymmetry in the direction of those
changes (Scheffer et al., 2009). The experimental collapse of
Web Ecol., 20, 1–10, 2020
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Figure 2. Proportion of all publications indexed in Web of Science
that include the terms “food web”, “foodweb”, or “network” (blue)
and those that in addition to these criteria (nested search) also include the terms “collapse” or “disruption” (orange). The search was
limited to publications in English included in the topic of “ecology”
(grey dashed line) published between 1980 and 2018.

lake food webs confirmed some of these early-warning signals (Carpenter et al., 2011); however many ecological systems might reach critical thresholds without warning (Hastings and Wysham, 2010). Notably, it has been shown that
while high connectance and nestedness can protect pollination networks from falling apart, when a critical point is
reached, pollinator populations might rapidly collapse simultaneously (Lever et al., 2014). Unfortunately, monitoring the
effects of external threats such as climate change on entire
food webs represents an enormous challenge even in relatively simple systems. Furthermore, while most research to
date has focused on the impacts of single global change stressors, it is now clear that these can have additive, opposing, or
synergistic effects, casting further uncertainty over predictions of food web stability (Scheffer et al., 2001; ValienteBanuet and Verdú, 2013). Recent developments have started
to use sophisticated modelling tools to infer weighted interactions based on partial empirical data (Staniczenko et al.,
2017). Although still dependent on important assumptions
and still short in data, such models might provide a way towards more predictive guidelines on how food webs might
respond to environmental change (Lever et al., 2014; Staniczenko et al., 2017).
7

Concluding remarks

Natural food webs encompass multiple interaction types between organisms with very different lifespans and home
ranges that partially overlap in time and space, actively linking what might seem like disparate systems (e.g. McCauley
et al., 2012). Ironically, while networks gained traction in
ecology for their potential to explain complexity, the classic
network approach of unipartite or bipartite interactions with
well-defined borders, required for system tractability, does
Web Ecol., 20, 1–10, 2020

not satisfactorily accommodate the multi-scale structure of
natural food webs (Pilosof et al., 2017). Recent methodological advances that simultaneously quantify the intra- and interlayer links under a unified multilayer approach hold great
promise to jointly consider the temporal dynamics of different types of interactions in a spatially explicit context (Pilosof et al., 2017). Such analytical advances, coupled with
technical advances in the detection of biotic interactions with
molecular tools (Traugott et al., 2013), are likely to provide
a much more powerful, inclusive, and timely tool to look beneath the bonnet of biological communities and identify the
key process responsible for community assembly, functioning and collapse.
While it is intrinsically hard for ecologists to translate
complex changes in communities and ecosystems into unconditional probabilities desired by policy makers (Smith,
2002), this should not obscure the relevance of the already
acquired knowledge. The available studies clearly show that
most global change stressors have a huge potential to disrupt trophic interactions, with particularly alarming effects in
small and isolated communities such as islands, lakes, rivers,
mountaintops, and anthropogenic habitat fragments (Layman
et al., 2007; Traveset et al., 2016; Tylianakis et al., 2008).
It is now evident that biotic interactions are key to predict
species- and community-level responses to global change
and that they can no longer be ignored (Tylianakis and Morris, 2017). Shifting the conservation focus to interaction networks does not mean that species are no longer important, but
rather that we are moving towards a more inclusive framework that allows us to simultaneously focus on the species
we want to protect and the interactions that glue them together in functional and resilient ecosystems (Harvey et al.,
2017).
Under such a framework, understanding each species’
rewiring potential is critical to improve current predictions
over the effects of global change on food webs (Costa et al.,
2018; Tylianakis and Morris, 2017), as well as understanding the potential effect of rapid evolution in shaping rewiring
potential (Parmesan, 2006).
Food web research is now confronted with the need to conciliate a double challenge: on the one hand, we need to ally
more, bigger, and more detailed networks with robust experimental and modelling approaches, while on the other hand
we need simplified protocols and intuitive indices that can
provide simple proxies of community health that can realistically inform conservation planning and monitoring.
If the land mechanism as a whole is good then every part is good, whether we understand it or not...
To keep every cog and wheel is the first precaution
of intelligent tinkering (Aldo Leopold 1966).
Predicting the combined effects of multiple global change
stressors on food webs remains a pressing challenge and one
that will likely require considerable logistic commitments at
the international level over many years. Nonetheless, this will
www.web-ecol.net/20/1/2020/
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be of utmost importance to preserve the ecosystem services
our society depends upon (Staniczenko et al., 2017; Woodward et al., 2011). The strong body of knowledge accumulated in recent decades has shown that endangered species
lists are only the most visible side of a more insidious kind
of threat cast over the natural food webs that support life
on Earth (Memmott, 2009; Tylianakis et al., 2010; ValienteBanuet et al., 2015). As scientists, we warn that in the face
of what is likely to happen and the uncertainty in predicting
when and how, the safest policy is to preserve every “cog and
wheel”.
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