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Abstract Global change is causing unprecedented degradation of the Earth’s biological systems
and thus undermining human prosperity. Past practices have focused either on monitoring biodi-
versity decline or mitigating ecosystem services degradation. Missing, but critically needed, are
management approaches that monitor and restore species interaction networks, thus bridging
existing practices. Our overall aim here is to lay the foundations of a framework for developing
network management, defined here as the study, monitoring, and management of species interac-
tion networks. We review theory and empirical evidence demonstrating the importance of species
interaction networks for the provisioning of ecosystem services, how human impacts on those
networks lead to network rewiring that underlies ecosystem service degradation, and then turn to
case studies showing how network management has effectively mitigated such effects or aided in
network restoration. We also examine how emerging technologies for data acquisition and analysis
are providing new opportunities for monitoring species interactions and discuss the opportunities
and challenges of developing effective network management. In summary, we propose that network
management provides key mechanistic knowledge on ecosystem degradation that links species- to
ecosystem-level responses to global change, and that emerging technological tools offer the oppor-
tunity to accelerate its widespread adoption.
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Figure 1. Examples of global change altering networks of species interactions, impacting key species or groups of species that provide ecosystem
services. Four descriptors are provided for each case study: (1) the disrupted ecosystem service is listed (icon text); (2) colors depict the class or classes
of ecosystem services (provisioning, cultural, or regulating); (3) an icon depicts the key species (or group of species) that is the ecosystem service (or
dis-service) provider driving the effect; and (4) numbers refer to network diagrams showing how altered interaction networks resulted in the disruption
of the ecosystem service. Highlighted case studies (bold text and circles) are described in text below with network diagrams provided in Figure 3,
representing case studies that provide provisioning services (#1, #2), regulating services (#3, #4), and cultural services (#5, #6), as well as in Figure 4,
representing case studies of successful network management (#7, #8). Explanations of other case studies (descriptions, network diagrams) are provided
in Appendix 1. Where case studies address multiple classes of ecosystem service, subsequent figures (Figure 3 and Appendix 1) highlight a single class.

Introduction

Humans are having unprecedented effects on the Earth’s biological systems (Figure 1). Climate
change affects even the most remote and protected ecosystems, while natural habitats are destroyed
and degraded through land-use practices, altered nutrient supply, toxic contamination, invasive
species, noise and light pollution, fragmentation, and other pernicious threats (Folke et al., 2021).
These global change drivers are jeopardizing the ecosystem services upon which human prosperity
depends (Millennium Ecosystem Assessment, 2005) and impact biodiversity through both species’
extinctions (Johnson et al., 2017, Diaz et al., 2019) and the redistribution of species into novel biotic
communities (Pejchar and Mooney, 2009; Pecl et al., 2017). Human health and wellbeing are at
risk and inextricably dependent upon our ability to understand and mitigate global change impacts
on biological systems (Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services, 2024).

Efforts to understand and mitigate human effects on biological systems have focused on two
approaches (Figure 2). On the one hand, species-level approaches have been based on biological
monitoring to document changes in species presence or abundances, as well as the aggregate effects
on overall biodiversity locally or regionally. Such efforts are motivated by conservation laws and agree-
ments (e.g., the Endangered Species Act (in the US) and the International Union for Conservation
of Nature's Red List) and the ethical imperative to avoid species extinctions, including bioindicator
species that are monitored as surrogates for numerous unmonitored species (Lawton and Gaston,
2001). These efforts have been crucial in alerting us to the severity of the on-going biodiversity crisis
of species decline and extinction in many regions (Lindenmayer and Likens, 2010), but often do not
reveal the mechanistic basis of these changes.
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Figure 2. Linkages between global change drivers, societal responses to their impacts, ecosystem services, and
human prosperity and wellbeing. Global change drivers (e.g., CO,, fertilizers, other pollutants) are recognized to
affect both biodiversity (e.g., endangered species), and the ecosystem services (e.g., air and water quality) that
underlie human wellbeing (solid/curved/gray arrows). Societal responses to these impacts include multi-decadal
efforts to transform to sustainable socio-economic systems, biodiversity conservation, or restoration, and attempts
to mitigate the impacts of degraded ecosystem services on humans (straight/rounded head/black arrows). While
biodiversity monitoring has been an important component of conservation, there has been little connection
between such efforts and the restoration of ecosystem services (dashed/curved/gray arrow). We propose the
need to develop a third approach, termed network management (green arrows) using information on species
interactions and the networks that emerge from them which drive the performance of key ecosystem providers.
Such an approach can provide a mechanistic understanding of how global change impacts on species scale

up to affect ecosystem services and in turn inform effective management solutions. Figure center: A schematic
representation of an interaction network (aka food web). Individual circles represent species, lines represent
interactions, and line thickness the strengths of interactions. Networks can be depicted and studied with links
between individual species (single circles) or between groups of species (trophic levels or guilds; clusters of
circles) that have a similar function within an ecosystem. All species within a network are ultimately linked by some
combination of direct and indirect interactions.
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On the other hand, ecosystem-level approaches (Figure 2) are based on legally mandated moni-
toring efforts focused on focal ecosystem services (Lovett et al., 2007) (e.g., the US Clean Air and
Water Acts, EU Ambient Air and Water Framework Directives). Technologically sophisticated surveil-
lance programs have been developed to predict such effects, including the detection and prediction
of wildfires, coastal and inland flooding, human disease vectors, and agricultural diseases and pests.
At this level, responses have focused on mitigating the human consequences of degraded services but
do not address the root cause or ecological mechanisms by which global change impacts ecosystems.
Furthermore, the impacts of global change on ecosystem services often operate through complex,
indirect pathways resulting in so-called ‘ecological surprises’ (Paine et al., 1998; Filbee-Dexter et al.,
2017), the unexpected nature of which undermine effective planning and mitigation.

Missing, and critically needed, are practices that link these two approaches, documenting the
mechanisms by which global change impacts on individual species or groups of species scale up to
produce emergent impacts on ecosystem services. Acquiring this knowledge is urgent, as it is the
basis for the development of nature-based solutions to protect and restore the Earth’s biological
systems and protect human prosperity.

In this paper, we propose that ecological network management — defined here as the study, moni-
toring, and management of species interactions (Figure 2) — provides the mechanistic knowledge
needed to bridge existing species- and ecosystem-level practices. We first review theory on species
interactions, food web network structure, and ecosystem services predicting that disrupted species
interactions should drive the degradation of natural systems to the detriment of human wellbeing. We
then examine case studies from ecosystems across the planet showing how the disruption of species
interaction networks underlies the degradation of ecosystem services. In turn, we present case studies
demonstrating how the management (e.g., conservation or restoration) of networks has successfully
mitigated such effects or restored degraded ecosystems. Finally, we go on to consider how novel and
accessible technologies for data acquisition and analysis provide unprecedented opportunities for
ecological network management, but also the logistical and regulatory challenges to implementing
such programs. Our overarching goal is to lay out a general framework for developing network
management.

Several important messages arise from this review: the drivers of global change act through
complex mechanisms. Nevertheless, novel approaches to identify and monitor key interactions can
reduce the likelihood of unwanted ecological surprises, efficiently guide management practices and,
in so doing, provide nature-based solutions to protect and restore biodiversity and human prosperity.

The importance of species interactions and networks

Interaction networks and indirect effects
A central goal in ecological science has been to understand how species interact, and the impacts
these interactions have on ecosystems (Hairston et al., 1960; Paine, 1980). Sets of interactions can be
depicted as networks (aka food webs), and can be described as occurring among individual species,
or groups of species (Figure 1, center). These groups — commonly referred to as guilds — are based on
the species trophic level (i.e., plants, herbivores, predators, decomposers) and functional roles within
those trophic levels (e.g., fruit-eating vs. insect-eating birds; deciduous vs. perennial plants). Interac-
tion strengths can vary, such that the change in abundance in one species can have a large (strong
interaction) or small (weak interaction) effect on the abundance of another species. Most networks
make use of data on the relative frequency of interactions (collected by observation) though there
are examples with data on interaction strength (usually obtained via experimental approaches, e.g.,
species exclusions). In addition, multiple networks among subsets of species within communities can
themselves be linked, forming networks of networks (Pocock et al., 2012; Timéteo et al., 2018).
Within networks, all species (and guilds) are ultimately connected not only by direct interactions,
but also indirect interactions where species affect each other through their effects on one or more
intermediate (transmitting) species. The loss, addition, or change in abundance (or elimination) of one
species can thus affect an entire ecosystem due to a rippling cascade of indirect effects transmitted
through altered interactions. The importance of indirect interactions is often unrecognized because
they are difficult to observe under unperturbed conditions (Estes et al., 2011). However, ecological
experiments and naturally occurring species invasions and extinctions have clearly demonstrated the
ubiquity and large effects of indirect interactions on the abundance of individual species, as well as
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emergent ecosystem processes such as decomposition and cycles of water and nutrients (Wootton
and Emmerson, 2005; Schmitz, 2008). Indeed, indirect effects can be stronger than direct effects,
as the number of indirect links between species is far greater and because multiple indirect pathways
may act synergistically (Estes et al., 2013).

Ecosystem services and key ecosystem service providers

Ecosystem services — the direct and indirect benefits that humans receive from natural systems (Millen-
nium Ecosystem Assessment, 2005; Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services, 2024) — can be placed within different categories. Provisioning services are
resources humans draw directly from nature (e.g., food, wood and fiber, hydropower, biomass fuels,
medicinal resources); cultural services are non-material benefits such as recreation, mental wellbeing,
and spiritual sustenance; regulating services include the maintenance of ecosystem functions such
as decomposition and carbon fixation as well as processes means by which nature delivers provi-
sioning services (e.g., regulation of pollinator populations for food security). Regulating services also
include the means by which ecosystem disservices are minimized or held in check (von Déhren and
Haase, 2015), for example, mitigation of direct negative impacts on humans (e.g., animal attacks
and disease) or the disruption of provisioning services (e.g., the negative impact of crop pests on
food security). Finally, some classifications also include supporting services, that is, those that make it
possible for ecosystems to provide the three primary services described above (e.g., primary produc-
tion, soil formation, and habitat and biodiversity provision) (Millennium Ecosystem Assessment,
2005; Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, 2024).
Although economic valuations of ecosystem services and disservices are difficult and often incomplete
(Boerema et al., 2017), available estimates place their value globally in dozens of trillions of USD
annually (Costanza et al., 2014).

The study of networks and linkages to ecosystem services

The study of interaction networks has followed three interrelated approaches. First, networks have
been studied to understand the relative strength of different types of direct interactions, such as
predator—prey or plant-herbivore interactions, or the relative importance of direct vs. indirect effects
(Wootton and Emmerson, 2005; Estes et al., 2011). This body of work reveals that not all species
(and guilds) are equivalent in terms of their effects on other species and ecosystem services (Bianco
et al., 2024). Keystone species are relatively rare species that can have outsized effects on ecolog-
ical communities, either due to their strong interactions with other species, or due to their roles as
ecosystem engineers by altering the physical environment inhabited by other species (Paine, 1969,
Jones et al., 1997). In addition, ecosystems are typically dominated by one or several foundation
species that have large effects due to their high abundance (Ellison, 2019), including, for example, the
relatively few coniferous tree species that dominate boreal and montane ecosystems in the northern
hemisphere (Angelini et al., 2011).

Second, studies have also investigated the effects of biodiversity on species interactions and
ecosystem function. Such work investigates how diversity within a guild of species (e.g., plants, polli-
nators, or predators) affects the guild’s interactions with other community members. There is strong
evidence that diversity can determine both interaction strength and stability, defined as recovery
to baseline conditions following disturbance (Tilman et al., 2014, Barnes et al., 2020; Buzhdygan
et al., 2020). In some cases, the diversity within a guild can be more important than the abundance
of the guild (number of individuals) in determining its effects on other components of an ecosystem
(Nell et al., 2018).

Finally, network topology has been studied in depth, documenting all of the pairwise connec-
tions between two guilds of interacting species (e.g., plants and pollinators). The topologies are then
assessed using network theory to understand the commonalities in properties and predict resilience
to species loss (Tylianakis et al., 2008). Such work demonstrates that species vary dramatically in the
number of interactions they engage with; typically, only a few species in a network are highly interac-
tive, whereas most species engage in few interactions (Bascompte and Stouffer, 2009). The loss of
these highly interactive species has the strongest effects on other community members and on the
network as a whole (Memmott et al., 2004).
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In summary, theory and empirical work on species interactions has demonstrated how keystone,
foundation, and highly interactive species drive ecosystem functions and, unsurprisingly, make them
key providers of ecosystem services (Kremen, 2005; Gray et al., 2014), and that the diversity within
species guilds can be important both for interaction strength and stability.

Global change acts in unexpected ways via altered species interactions
We next review case studies demonstrating how global change impacts on a relatively few key
ecosystem providers can disrupt interaction networks and, in so doing, transmit and amplify effects
to degrade ecosystem services (Tylianakis et al., 2008; Keyes et al., 2021, Bartomeus et al., 2021,
Figure 1). These outcomes not only undermine human prosperity but are often unanticipated —
so-called ecological surprises — because the underlying networks are typically unstudied.

Provisioning services

Food security — fisheries

Ocean fisheries represent an important source of food globally and provide huge economic benefits
through employment both off and on shore. Like many other fisheries, Atlantic cod (Gadus morhua)
populations collapsed in the early 1990s, devastating 39,000 fishers and reducing annual revenue by
US $200 million (Myers et al., 1997). Surprisingly, cod populations have failed to recover despite
extensive fishing moratoriums (Sguotti et al., 2019). We now know that this is because adult cod
promote the survival of their own eggs and juveniles by keeping competitors and predators in check,
thus maintaining adult stocks in a positive feedback loop. This dynamic was set in reverse when over-
harvesting of these protective adults indirectly increased the abundance of smaller fish species and
invertebrates upon which adult cod had previously preyed (Frank et al., 2005). With the reduction
in adult cod, predation on eggs and competition with juvenile cod increased (Frank et al., 2011,
Figure 3A). As a result, adult cod stocks are now not only smaller, but also fluctuate dramatically,
increasing economic uncertainty. As of yet, fisheries managers have been unable to restore historic
interaction regimes in this system.

Forest resources

Forests provide timber, sequester carbon, and support clean water, biodiversity, and recreation services
which collectively are estimated to be worth US $4.7 trillion annually (Costanza et al., 1997). Forest
wildfires threaten these services. Paradoxically, the increase in catastrophic wildfires has been traced
back to the indirect consequences of long-term fire suppression. By reducing tree mortality, decades
of fire suppression have increased forest density and competition among trees, reducing tree vigor and
thus vulnerability to attack from insects (Waring and Pitman, 1985; Figure 3B). Fire suppression also
negatively affects predators that would otherwise suppress insect outbreaks (Hekkala et al., 2021).
The indirect effects of fire suppression in turn increase tree mortality, leading to the accumulation of
fuels for additional wildfires. At the same time, global warming has increased insect winter survival
and accelerated summer population growth (Robbins et al., 2022). For example, bark beetles (Curcu-
lionidae) have affected 14 million hectares in western Canada (Safranyik et al., 2010), in some areas
leading to the loss of >50% of the total merchantable pine (British Columbia Ministry of Forests,
Lands and Natural Resource Operations, 2012). Because forests that are heavily infested by bark
beetles are particularly prone to catastrophic wildfires (Lynch et al., 2006), wildfire frequencies are
predicted to increase by 30-50% by 2100, resulting in a positive feedback loop in carbon production
via reduced photosynthesis and increased carbon release associated with fires (United Nations Envi-
ronment Programme, 2022).

Regulating

Disease

Anthropogenic disturbances are altering disease dynamics worldwide, increasing transmission from
animals to humans. Disease control strategies are frequently ineffective or even harmful due to a lack
of understanding of ecological networks. For example, veterinary drugs for livestock unexpectedly
increased human exposure to rabies. In Asia and Africa, the drug diclofenac unexpectedly rendered
livestock corpses toxic to vultures (Gyps spp.), making those corpses accessible to scavenging
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Figure 3. Network diagrams of global change impacts on (A, B) provisioning, (C, D) regulating, and (E, F) cultural ecosystem services through altered
species interactions. See text for detailed explanations of each case study. Numbers (bottom right corners) reference the depiction of these case studies
in Figure 1. Additional examples of degraded provisioning ecosystem services are provided in Appendix 1. Some case studies address multiple classes
of ecosystem service (as shown in Figure 1), but individual classes are highlighted here and in Appendix 1.
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mammals. In turn, mammal-to-mammal contact at corpses increased rabies transmission and ulti-
mately also human infection (Ogada et al., 2012; Figure 3C) with health costs of up to US $1 billion
annually in countries such as India (Markandya et al., 2008).

Soil resources and coastal erosion

Wetland vegetation provides critical ecosystem services, including erosion and flood control globally
valued at US $14 trillion annually (de Groot et al., 2006). Studies have shown that overfishing in the
Northeastern USA has reduced the abundances of predators of herbivorous crabs (Sesarma retic-
ulatum). As a result, the crabs increase in abundance and over-feed on coastal cordgrass (Spartina
alterniflora). Reduced cordgrass abundance in turn results in coastal erosion and flooding (Silliman
and Bertness, 2002, Coverdale et al., 2013; Figure 3D).

Cultural

Foundation species and biodiversity

Corals are foundation species that sustain hyper diverse communities and deliver important recre-
ational (e.g., tourism) services worth at least US $36 billion annually (Spalding et al., 2017). These
ecosystems are under threat from stressors such as overfishing, warming, or invasive species (Hughes
et al., 2017), many times acting indirectly on coral health via interaction networks. For example,
algae-eating fish prevent excessive algal growth on corals, which would otherwise kill corals and lead
to the collapse of coral-associated fish communities (Jones et al., 2004; Hughes et al., 2007). Such
balance has been broken in the Caribbean Sea due to the introduction of the invasive lionfish (Pterois
volitans). This fish is a voracious predator that reduces populations of algivorous fishes, resulting in
overgrowth of algae, declines in coral abundance, and dramatic reductions in overall coral reef diver-
sity (Lesser and Slattery, 2011, Figure 3E).

Charismatic species

Numerous species of cultural importance are becoming rare or locally extinct due to the disruption
of interaction networks within which these species are embedded. A prime example is the extinct
Steller's sea cows (Hydrodamalis gigas), which fed on kelp and lived in kelp forests in the Aleutian
archipelago. While hunting was originally pointed as the main cause of its extinction, there is also
evidence linking its decline to human impacts indirectly via effects on a third species. Surprisingly,
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e <\>

Forest
fragmentatlon

@J_

Ticks & lyme
disease-causing bacterium

Oak mastlng

Tick hosts @

B

Managing food webs to control algal blooms
The introduction of piscivorous fish decreases lake algal
blooms via a trophic cascade from fish to phytoplankton

Piscivorous
\ fish
o
s)—
Phytoplankton Zooplankton

Planktivorous
fish

Figure 4. Network diagrams of systems using network management for disease prevention or forecasting (Lyme disease, A), and for trophic regulation
of ecosystem productivity for fisheries and recreation (temperate lakes, B). See text for detailed explanations of each case study. Numbers (bottom
right-hand corners) reference the depiction of these case studies in Figure 1. Some case studies address multiple classes of ecosystem service (as
shown in Figure 1), but individual classes are highlighted here and in Figure 3 and in Appendix 1.
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overhunting of sea otters (Enhydra lutris) for the fur trade (Estes et al., 2016) increased their kelp-
eating prey (e.g., sea urchins), decimating the kelp forests upon which sea cows depended for their
survival (Figure 3F).

Network management in action

There are several case studies evidencing how an understanding of interaction networks can be effec-
tively used to guide management and raise public awareness. In particular, here we draw from research
and management in two study systems which serve as good examples in this regard (Figure 4).

Managing oak forest networks to control Lyme disease

Lyme disease is the costliest vector-borne disease in North America. In the United States alone,
Lyme disease annually affects more than a half-million people (Adrion et al., 2015; Schwartz et al.,
2017), with costs for healthcare exceeding US $1 billion (Adrion et al., 2015), and indirect costs from
reduced recreation, tourism, and real estate values reaching $5 billion (Berry et al., 2018). More
than two decades of research has revealed that the indirect effects of periodic ‘masting’ events —
years of high acorn production — are key to understanding and managing Lyme disease risk. High
acorn availability triggers increases in populations of white-footed mice (Peromyscus leucopus) and
deer (Odocoileus virginianus), both critical hosts for black-legged ticks (Ixodes scapularis), which are
vectors for the Lyme disease-causing bacterium (Borrelia burgdorferi) (Jones et al., 1998; Ostfeld
et al., 2001). In contrast, increased diversity in non-competent hosts (thereby ‘diluting’ the availability
of suitable hosts, particularly mice) reduces Lyme prevalence and thus risk to humans (Ostfeld and
Keesing, 2000).

Both forest fragmentation and the loss of key predators, such as foxes and certain bird species,
have disrupted the regulating services provided by this network, exacerbating disease risk (Allan
et al., 2003, Levi et al., 2012). For instance, fragmented forests harbor larger populations of mice
and deer, while simultaneously having lower predator densities, thus amplifying tick populations and
the risk of disease transmission. Further, forest fragmentation also leads to increased acorn production
(Moran-Lépez et al., 2016), an additional pathway boosting mouse populations and disease risk.
These insights have led to several innovative management strategies aimed at restoring balance in
these networks. For instance, forest managers have implemented measures to increase habitat connec-
tivity with corridors, reducing fragment edge and area effects, and have also reintroduced predators,
practices that have jointly contributed to the recovery of predator populations and reduced mouse
abundances (Levi et al., 2012; Ostfeld and Keesing, 2012). In addition, understanding the network
dynamics between oak masting and disease risk has made it possible for predictive models to fore-
cast Lyme disease risk 2 years in advance (Ostfeld et al., 2006), allowing health authorities and land
managers to implement proactive interventions, including public awareness campaigns and targeted
host population controls and application of insecticides in high-risk zones (Ostfeld and Keesing,
2000). The understanding gained through these long-term studies underscores both the complexity
and value of managing interaction networks to sustain ecosystem services.

Managing aquatic food webs to control algal blooms

Harmful algal blooms in lakes cause massive economic losses in temperate regions (Carpenter
et al., 2010, Cooke et al., 2016). Studies suggest that the economic costs in the United States
alone could exceed $4 billion annually due to losses in fisheries, tourism, and public health impacts
(Anderson et al., 2000). In these lakes, large piscivorous fish play a crucial role in regulating a well
described four-level food chain including smaller fish that feed on grazing zooplankton (e.g., large
species of water fleas, Daphnia) which in turn feed on algae (Carpenter et al., 2001). When popula-
tions of piscivorous fish decline, mainly due to overfishing, smaller zooplanktivorous fish proliferate
unchecked, resulting in overconsumption of algae-consuming zooplankton (Lathrop et al., 2002).
Due to weaker trophic control by zooplankton, algal populations proliferate, leading to algal blooms
that can severely impact water quality by depleting oxygen levels, creating dead zones, and some-
times promoting harmful algal species that produce toxins detrimental to marine life and human
health (Carpenter et al., 2010). Here, management actions have involved the reintroduction of top
predators to reverse this food web imbalance. Piscivore reintroduction efforts have been successful
in a number of regions and using different predatory fish (e.g., walleye, Stizostedion vitreum:
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Lathrop et al., 2002; largemouth bass, Micropterus salmoides: Mittelbach et al., 2006), leading to
significant reductions in the populations of small predators and allowing algae-grazing organisms to
flourish. This has ultimately led to improved water quality and a significant decrease in the occurrence
of harmful algal blooms, effectively restoring lake food webs and associated ecosystem services
across a broad range of biotic and abiotic conditions (Carpenter et al., 2010). Further, research
has yielded a mechanistic understanding of the conditions under which these trophic cascades are
strongest and manipulations are more likely to succeed (Hansson et al., 1998; Cooke et al., 2016),
including the influence of additional stressors such as invasive species introductions (Walsh et al.,
2016) or variability in nutrient inputs due to runoff (Carpenter et al., 2010), thereby guiding adap-
tive management.

Technologies to accelerate network management

Technological advances are expanding our capacity to gather data on species interactions, elucidate
networks, and unravel direct and indirect effects underlying ecosystem service changes (Figure 2).
Here, we emphasize the contributions from imagery, telemetry and tracking, analysis of DNA, online
environmental datasets, and computational techniques for data processing and analysis. All these
tools provide novel data streams on species interactions that can be used by local managers to iden-
tify and monitor network changes affecting ecosystem services (Gray et al., 2014). This section is by
no means exhaustive, but rather aimed to deliver a general view of how technological advances can
propel network management drawing from a subset of useful examples.

DNA analyses of environment samples can be used to identify species based upon rapidly growing
and publicly available databases on species’ DNA sequences such as the Barcode of Life Data System
(BOLD), which now contains sequences from more than half a million species. For example, samples
from animal guts or feces can reveal the diets of herbivores and predators (Kartzinel et al., 2015),
samples of blood within blood-sucking parasites can reveal the identity of host species (Gogarten
et al., 2020), while parasite samples can be used to identify the pathogens they harbor (e.g., bacteria,
virus), revealing their role as disease vectors (Gangoso et al., 2019). Stable isotope analysis of animal
and plant tissues is also used to characterize the diets of herbivores, seed dispersers, pollinators,
and predators, and the sources of water and nutrients in plants (Boecklen et al., 2011). In addition,
relatively simple and cheap approaches can be used to identify interactions as, for example, where
the bite markings on clay caterpillars can assess the abundance of caterpillar predators (Roslin et al.,
2017) or animal-marking dyes to reveal the species identities. Some of these methods have been
coupled with molecular analyses as in the case of DNA analyses of saliva on clay caterpillars to identify
attacking predators (Rébler et al., 2020).

Technologies for tracking movement are also being used to reveal species interactions. For
example, tagged seeds can be located to understand the impacts of seed-dispersing animals (Jansen
et al., 2012). Light-weight active devices also make it possible to track individual animals, including
insects (Batsleer et al., 2020), while passive tags (or molecules) can be affixed to or inserted within
animals to detect their presence at fixed detector locations (Stanley et al., 2021). Surveys of species
presence and spatial distributions can also be used to infer interactions and are affordable with
remotely operated fixed cameras (O’Connell et al., 2011), drones (Saunders et al., 2022), and even
audio recordings (Wijers et al., 2021). For example, data on abundance and movement of animals
that are pathogen reservoirs can be used to model rates of disease and parasite transmission to
predict disease dynamics (Sah et al., 2017). Relatedly, statistical modeling of patterns of co-occur-
rences among multiple species can infer the interactions among those species (Zhu et al., 2019), and
when such data are collected over time, fluctuations in the abundance of interacting species can be
modeled to quantify interaction strength (Ye et al., 2015).

Citizen science efforts can also benefit from the use of technological tools, including immense
quantities of imagery data that are now available from increasingly affordable remote autonomous
cameras, drones, and smartphones, and satellites (Tibbetts, 2017, Verfuss et al., 2019). For example,
the iNaturalist on-line app collects and identifies public smart phone images and currently includes
88 million geo-referenced observations of 344,000 species collected by nearly 2 million contributors
from around the world (see 98). Similarly, the iDigBio Portal aggregates the digitized records from
museum natural history collections and currently includes 130 million geo-referenced records. These
geo-referenced biological datasets can in turn be combined with accessible, fine-scale environmental
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datasets on hydrology, geology, soils, and long-term daily climate records to accurately describe the
physical setting in which species and species interactions are embedded.

Several areas of computer science are also potentiating our understanding of interaction networks
and their responses to stressors, impacting the use and development of other technologies (as the
above). Mathematical modeling can offer insights into the intricate relationships and interactions
that shape ecological communities. For example, community dynamic models based on differential
equations account for the interactions and interdependencies between multiple species and are used
to understand and predict ecological networks (Thébault and Fontaine, 2010; Hu et al., 2022).
These models enable a deeper understanding of how changes in one species can ripple through the
network, affecting the entire ecosystem (Sentis et al., 2021; Arnoldi et al., 2022). Although they may
oversimplify the complexities of real-world ecosystems, some of these limitations can be addressed
using agent-based models that can serve as powerful tools for ecological network management with
stakeholders by simulating complex interactions within ecosystems (McLane et al., 2011). Impor-
tantly, machine learning and other artificial intelligence tools will likely also significantly increase the
speed and reliability of network analyses, both descriptive and predictive (Lucas, 2020). Published
network datasets are ever increasing and offer abundant material for training machines and iterative
processes of prediction testing, refinement, and further testing, and results can provide powerful
insight into species interaction networks (reviewed by Pichler et al., 2020). For example, machine
learning methods can make highly accurate predictions of species interactions and network struc-
ture (Pichler et al., 2020, Adhurya and Park, 2024) and can be used to predict effects of manage-
ment (e.g., in agroecosystems; Ma et al., 2019) and anthropogenic stressors (Fricke et al., 2022) on
networks.

In summary, the use of these emerging and complementary technologies will increase the robust-
ness and availability of network-based information, which can then be used to increase the precision
and effectiveness of interventions. Ultimately, this can lead to a more widespread adoption of network
management.

The process, challenge, and promise of implementing network
management

Harnessing novel streams of data on species interactions for network management will in turn require
five steps, each of which is associated with its own set of unique challenges (Figure 5).

First is the need to identify the ecosystem services to be maximized or protected (Figure 5, step 1).
One social challenge is that the perceived value of ecosystem services or disservices can vary among
societal stakeholder groups (Gray et al., 2014), and trade-offs will have to be negotiated.

The next steps are to identify the species or guilds that provide or disrupt those identified ecosystem
services (Timberlake et al., 2024), as well as networks of interactions that directly and indirectly affect
these species’ or guild’s performance (Figure 5, steps 2 and 3). This requires knowledge on the basic
science of ecosystem function, which exists in many cases or will need to be developed.

Monitoring programs can then be developed around focal interactions, focusing especially on
those most likely to be disrupted by global change (step 4). Given manager resource limitations, such
efforts will need to leverage the data produced from existing species monitoring programs, as well as
citizen science data and other novel data streams (see technologies section). One added challenge is
that current conservation laws and regulations typically require monitoring species, not interactions,
and this will require the revisions to conservation law (Gray et al., 2014), including the establishment
of common standards and currencies for interaction monitoring.

The final step in this process is to leverage the insights from network monitoring to prescribe
active management that restores key interactions and networks that support targeted ecosystem
services, including exporting knowledge gained from well-studied ecosystems to guide management
of those for which less is known. Historic management practices have often taken the phenome-
nological approach of restoring ecosystems to historic biophysical conditions. In contrast, network
management, with its focus on defined ecosystem services (step 1), will have to accept that such
natural conditions are often unattainable, and that active manipulation (e.g., species introductions or
removals) will thus be required to restore ecosystem services. This fact underscores the importance of
clearly stated and accepted goals for the service to be maintained so that the benefits of such manip-
ulations are understood (step 1). Such interventions will not only require knowledge of ecosystem
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Figure 5. A general framework for developing network management. We outline the challenges to each of the five fundamental steps for transitioning
to network management and suggest solutions in each case.
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function but will also require placing network management within an interdisciplinary framework
(Bodin and Tengé, 2012; Felipe-Lucia et al., 2022), including the use of socio-ecological networks
which analyze global change drivers from the perspective of human behaviors and social interaction
networks influencing ecosystem management (Bodin et al., 2019; Yletyinen et al., 2021). The inclu-
sion of indigenous knowledge within this context is also key (Ban et al., 2018).

Pursuing network management in turn offers three principal benefits. First, changes in interactions
can provide early indications of ecosystem changes. Ecological surprises arise from lack of knowledge
on indirect interactions within networks such that monitoring those interactions can provide infor-
mation to forecast and better mitigate impacts. Second, each community has unique attributes and
dynamics, so that monitoring interactions within each system provides knowledge on local responses
to develop more effective system-specific interventions. Third, monitoring interactions can also yield
generalities and promote synthesis. Institutionalizing network monitoring on a broad scale will fill key
knowledge gaps, allowing managers and scientists to ask key questions such as: What types of inter-
actions are most susceptible to change? What trophic levels are directly impacted by different agents
of global change, and to which trophic levels do such effects propagate (i.e., indirect effects)? And
finally, how do these dynamics vary among ecosystems and with respect to different agents of global
change? Research shows common underlying network structures and subsets of ecosystem service
providers with similar effects across ecosystems (Bramon Mora et al., 2018), and knowledge gained
from well-studied systems (e.g., top-predator reintroductions, restoring foundation species) can be
used in others that are less-studied. These cross-system commonalities and inferences can provide key
knowledge for land managers and policy makers.

Learning from agriculture

Although implementing network management will be challenging (Figure 5), its fundamental features
can be observed in agricultural practices. Here, a single ecosystem service — crop yield — is often
intentionally emphasized to guide management and monitoring activities (to the detriment of other
services provided by the landscape), but societal priorities often also require a consideration of other
services such as soil health, water quality, and biodiversity conservation (Tscharntke et al., 2005;
Isbell et al., 2017; Figure 5, step 1). In addition, it is recognized that yield is affected by the nega-
tive direct effects of competing weeds and pest damage, direct and indirect costs of pesticide and
herbicide application (Frank, 2024), and the indirect, beneficial effects of pollinators, detritivores,
and predators that feed upon herbivorous insects (Figure 5, steps 2 and 3). An understanding of this
network in turn informs interaction monitoring, including densities of competitors, herbivores, pred-
ators, and pollinators (Figure 5, step 4) (Eubanks and Finke, 2014; Vandermeer et al., 2019). Such
monitoring is then leveraged to guide the manipulation of network structure to maximize desired
ecosystem services (Figure 5, step 5). In addition, network management can occur at short times-
cales. For example, densities of herbivorous insects or weeds are monitored, and when they cross
established economic thresholds - that is, the densities where the economic loss warrants interven-
tion — pest control practices are deployed including the application of herbicides or insecticides or
the use of beneficial microbes. Longer-term manipulations include the introduction of novel native
predators and the breeding of plant resistance. Interestingly, some of these practices, for example,
predator introductions, can be short term if the trophic dynamics have already been worked out
(e.g., Rosenthal et al., 2021). Longer-term manipulations also include cultural practices to promote
predator abundance and diversity, which maximizes control of agricultural pests while also promoting
biodiversity conservation goals (Gurr et al., 2017). Finally, strategies that are developed within well-
studied systems lead to a holistic understanding of best practices to guide network management in
other, less studied agricultural systems (Figure 5, step 5).

Agriculture also demonstrates the capacity of technological advances to accelerate network
management. Agricultural pests can now be monitored through sampling of herbivore-induced
plant odors (Arce et al., 2024), spectral imaging (Nési et al., 2015; Horgan et al., 2020), as well
as acoustic sensors and cameras both from ground- and drone-based sensors (Weiss et al., 2020;
Preti et al., 2021). Analysis of both above- and below-ground environmental DNA is used to assess
both plant pests as well as beneficial mutualists (Bender et al., 2016; Kestel et al., 2022). All of
these data streams are in turn assessed using artificial intelligence (e.g., machine learning insect
image-based identification; Blair et al., 2020) for pest detection (Bjerge et al., 2023) and simulate
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management effects on interaction networks (Ma et al., 2019). By bridging scientific research, tech-
nological innovation, and societal priorities, agriculture serves as a proving ground for the sustain-
able management of ecological networks, with insights that extend far beyond the boundaries of
farmland.

Conclusion

Ecological science provides robust evidence for how the impacts of global change on human well-
being arise unexpectedly due to complex chains of indirect species interactions. The very first step
to avoid future detrimental ecological surprises will be to increase monitoring of species interactions.
This knowledge can then improve our ability to effectively manipulate networks to sustain the produc-
tion of ecosystem goods and services. Although network management is more complex than past
approaches, new technological advances provide an unprecedented opportunity to develop network
management as a best practice for maintaining the integrity of the biological systems underlying
human prosperity.
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Appendix 1

Additional examples of degraded ecosystem services driven by species interactions case studies
depicted in Figure 1 that are not highlighted in the main text are described below with network
diagrams. Numbers reference the depiction of these case studies in Figure 1. Some case studies
address multiple classes of ecosystem service.

Regulating services

Disease regulation:
Ehrlichiosis

—

Appendix 1—figure 1. The risk of tick-borne diseases increases when deer congregate in patches of invasive
honeysuckle (Case study 7 in manuscript Figure 1). Honeysuckle is an invasive woody shrub in the Northeastern
United States that forms dense understory patches. Deer preferentially use these dense patches for increased
shelter, protection from predators, and food (Allan et al., 2010). Deer are also the primary host for the lone star
tick (Amblyomma americanum) and are a reservoir of bacterial pathogens. The high density of deer in honeysuckle
patches results in a higher proportion of tick blood-meals from deer, and a greater prevalence of ticks infected
with Ehrlichia chaffeensis (agents of human ehrlichiosis) (Allan et al., 2010). Therefore, the honeysuckle invasion
ultimately increases the risk of human disease via altered interactions between plants, deer, ticks, and bacterial
pathogens.
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Disease regulation:
Malaria

Appendix 1—figure 2. Malaria transmission rates increase as deforestation creates mosquito habitat (Case study
10 in manuscript Figure 1). Malaria infection has long been a critical health issue in Amazonian Brazil. There were
6 million cases annually in the 1940s, but control efforts were able to reduce cases to <50,000 by the early 1960s.
Since then, there has been a resurgence of malaria largely driven by deforestation and land-use changes, altering
mosquito—human interactions (MacDonald and Mordecai, 2019). Deforestation can increase infectious disease
transmission by expanding the spatial overlap between people and wildlife disease reservoirs (Jones et al., 2008).
In this case, not only are frontier settlements encroaching on mosquito habitat, but deforestation itself creates
more mosquito breeding habitat near human settlements. The mosquitoes spreading malaria proliferate in larger
ponds with more algae, leaf litter, and emergent grasses — conditions characteristic of fish farms created by settlers
(Vittor et al., 2009). This case study exemplifies how environmental change affects human health, and how shifts
in species interactions can mediate these effects.
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Disease regulation:
Malaria

Appendix 1—figure 3. Insecticides can harm aquatic predators, indirectly increasing mosquito abundance and
malaria transmission (Case study 14 in manuscript Figure 1). Efforts to control malaria, a threat to half of the
world’s population (World Health Organization, 2020), can backfire when insecticides are used against malaria-
transmitting mosquitoes. While these compounds may suppress mosquitoes directly, they also negatively affect
fish and predatory insects that would otherwise control mosquito populations, paradoxically leading to mosquito
and malaria outbreaks (Roux and Robert, 2019). This example demonstrates that disease regulation requires
understanding how disease vectors are embedded in complex interaction networks that, if disrupted, can have
large consequences for human health.
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Fire regime change

Appendix 1—figure 4. Eradication of rinderpest increased wildebeest abundance and grazing, reducing fire
frequency, and increasing C storage (Case study 15 in manuscript Figure 1). Rinderpest is an infectious viral
disease that infects ungulates. The virus arrived in sub-Saharan Africa in 1887 with the import of infected cattle.
Following the introduction, rinderpest spread to domesticated and wild ungulates, causing widespread ungulate
mortality and famine. In the 1960s, a successful vaccination program eradicated rinderpest. The abundance

of many ungulates, particularly wildebeest, rapidly increased without this source of mortality. The increase in
wildebeest grazing on the Serengeti reduced fuel loads for fires, decreased fire frequency, and increased tree
density. This shift was so significant that the Serengeti switched from a carbon source to a carbon sink (Holdo

et al., 2009).
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Rodent-borne
disease

Appendix 1—figure 5. The extirpation of large wildlife alters vegetation, increasing the abundance of rodents
and fleas and the risk of bartonellosis (Case study 17 in manuscript Figure 1). Large-bodied species are at a high
risk of extinction, and their loss may have cascading impacts on other trophic levels (Ripple et al., 2017). Large
herbivores are declining across African savannas due to land-use change and hunting. The loss of large herbivores
has caused an increase in rodent populations through both direct and indirect pathways. Large herbivores directly
compete with small mammals for food, so their extirpation reduces competition, allowing rodent populations

to proliferate (Keesing, 2000). Simultaneously, their extirpation results in large vegetation structural changes

that may also favor small mammals (Young et al., 2013). The increase in rodent abundance results in a higher
abundance of their ectoparasites (e.g., fleas) and the pathogens they carry (e.g., Bartonella), ultimately increasing
the risk of disease in humans (Young et al., 2014).
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Appendix 1—figure 6. Overfishing salmon reduces soil nutrients due to the reduction of bear-mediated nutrient
movement (Case study 19 in manuscript Figure 1). Climate change and overfishing reduce pacific salmon
populations (Oncorhynchus spp.) with unexpected indirect effects on inland ecosystems. Migrating salmon
spawn and die in inland rivers and streams, providing large nutrient inputs to adjacent forests from carcasses or
feces from bears (Ursus spp.) and other salmon predators, such that declines in salmon populations are causing
reductions in soil fertility and shifts in plant communities (Hocking and Reynolds, 2011). By recognizing these
indirect effects, management practices are now starting to consider networks affecting ecosystem service or
disservice providers that determine soil erosion, fertility, and other associated services.
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Flooding ‘

Appendix 1—figure 7. The poisoning of pikas leads to a loss of avian predators, changing soil water retention,
and increasing flood severity (Case study 20 in manuscript Figure 1). The plateau pika (Ochotona curzoniae) is

a keystone species and ecosystem engineer in the Qinghai-Tibetan Plateau region (Smith et al., 2019). The
plateau pikas are important prey for avian and mammalian predators and dig burrows that nesting birds use.
Burrowing also increases local plant diversity and soil water retention. Because pikas compete for food with local
livestock, there have been on-going pika poisoning programs since the 1960s, poisoning pikas across hundreds of
thousands of square kilometers at the cost of over $100 million USD. The loss of pika has had cascading impacts
on other species and the ecosystem — their predators have been extirpated, plant diversity reduced, and soil water
infiltration decreased. The eradication of the perceived pests has ultimately degraded cultural (biodiversity) and
regulating (flood control) ecosystem services.
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Provisioning services

Soy crops O

Appendix 1—figure 8. Insecticides applied to soybeans concentrate in slugs killing their predators ultimately
increasing slug herbivory (Case study 9 in manuscript Figure 1). Agricultural practices, such as using insecticides,
can alter species interactions affecting the services provided by agroecosystems. Neonicotinoids are the most
common insecticide used across the globe to reduce pests in agricultural landscapes and increase crop yield.
These insecticides are often coated onto seeds, protecting seeds and early stages of the plant as they are
absorbed into tissues as the plant germinates and grows. Soybeans are one of the crops that routinely receive

a neonicotinoid seed coating in North American agriculture. Although the goal of the insecticide application

is to decrease herbivory, it has the opposite effect because of a series of species interactions. First, slugs eat
neonicotinoids. They are not affected by the insecticide, and instead, the toxin is concentrated in their tissues.
Next, slug predators are killed by the insecticide when they eat slugs, reducing the abundance of slug predators.
The insecticides, therefore, increase herbivory by weakening pest biocontrol, ultimately reducing crop yields
(Douglas et al., 2015).
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Appendix 1—figure 9. Pesticides applied to rice reduced competition and predation on a herbivore pest,
increasing herbivore damage of rice (Case study 21 in manuscript Figure 1). In Indonesia, the use of pesticides
against an economically important insect herbivore of rice, the yellow stem borer (Scirpophaga incertulas),
unexpectedly created an even greater pest problem. Paradoxically, the suppression of the stem borer boosted
populations of a secondary pest, the brown planthopper (Nilaparvata lugens), which is less susceptible to
pesticides. Insecticides benefited the brown plant hopper by reducing competition with the stem borer, and by
killing predatory arthropods that had previously held it in check (Heinrichs and Mochida, 1984; Settle et al.,
1996). Such unintended impacts of insecticides are leading to agricultural practices that reduce pesticide use in
favor of practices that seek to conserve networks of interactions that sustain these ecosystem service providers.
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Appendix 1—figure 10. Terrestrial, marine mammals, and fish die when they consume prey containing toxins
produced by fertilizer-fueled algal blooms (Case study 24 in manuscript Figure 1). Humans have dramatically
accelerated nitrogen (Galloway et al., 2008) and phosphorus (Van Vuuren et al., 2010) cycles. Nutrients are
transported by runoff water from terrestrial systems into lakes and rivers (Carpenter et al., 1998), eventually
making their way to coastal ecosystems and oceans (Howarth et al., 1996). Upon reaching waterways, nutrients
promote excessive plant growth and algal blooms (i.e., cultural eutrophication) which can impact aquatic
ecosystems in various ways. Nutrient inputs increase the prevalence of harmful algal blooms that produce high
levels of phycotoxins that affect organisms at higher trophic levels (Anderson et al., 2012). Toxic algae are
consumed by zooplankton which are then fed upon by higher trophic level organisms such as fish. Fish may
be directly killed by phycotoxins, or they may survive and in turn kill mammals and birds that prey on these fish
(Landsberg, 2002). These findings teach us that to mitigate eutrophication effects on ecosystem function, we
need to understand how its effects are transmitted through food webs via species interactions. Doing so will
provide the scientific basis for protecting aquatic food webs, conserving and managing species of economic
importance, and improving human wellbeing.
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Appendix 1—figure 11. Rainforest restoration benefits from perches for birds and bats, shelters for reptiles and
small mammals, and topsoil containing microbes, earthworms, and fungi (Case study 11 in manuscript Figure 1).
Tropical rainforests have experienced deforestation for decades. Conservation efforts are increasingly focused

on restoration efforts, turning deforested areas back into diverse and functioning ecosystems that provide many
ecosystem services (e.g., biodiversity, species used in medicine). The most common restoration technique is
creating tree plantations. Plantations vary in how successful they are at restoring fully functional ecosystems
(Guariguata and Ostertag, 2001). Instead, techniques that consider species interactions and use a network
approach have been more predictably successful (Bechara et al., 2016). One such approach is nucleation, where
animals that directly and indirectly interact with plants are added in addition to planting trees. Successful additions
include (1) Soil relocation from natural remnants to reestablish edaphic communities; (2) Seed banks from natural
forest remnants; (3) Artificial perches for birds to use; (4) Artificial shelters for reptiles and small mammals. By
nucleating the recovery of species that interact with rainforest plants, the ecosystem is able to restore ecosystem
services more frequently and quickly than those that ignore species interactions (Bechara et al., 2016).
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Appendix 1—figure 12. Invasive gray squirrels out-compete and infect native red squirrels and increase fungal
infections on timber trees through bark peeling (Case study 12 in manuscript Figure 1). Eastern gray squirrels
are invasive across Europe, having been introduced from the Americas. Eastern gray squirrels thrive in oak and
beech forest and urban environments and have been outcompeting the native red squirrel for habitat and food.
Eastern gray squirrels may also be the source of a disease caused by parapoxvirus that kills native squirrels. The
introduction of gray squirrels not only threatens the survival of native red squirrels but is a problem for commercial
hardwood timber production (Bruemmer et al., 2000). Eastern gray squirrels pull the bark off trees resulting in
wounds that severely decrease the value of the wood. The wound sites are also susceptible to fungal infections
which can kill the trees (Bruemmer et al., 2000). Therefore, the invasive Eastern gray squirrel affects ecosystem
services via altered species interactions, decreasing native biota (cultural ecosystem service), and negatively
affecting the timber industry (provisioning service).

Abdala-Roberts, Puentes et al. eLife 2025;0:e98899. DOI: https://doi.org/10.7554/eLife.98899 34 of 39


https://doi.org/10.7554/eLife.98899

eLife

Ecology

Native species loss:
aquatic systems

—

Appendix 1—figure 13. Alien fish species in Southern European rivers reduce native waterbirds, fish, and
invertebrates, and are spreading as the climate warms (Case study 13 in manuscript Figure 1). The European
catfish (Silurus glanis) is the largest-bodied freshwater fish of Europe and has a broad diet based mainly on other
smaller fishes. It has been introduced to many areas in Europe outside its native range, mainly for recreational
purposes (fishing) and is now posing a threat to local stream and river ecosystems across many countries and the
services they provide (Copp et al., 2009). By feeding on native fishes, it drives changes in the structure of aquatic
food webs, including changes in species composition and declines in abundance of both native vertebrate and
invertebrate species (Carol et al., 2009). Impacts also include negative direct (and potentially also indirect) effects
on waterbirds and other terrestrial species associated with riparian systems (Carol et al., 2009). Further, because
this species is more prone to invade and successfully establish under warmer conditions, climate change-driven
warming favors its invasion into southern regions such as the Mediterranean (Britton et al., 2010), amplifying the
local strength and spatial extent of its ecological impacts.
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Appendix 1—figure 14. Poisonous microalgal blooms caused by warming can kill large animals at watering holes
(Case study 16 in manuscript Figure 1). Botswana is home to one of the largest populations of elephants and is
considered one of the last strongholds for this declining species. Elephant abundances have rapidly declined
from an estimated 10 million in the 1930s to <500 thousand today due to poaching and land-use change. Close

to 400 elephants were found dead between March and June 2020 near watering holes (Veerman et al., 2022).
Toxins produced by cyanobacterial blooms were the culprit, with synchronous blooms across the Okavango Delta
region in Botswana for many months beginning in 2019 (Veerman et al., 2022). Such blooms are promoted by
low precipitation (longer water residence times), and high temperatures — both of which occurred in 2019/2020 in
this region. This is not the first time cyanobacterial blooms have killed large charismatic and endangered species
at watering holes (Oberholster et al., 2009), and it is unlikely to be the last, as climate change continues to alter
precipitation and increase temperatures promoting cyanobacterial dominance in freshwaters worldwide (Paerl and
Huisman, 2008).
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Appendix 1—figure 15. Climate warming has reduced penguin population abundance via shifts in prey biomass
(Case study 18 in manuscript Figure 1). Penguin (Pygoscelis adeliae, P. antarctica) populations in Antarctica have
suffered up to 50% reductions due to the indirect effects of climate warming. Krill (small crustaceans), the main
food source for penguins (Trivelpiece et al., 2011), feed upon the algae that dwell under ice sheets, which also
provides the krill physical shelter. Increasing ocean temperatures have reduced ice sheet coverage, reducing

krill abundance and thus affecting penguins, as well as other species such as whales, seals, and other sea birds
(Pifiones and Fedorov, 2016, Trivelpiece et al., 2011).
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Appendix 1—figure 16. Australia’s marsupials were extirpated when dingo removal increased the abundance of
invasive mesopredators (Case study 22 in manuscript Figure 1). Concomitant with the hominid invasion, Australia
lost all of its native, large-bodied (>5 kg), terrestrial predators, resulting in one of the world’s most depleted
predator guilds (Johnson et al., 2007), including its largest native predator, the dingo (Canis lupus dingo). Habitat
loss and hunting as a preventive measure to protect sheep herds (without prior evidence that dingoes posed a
significant risk to herds), drove the eventual elimination of the dingo and unexpected consequences due to altered
species interactions. The loss of the dingo led to the rise of its former prey — non-native mid-sized predators such
as the red fox (Vulpes vulpes) and feral cats (Felis catus). Mid-sized predators, left unchecked, unleashed drastic
population declines and extinctions of their native marsupial prey throughout Australia. This wave of marsupial
extinctions was symptomatic of underlying changes in species interactions due to top-predator extirpations (Letnic
et al.,, 2012).
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Appendix 1—figure 17. The proliferation of mice and rats following beech tree masting increases invasive stoat
predation on native New Zealand birds (Case study 23 in manuscript Figure 1). Half of New Zealand'’s endemic
bird species have gone extinct since human colonization of the island, and many are currently threatened
(Holdaway, 1999). The introduction of bird predators such as stoats has been a major driver of bird decline
(Dilks et al., 2014). A cascade of species interactions magnifies the impact of invasive predators on native bird
populations. First, beech trees reproduce through masting, simultaneously releasing flowers and seeds at irregular
intervals (3-5 years, Schauber et al., 2002). Second, this large pulse of resources increases the population sizes
of mice and rats and the population size of their predators — the invasive stoats (Dilks et al., 2014). The increased
abundance of stoats is one of the most important factors driving forest birds' decline in New Zealand (Dilks et al.,
2014, Wilson et al., 1998). As temperatures rise, seed production during masting is likely to increase (Schauber
et al., 2002), with the greatest impact on predator abundance, not plant fitness (Bogdziewicz et al., 2020),
exacerbating the reduction of native bird populations.
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