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Arguments for the need to conserve aquatic predator (AP) populations often
focus on the ecological and socioeconomic roles they play. Here, we summa-
rize the diverse ecosystem functions and services connected to APs, including
regulating food webs, cycling nutrients, engineering habitats, transmitting
diseases/parasites, mediating ecological invasions, affecting climate, support-
ing fisheries, generating tourism, and providing bioinspiration. In some cases,
human-driven declines and increases in AP populations have altered these
ecosystem functions and services. We present a social ecological framework
for supporting adaptive management decisions involving APs in response to
social and environmental change. We also identify outstanding questions to
guide future research on the ecological functions and ecosystem services of
APs in a changing world.

The Functional Role of APs in the Anthropocene

Upper-trophic-level predators are ecologically, economically, and culturally important [1-3].
However, many marine and freshwater predators have declined across their range [4-7]. This
has sparked efforts to conserve and manage aquatic species, which have resulted in some
population rebounds [8,9]. Accordingly, we sought to understand the ecological, evolutionary,
and socioeconomic roles played by APs and the consequences of their population declines and
increases on social and ecological systems.

Most reviews describing the ecological roles (see Glossary) of APs have focused on food web
dynamics involving marine megafauna [10,11]. Yet even smaller APs, particularly in freshwater
environments, can affect food webs. Growing evidence further suggests that APs are directly
and indirectly connected to several other ecosystem functions, including nutrient and carbon
cycling [12,13], habitat modification [14,15], disease transmission [16], and invasion by exotic
species [17,18]. Moreover, APs are linked to socioecological systems (SESs) that encom-
pass relationships between humans and the environment [19]. Indeed, APs provide diverse
ecosystem services, including tourism (e.g., whale watching, shark diving; [20]) and food
security [21], as well as the jobs that depend on them. Less obvious is that APs can help
mitigate climate change [22,23] and lead to bioinspired materials and products that benefit
human wellbeing [24].

In the sections that follow, we review the ecological roles that APs provide for ecosystem
functioning and the attendant ecosystem services they afford to humans (Figure 1). We provide
examples of ecosystem consequences arising from human-driven declines and increases in AP
populations (Table 1 and Box 1). We also describe how SESs can be used as a resource
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management tool to help guide adaptive decision-making involving APs in response to social
and environmental change (Box 2). Finally, we identify outstanding questions to guide future
research (see Outstanding Questions).

We consider APs to be animals that hunt at tertiary or greater trophic levels within aquatic
systems including oceans, bays, estuaries, rivers, streams, lakes, and wetlands. We note
upfront that some of the ecosystem functions and services reviewed here are not exclusive to
APs, nor should they be ubiquitously attributed to all APs and/or in all contexts. Indeed, a key
research priority is to understand the extent to which APs affect ecosystem functions and
services. We also note that many of the direct and indirect effects of APs on ecosystem
functioning also yield ecosystem services.

Controlling Food Webs

APs can influence food webs through their consumptive effects on prey. Associated
reductions in prey populations can initiate trophic cascades within and across ecosystems
[25]. For example, when predatory largemouth bass (Micropterus salmoides) are introduced to
lakes within Michigan (USA), populations of zooplanktivorous prey fishes decline via predation
from bass. This, in turn increases zooplankton abundance, which then reduces phytoplankton
blooms, thereby improving water clarity [26]. When they feed on competitively dominant prey,
APs can also promote biodiversity among prey species (i.e., by precluding competition
exclusion by dominant prey) [27]. If APs leave behind parts of the prey carcass for other
species to scavenge on, they also create food subsidies to other community members [28].

In addition to consumptive effects, predation risk can induce plastic and/or genetic alterations
in prey traits, including changes in prey behavior [29], morphology [30], life history [31], and
physiology [32]. Such risk effects can also initiate trophic cascades [33,34]. For example, in
Fijian coral reef systems, herbivorous fish avoid areas patrolled by reef sharks, which creates a
spatial refuge for seaweeds, thereby altering vegetation abundance and diversity [35]. In
essence, APs can cause community-wide alterations by changing prey abundance via con-
sumptive effects, and by altering average prey traits either via prey plasticity, evolution, or
species replacements, and these trait changes can reduce per capita impacts of prey on the
rest of the community.

Food web dynamics can change after human-driven AP population declines (Table 1). For example,
off Northwest Australia, shark removals have altered the abundance, diversity, diet, body condition,
and morphology of reeffishes (Figure 1A; [36-39]). Although evidence for top-down food web effects
due to AP increases from conservation efforts exist, they are limited (Table 1).

Nutrient Cycling

APs act as nutrient sources, through rapid nutrient turnover via excretion and egestion, and as
nutrient stores, by sequestering nutrients in body tissues [13,40-43]. Many APs are highly
mobile, and redistribute nutrients when they feed in one location and egest in another. By
foraging at night in offshore waters and then resting during the day within Paimyra Atoll in the
Central Pacific, the grey reef shark (Carcharhinus amblyrhynchos) population egests an
estimated 95 kg of nitrogen daily onto the nutrient-limited reef, supporting coral health [43].
Migrations by diadromous fishes can bring nutrient subsidies into freshwaters [44], for example,
when Pacific saimon (Oncorhynchus spp.) release nutrient pulses into streams, lakes, and
adjacent riparian habitats during spawning migrations [45,46] (Figure 1B). APs with limited
mobility can also cycle nutrients by intercepting and consuming mobile species as they move
between habitats, thereby shunting nutrients into local ecosystems [47]. Large-bodied APs,
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such as toothed whales, can contribute to local biogenic mixing in the ocean via the mechanical
energy generated by their swimming, transporting nutrient-rich water from the bottom to the
surface, increasing phytoplankton productivity [48,49]. Moreover, air-breathing ocean pred-
ators including seals, seabirds, and toothed whales can mix elements such as iron, by feeding
at great depths and then releasing nutrients close to the surface or even on land [50].

APs can also indirectly modulate nutrient cycling via trophic interactions. Size-selective preda-
tion can alter stoichiometric relationships in prey nutrient content and consumer nutrient
recycling [51]. APs also influence nutrient cycles via risk effects [562,53]. For example, pike
cichlids (Crenicichla alta), an abundant predator of guppies (Poecilia reticulata) in many Trinidad
streams, constrain guppy foraging and food intake [52,54]. Chemical cues of pike cichlids alone
are sufficient to increase guppy nitrogen assimilation and retention efficiencies, ultimately
reducing guppy nitrogen excretion.

The effects of AP declines on nutrient cycling have been explored for several systems [55,56]
(Table 1). For example, overfishing has reduced storage and resupply of fish-derived nutrients
on coral reefs by nearly 50%, resulting in diminished coral growth and primary productivity [56].
However, the recovery of migratory fish has seen the restoration of their function as nutrient
vectors (Table 1). The year after removing the Elwha Dam in Washington State, salmon returned
to the upper reaches of the river, restoring lost nutrient subsidies [57].

Ecosystem Engineers

Ecosystem engineering is a process by which organisms create and modify habitats through
changes in their abiotic environment [58]. One of the most direct ways that APs engineer their
environment is by creating habitat, including that generated by the leftover carcasses of animals
they have killed [59] or the sinking carcasses of the APs themselves following death [14,15]. In
particular, whale carcasses form an immediate rich habitat in energy-poor deep-sea environ-
ments [14,15,60]. Commercial whaling is believed to have indirectly led to the extinctions of
some invertebrates that were whale-fall specialists [14].

Bioturbation is another way aquatic predators can alter their environment. By excavating
sandflats to feed on buried infaunal invertebrates, stingrays enable oxygen and organic
matter to penetrate deeper into sediments, supporting biogeochemical cycling and the
associated microbial assemblages that drive these processes [61,62]. Alligators (Alligator
mississippiensis) rearrange sediments and remove vegetation, creating small ponds (alli-
gator holes) that sustain many aquatic and semiaquatic vertebrates and invertebrates
(Figure 1C) [63,64]. APs can also engineer ecosystems via trophic interactions, whereby
predators influence other organisms that create or modify habitat [65]. For example, sea
otters (Enhydra lutris) feed on herbivorous sea urchins that would otherwise consume kelp,
thereby promoting kelp forests and several kelp-associated fishes and invertebrates [66].
Given that AP population declines and increases have led to changes in the habitats they
create or modify — and the species that depend on these habitats (Table 1) — some AP
ecosystem engineers might serve as key mechanistic links to habitat restoration and the
recovery of species that depend on them.

Disease Transmission

It has long been surmised that predators benefit prey populations by weeding out the sick and old
[67]. APs might distinguish easy targets when healthy prey are difficult or dangerous to capture
[68,69]. If sick animals are targeted by APs, mathematical models suggest predation can reduce
host-specific infectious diseases that have density-dependent transmission [67]. However,
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Glossary

Bioinspired materials: synthetic
materials that draw inspiration from
nature.

Consumptive effects: reductions in
prey numbers or density resulting
from predators killing and consuming
prey.

Density-dependent transmission:
when disease transmission success
increases in direct proportion to host
density.

Ecological role: the niche a species
has in its environment and the role it
fulfils in the ecosystem.

Ecosystem function: biological,
geochemical, and physical processes
that occur within an ecosystem,
including collected interactions of
biota and the environment, that are
an integral part of biodiversity.
Ecosystem service: benefits
humans freely gain from naturally
functional ecosystems and the
environment.

Food and Agricultural
Organization of the United
Nations: an international body that
deals with issues related to fisheries
and aquaculture that support
livelihoods and food security.
Macrophyte: plants that grow in or
near water.

Nature-based tourism: portion of
the global tourism industry that
focuses on wildlife viewing.

Risk effects: predation risk-induced
shifts in prey behavior, morphology,
life history and/or physiology that
have consequences for their fitness
and/or population dynamics; also
known as nonconsumptive predator
effects.

Socioecological system (SES):
system of components (resource,
resource users, governance, and
resource system), including their
interactions leading to outcomes for
social and ecological actors in the
system.

Trophic cascade: indirect species
interactions that originate with
predators and spread downward
through food webs. A classical
trophic cascade usually results in
sequentially alternating high and low
abundance of species as one moves
down trophic levels of a food chain
due to predator—prey interactions.
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Figure 1. Ecosystem Functions and Services of Aquatic Predators. (A) Controliing food webs: large bodied sharks alter the abundance, diversity, behavior,
diet, and shape of coral reef fishes [36-39)]. (B) Nutrient cycling: spawning migrations of Pacific salmon effectively transfer nutrients from oceans to rivers, streams and

(Figure legend continued on the bottom of the next page.)
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most evidence that predators reduce infectious diseases comes from predators reducing prey
density, thereby limiting transmission of density-dependent parasites. Older prey are more likely to
carry parasites because they have been exposed longer to infectious agents than younger prey
have been [70]. By preferentially removing sick or old individuals already close to death, APs can
reduce parasites without increasing population mortality rates of prey [67].

Although APs can limit the transmission of parasites, they can also promote disease spread.
Many parasites have complex life cycles that use APs as hosts, and, therefore, APs can spread
parasites, including some that infect people [71]. For instance, larval worms in predatory fishes
consumed by humans can expose people to a range of pathogenic parasites [72].

Human-driven changes to AP populations can alter disease transmission (Table 1), such as in
tropical rivers, where predatory prawns (Macrobrachium spp.) eat snails that are hosts for
human schistosomiasis [16,73]. Loss of these predatory prawns from damming rivers
increases snails and subsequent infection rates in humans (Figure 1D). In turn, restoring
the predatory prawns back to the system can reduce human infection rates [16,73,74].

Mediating Species Invasions

Many aquatic systems have been invaded by exotic species that can affect native species [75].
In many well-known cases, damaging invaders are introduced APs [18]. The converse potential
role of native APs in controlling invasions, however, is less understood [76,77]. Key to whether
native APs reduce the vulnerability of a system to species invasion depends on whether APs
preferentially feed on exotic species. APs that target exotic prey over native prey have both a
higher potential to suppress invaders and reduce impacts on native prey. APs tend to feed on
what they can catch and consume, such as prey with ineffective antipredator defenses [78].
APs should thus be more likely to control invaders that exhibit weak antipredator defenses [79],
which can occur when naive, exotic prey do not recognize or sufficiently respond to native APs.
Alternatively, if exotic prey exhibit strong antipredatory responses to native APs, then risk
effects may constrain invader populations. For example, in response to predation risk from
native red groupers (Epinephelus morio), invasive lionfish (Pterois spp.) shift their foraging from
more energy-rich fishes to energy-poor benthic invertebrates [80]. Conversely, invaders tend to
be more successful if native APs do not recognize the invaders as potential prey [81,82]. Native
APs may also benefit from exotics, for example, if invasive prey become additional food for
native APs or exotics negatively affect competitors or predators of native APs [83].

Both theory and empirical field evidence suggest that removals of APs by humans can release
invaders from potential predators and competitors (Table 1). For example, in the Black Sea,
overexploitation of large predatory fishes appears to have increased non-native comb jellies
[84]. In contrast, evidence for changes in invader populations following AP recoveries is lacking
(Table 1).

lakes, via nutrient excretion, salmon consumption by predators, and through decomposition of carcasses post spawning [44-46]. (C) Ecosystem engineers: in
wetlands, alligators bulldoze sediments and vegetation, creating water-filled alligator holes, which serve as critical habitat for fishes and turtles and sources of drinking
water for birds and small mammals [63,64]. (D) Disease transmission: in tropical rivers, predatory prawns (Macrobrachium spp.) eat the snails that are hosts for human
schistosomiasis [73,74]. (E) Species invasions: off the Pacific Northwest, sea otters and large Pisaster starfish selectively feed on native mussels, facilitating the invasion
of an exotic bryozoan by reducing competition for space [113]. (F) Climate change mediation: in Western Australia, the presence of tiger sharks appears to cause
dugongs and sea turtles to limit their consumption of seagrass, which increases primary production, CO, uptake, and maintains sediment carbon stocks [23]. (G)
Tourism: viewing of toothed-whales creates jobs and supports local economies [92,95,96]. (H): Fisheries: humans depend on fish as a source of food, recreation
(angling), and jobs. (I) Biocinspiration: novel materials engineered with shark skin-mimicking surfaces are being used to design more aerodynamic drones, planes, and
wind turbines [24].
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Table 1. Examples of Alterations in Ecosystem Processes Resulting from Population Declines and Increases of APs

Ecosystem func-
tion/service

Controlling food
webs

Controlling food
webs

Nutrient cycling

Nutrient cycling

Ecosystem
engineering

Ecosystem
engineering

Disease
transmission

Disease
transmission

Mediating
species
invasions

AP

Sharks (Galeocerdo cuvier, Sphyrna
lewini, Sphyrna mokarran,
Carcharhinus albimarginatus,
Carcharhinus amblyrhynchos)

Harbor seals (Phoca vitulina)

Hooded seal (Cystophora cristata),
Short-finned pilot whale
(Globicephala macrorhynchus),
northern bottlenose whale
(Hyperoodon ampullatus), long-
finned pilot whale (Globicephala
melas), New Zealand sea lion
(Phocarctos hookeri), northern
elephant seal (Mirounga
angustirostris), southern elephant

seal (Mirounga leonine), sperm whale

(Physeter microcephalus), fin whale
(Balaenoptera physalus), Cuvier's
beaked whale (Ziphius cavirostris),
Weddell seal (Leptonychotes
weddellii)

Chinook salmon (Oncorhynchus
tshawytscha), American dipper
(Cinclus mexicanus)

American alligator (Alligator
mississippiensis)

Sea otters (Enhydra lutris)

Predatory prawns (Macrobrachium
Spp.)

Seals (Phoca vitulina, Halichoerus
grypus)

Bonito (Sarda sarda), bluefish
(Pomatomus saltatrix), mackerel
(Scomber scombrus)
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Location

Scott Reefs,
Northwest
Australia

Wadden Sea &
coastal areas

World oceans

Elwha River, WA,
USA

Everglades, FL,
USA

North Pacific
Ocean
ecosystems

Senegal River

Canadian
Maritimes

Black Sea

Decline or
increase

Decline

Increase

Decline

Increase

Decline

Decline/increase

Decline/increase

Decline

Decline

Ecosystem consequence

Predation release driving increased
abundances of prey fishes, but
decreased diversity (possibly from release
of competitive dominants). Shark declines
also associated with changes to diet,
body condition, and morphology of prey
fishes.

Increased predation on prey fish resulting
in fish population declines, but increasing
fish growth (possibly from reduced
density-dependent competition).

Vertical movement of phosphorus by
marine mammal predators estimated to
be reduced to 23% of historical values
due to overharvest

Rapid return of marine-derived nitrogen
subsidy by migratory salmon following
Elwha Dam removal; observed increases
in marine-derived nitrogen in American
dipper following dam removal.

Alligator declines from reduced areas of
inundation and increased salinization,
resulted in decreased capacity to create
critical habitat alligator holes supporting a
variety of species.

Demise of kelp forests, a critical habitat
for many species, indirect result of
exploitation of sea otters by fur hunters;
recovery of kelp forests following recovery
of sea otter populations.

Loss of predatory prawns from damming
rivers increases snails that transmit
schistosomiasis to humans. Restoration
of the prawns back to the system has
reduced risk of human infection.

Population declines in seals from culling
has been found to reduce parasitism in
cod and increase fisheries value

Overfishing of pelagic APs caused a
regime shift including an increase in exotic
comb jellies
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Table 1. (continued)
Ecosystem func- AP Location Decline or Ecosystem consequence Refs
tion/service increase
Climate Blue crabs (Callinectes sapidus), East Coast, Decline AP declines has led to an overabundance  [23,117,118]
mitigation predatory fish USA, Salt of sesarmid crabs that undertake
Marshes extensive burrowing and grazing,
resulting in large-scale coastal erosion,
the re-suspension of century-old soil
carbon stocks, and a reduction in soil
carbon sequestration rates by >300%.
Climate Sea otters (Enhydra lutris) West Coast of Increase Increase predation of sea urchins from [22]
mitigation North America recovered sea otter populations has
increased carbon storage in living kelp by
4.4 to 8.7 million tons
Tourism Orca (Orcinus orca) Pacific Decline Losses in salmon have crippled southern  [119]
Northwest, resident orca whale populations and the
North America tourism sector that relies on their
presence.
Tourism Sperm whales (Physeter Kaikoura, New Increase Recovery of sperm whale populations [96]
microcephalus) Zealand following decades of whaling created a
tourism industry that has increased
tourism visitation 25 times.
Fisheries Atlantic cod (Gadus morhua) North Atlantic — Decline Collapse of Atlantic cod lead to [120]
especially in socioeconomic devastation to coastal
Canadian waters fishing communities
Fisheries Lake trout (Salvelinus namaycush) Lake Superior in Increase Following dramatic population declines in ~ [121]
the Laurentian the mid-1900s due to overfishing and
Great Lakes other stressors, strict fisheries regulations

lead to a lucrative and sustainable
recreational fishery for lake trout.

Box 1. Lessons Learned from the Collapse of the Atlantic Cod Fishery

When fisheries selectively remove the largest individuals, they also remove adults with higher potential breeding output (and their genes) such that fisheries
exploitation can induce rapid genetic changes in fish populations, yielding smaller adults with lower reproductive output [30]. The combination of decreases in AP
abundance, and evolutionary change favoring individuals with lower reproductive output, has implications for trophic control of marine ecosystems, including
capacity of the ocean to mitigate climate change, such as in the case of Atlantic cod (Gadus morhua) in the North Atlantic (Figure ).

As dominant APs, large adult cod eat mid-sized fishes such as hake, squid, herring, and mackerel. These species eat larval cod and large zooplankton. Before over-
fishing (Figure |, left panel), large adult cod controlled mid-sized fish populations, which in turn helped ensure a strong source of larval cod to support future adult
populations. These abundant larval cod and large zooplankton selectively fed on large dinoflagellate phytoplankton, leaving behind smaller diatom phytoplankton.
The surviving smaller mid-sized fishes fed on small zooplankton, which also increased abundances of diatoms. These diatoms played an important role in carbon
storage in the North Atlantic, by sequestering carbon in their tissues during photosynthesis and then sinking to the deep ocean, settling within the sediment and
effectively stockpiling the carbon (known as the biological pump). Upwelled nutrients further helped support photosynthesis.

Over-fishing cod in the 1990s triggered changes in top-down control of the entire ecosystem, indirectly weakening the biological pump of the North Atlantic Ocean
(Figure |, right panel, [122-124]). Specifically, the cod collapse triggered an increase in mid-sized fish that in turn caused decreases in both larval cod and large
zooplankton, leaving behind mostly smaller zooplankton. The increased predation on larval cod further impaired recovery of the adult population. Reductions in large
zooplankton subsequently increased dinoflagellate abundance; whereas, the increased abundance of small zooplankton caused reduced diatoms. This loss of
diatoms weakened the biological pump. Further hindering carbon sequestration was reduced nutrient upwelling to the phytoplankton due to increased water
stratification from rising water temperature due to climate change. While climate change effects may be more difficult to reverse, recovering the adult cod population
could restore the strength of the North Atlantic biological pump and its ecosystem service of lowering atmospheric CO,.
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Figure |. Offshore Shelf Ecosystem in the North Atlantic Ocean before (Left Panel) and after (Right Panel) Overfishing of Large Adult Atlantic Cod
(Gadus morhua). Arrow thickness represents interaction strengths (thick arrow = strong interactions/thin arrows = weak interactions). Before overfishing, large
cod fed on mid-sized fishes, which increased larval cod and large zooplankton that would otherwise be consumed. This helped support larval cod recruitment to the
adult stock. Together with large zooplankton, larval cod ate large phytoplankton species (dinoflagellates), leaving behind smaller phytoplankton species (diatoms).
The surviving smaller mid-sized fishes fed on small zooplankton, which also increased diatoms species. These diatoms released oxygen and sequestered carbon.
Thereafter, these diatoms sank to deep sea sediments, effectively stockpiling photosynthesized carbon (biological pump). Furthermore, upwelling of deep ocean
nutrients helped increase photosynthesis. After overfishing of adult cod, mid-sized fishes previously consumed by adult cod increased in abundance, consequently
reducing large zooplankton and larval cod, leaving behind small zooplankton. Reductions of large zooplankton subsequently increased dinoflagellates, whereas the
surviving small zooplankton reduced diatoms. The overall loss of diatoms weakened the biological pump. Moreover, increased water stratification associated with
warming temperatures has limited nutrient upwelling and photosynthesis.

Mediating Climate Change

Aquatic systems play a fundamental role in the global carbon cycle. In addition to the 400 billion
tons of inorganic carbon in the water column, marine ecosystems store substantial carbon in
plant biomass and organic sediments. Conversely, inland freshwaters emit enough CO, and
methane to offset ~80% of the global land sink. APs can increase net primary production and
soil carbon sequestration by decreasing herbivore abundances via predation or reducing
herbivore foraging activity via risk effects [85-87]. This is because herbivores consume plant
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biomass, which can reduce the amount of carbon fixed through photosynthesis [86,88].
Herbivory can also reduce the amount of carbon sequestered into sediments [23]. Furthermore,
herbivores can influence soil carbon sequestration by reducing plant canopy height and
damaging macrophyte roots [89]. In coastal areas of Australia, sharks limit herbivore (green
sea turtles Chelonia mydas, herbivorous fish, and dugongs Dugong dugon) consumption of
seagrass and/or algae, thereby increasing CO, uptake and fostering higher sediment carbon
stocks (Figure 1F) [23,90].

Growing evidence suggests that conservation of APs may help reduce natural greenhouse
gas emissions or enhance carbon uptake and storage in aquatic ecosystems (Table 1). For
example, by suppressing sea urchin populations, the recovery of sea otters in the Pacific
Northwest has led to an estimated 4.4-8.7 megaton increase in carbon storage by kelp [22].
Yet, APs are declining in many systems [6,7,25], and the resulting increases in herbivore
abundances and grazing rates could reduce the effectiveness of the marine carbon sink by
several million tons of CO, [23]. A loss of the upper sediment layer in only 1% of vegetated
coastal ecosystems could lead to the release of 460 million tons of CO, into the atmosphere
[23]. This is equivalent to the annual CO, production of ~97 million cars [23]. However, the
direction of predator effects on carbon processes is dependent on food chain length; in
some cases, predators may decrease carbon storage or enhance greenhouse gas emis-
sions [85].

Tourism

Large predators are among the most popular and socioeconomically valuable species for
nature-based tourism [91]. The thrill of experiencing predatory species in the wild leads to
local and national economic benefits worth several billion US dollars per year [92,93]. Subse-
quently, the ecosystem service of APs to ecotourism has become a leading argument for their
conservation in certain contexts [91,94]. Toothed whales such as orcas (Orcinus orca),
dolphins, and sperm whales (Physeter microcephalus) are iconic APs that capture a significant
portion of the global whale watching industry (Figure 1G) [95]. A similar trend can be seen with
shark tourism, with an estimated total value of US$315 million/year with over 500 000 tourists,

Box 2. Considering Ecosystem Services of APs in an SES Framework

An SES has multiple interacting human and non-human components [19], such as APs and other natural resources (e.g., prey items and predators, and physical
habitats) or processes (e.g., oceanography). These components interact, such that a change in one component can initiate shifts throughout the SES [19]. This
framework, outlined in Figure |, can be used as an analytical tool in ecosystem or resource management to understand a priori interactions among SES components
and help identify meaningful indicators for system functionality across both social and ecological spheres [125]. In constructing an SES, following nomenclature of
[19] and [126], the spatial area under management is the resource system, the AP is the resource unit, any humans using the resource system (fishers, tourists, and
shipping vessels) are actors, and the governance system is composed of the regulators, regulations on fishing limits, and/or protected areas, and parties responsible
for enforcement.

In management and policy settings, the SES framework has been used as a tool to assess performance of ongoing management regimes, rather than a starting point
for management design [127]. For instance, recognizing network structure or feedbacks among actor groups, including actors’ perception of rule-making processes
and potential influences of external environmental shifts. By conceptualizing the SES at an early time point, managers can account for otherwise unforeseen
interactions that could impact management outcomes and mobilize any additional expertise or resources needed to monitor indicators (e.g., socioeconomic or
sociocultural indicators), thereby allowing a more comprehensive long-term record of the effectiveness of policy. The reflexive approach facilitates adaptive
management, by demonstrating ramifications of fluctuations in SES indicators (e.g., management changes or environmental fluctuations), which may lead to
revisions of the resource management strategy.

To demonstrate the SES framework and its functionality as an analytical tool, Figure | provides a hypothetical example of an Arctic SES. Instructions on how to
operationalize an SES framework is beyond the scope of this review; however, we recommend constructing the SES following [19,126-128], and identifying
indicators as outlined by [129].
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Figure |. Hypothetical Example of an Arctic SES Involving Marine Mammals under Social and Environmental Change. The SES framework presented
here is adapted from [19], which includes the resource system, resource units, actors using the resource, and governance systems which combine to yield focal
action situations where interactions lead to outcomes, which then affect constituent SES components. The broader social, economic, political, and ecological
contexts within which the SES operates can affect each component, and thus the SES as a whole. A hypothetical example for a complex SES is given, in light colored
boxes, of an Arctic marine protected area (MPA) (resource system), which, during ice-free seasons, is crossed by shipping vessels, and visited by local community
members for cultural and subsistence purposes (all of which are the actors), who interact with, and can impact, resource units [marine mammals (APs), teleosts (AP
prey) via noise and chemical pollution from shipping]. Here, external shifts such as higher ocean temperature from anthropogenic climate change (related
ecosystems, under the SES framing) and increased global shipping activity owing to economic trends (social, economic, and political settings) can increase both
the length and spatial extent of the ice-free season, and the shipping activity within the MPA. As a result, APs and their prey have less suitable habitat, and more
pollutant exposure, which can compromise accessibility of APs for local community members to whom they have sociocultural significance. The various national
governments and international treaties, which govern and monitor activity in the area, comprise the governance system. Members of the governance system can use
this SES framing to identify focal action situations where interactions among components lead to measurable outcome measures, and how these local indicators shift
with external conditions, to both define and adapt rules for use of the MPA, and monitor performance of rules — for instance, redirecting shipping routes to minimize
interaction with the MPA, to reduce AP pollutant exposure and improve potential for long-term wellbeing of the local community. Throughout the SES, asterisks note
where indicators may be gathered to monitor SES functionality and performance of management rules.

directly supporting 10 000 jobs [93]. The decline and recovery of cetaceans, including toothed
whales, is arguably the most striking example how changes in AP populations have impacted
tourism sectors (Table 1). In Kaikoura, New Zealand, following the introduction of whale-
watching tourism for sperm whales in 1987, the community transformed from an economically
depressed town to a bustling tourism hub [96].
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Fishing and Hunting

Fishing, and to a lesser extent, hunting, probably represents the most widespread and obvious
use of APs by humans (Figure 1H). Statistics analyzed from the The Food and Agriculture
Organization of the United Nations suggest that predatory fish are heavily targeted [97] and
considered among the most valuable for fisheries on a per unit mass basis [e.g., bluefin tuna
(Thunnus thynnus), black marlin (/stiompax indica), and Patagonian toothfish (Dissostichus
eleginoides)]. Indigenous Arctic peoples depend on APs for food, with estimates of ~17 000
ringed seals (Pusa hispida) removed annually [21]. Clearly, APs are significant components of
human diets, particularly in certain coastal communities (e.g., Japan and Scandinavia).

Population declines and increases in APs that support food production and jobs present obvious
socioeconomic consequences (Table 1). The immediate effects on fisheries can be substantial if
exploitation rates are suddenly restricted, or alternatively if exploited fish abundances fall to the point
where fisheries are nolonger economically viable— neither outcome is good for people. Overfishing of
Atlantic cod (Gadus morhua) and associated socioeconomic devastation in coastal fishing com-
munities provides a classic example (see Figure | in Box 1). In a similar manner, increases of
economically important APs through effective management have led to increased socioeconomic
benefits (Table 1). In contrast, the apparent overabundance of some APs, such as seals, has created
conflict with fishers and led to calls for increased seal hunting to benefit fish populations [98].

Bioinspiration

APs often rely on high swimming performance to capture prey [99] and consequently have a
number of specialized hydrodynamic structures. Therefore, APs tend to be a focus of bio-
inspired materials for enhanced hydrodynamic performance [100-102]. Structures covered in
3D-printed shark skin have reduced energy consumption (~5.9%), and increased swimming
speed (~6.6%) compared to similar structures lacking synthetic shark skin [103], and might
improve aerial devices [24]. In other applications, marine mammals possess skin textures that
inhibit fouling organisms, which may allow for new innovation in antifouling materials for creating
fuel-efficient propellers, ship hull designs, submarines, and aquatic robots [104]. APs can also
provide novel biomedical applications for human health. For example, small antibodies found in
some sharks may offer new molecular tools for battling human diseases [105,106]. Even when
bioinspiration is not commercialized, it can lead to rethinking of designs and approaches for
innovation [107]. Accordingly, the loss of APs could reduce bioinspiration opportunities.

Concluding Remarks

Predators, aquatic and otherwise, are widely recognized for their influence on food webs via
trophic cascades. However, this awareness is largely for consumptive effects; whereas, the
strength and breadth of risk effects on communities is lesser known and underappreciated,
although growing. Although often overlooked in both discussions and studies of their ecological
roles and attendant ecosystem services, APs can impact nutrient cycling, act as ecosystem
engineers, and function as both disease/parasite vectors or regulators. Moreover, APs gener-
ate cultural and provisioning services that benefit humans in diverse ways including climate
change mitigation, as a source of spirituality (not reviewed here), nutritional security, livelihood
support/wealth generation, leisure (e.g., recreational fishing), and a source of bioinspired
materials (e.g., aviation and medicine).

Although difficult to detect in aquatic systems, both human-driven declines and increases of AP
populations alter ecosystem functions and services (Table 1 and Box 1). However, investigating
such processes is challenging for several reasons. In many cases where APs have been exploited,
other anthropogenic effects have also occurred (e.g., pollution and habitat degradation), making it
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How prevalent is food web omnivory
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trophic levels) and does it reduce the
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effects on prey?

Nutrient Cycling

To what degree are nutrient demands
of ecologically important habitats (e.g.,
mangrove, seagrass, coral reefs, and
wetlands) supported by APs?

What are the mechanisms and extent
to which APs influence micronutrient
and trace element fluxes within
ecosystems?

Disease Transmission

To what extent do APs reduce the
spread of infectious diseases by selec-
tively targeting weak, sick, or old prey?

What is the magnitude of AP transmit-
ted parasites in the ocean? What are
the primary mechanism by which this
occurs?

Mediating Species Invasions

Can APs control non-native species by
either learning or evolving to target
invaders?

Does the removal of APs increase the
vulnerability of aquatic systems to spe-
cies invasions?

Mediating Climate Change

To what extent do local predator
effects on carbon sequestration pro-
cesses scale up to regional and global
carbon budgets?

Is the conservation or recovery of APs
a legitimate means of mitigating CO,
emissions?
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difficult for scientists to isolate ecosystem changes driven by AP declines alone. Moreover, in the
case of ecosystem changes from AP declines, these most likely already occurred prior to
monitoring. In the case of ecosystem changes associated with AP increases, their population
rebounds have been relatively limited and slow, as have likely their associated ecological effects.
Traditionalmanipulative techniques, such as removals, exclusions or additions, are often unfeasible
with APs given obvious logistical, technological and ethical constraints. This means that research-
ers will have to rely on comparative and correlational approaches [108], such as by studying
anthropogenic-driven losses of APs through targeted removals or increases in AP populations
through protective measures (prohibitions and reserves) and stocking efforts. Central to this future
research will be trying to understand under which scenarios declines and/or increases of APs lead
to alterations in ecosystem processes or not, and how long these changes may take to occur.

Based on our synthesis of the literature, we list 16 outstanding questions as research priorities
for understanding the ecosystem functions of APs under human-driven environmental change
(see Outstanding Questions). A key priority will be to understand how APs affect biodiversity at
local, regional, and global levels, and in turn, how AP population declines and recoveries will
affect biodiversity. Moreover, it remains uncertain how imminent climate-driven changes to
water temperatures, oxygen concentrations, pH levels, and frequency of extreme weather
events might affect the ecosystem functions and services of APs.

New and refined technologies make it easier to study APs at relevant spatial and temporal
scales. Innovations in biotelemetry [109], biochemical tracers [110,111], remote video-surveil-
lance, and increasingly sophisticated human dimensions methods [19,112], now provide
researchers with the ability to study the ecology of APs at the scale of watersheds or ocean
basins, and their inextricably linked relationships to humans. Indeed, many of the research gaps
identified here are at the forefront of modern ecology and will shape the research careers of
many future scientists. Finally, we suggest that application of an SES Framework (see Figure lin
Box 2) for optimizing the socioeconomic and ecosystem services generated by APs in a
changing world, which will require more explicit collaboration with scientists working in fields
such as social sciences and humanities.

Acknowledgments

We thank the Editor and Reviewers for their constructive feedback, which significantly improved the manuscript. We thank
Trish Albano for help with formatting references and Hiram Henriquez for illustrating Figures 1 and | (Box 1). Dana Morton
reviewed the final revision. Special thanks to our colleagues over the years, whose research, teaching, and discussions
helped influence our thinking. Any use of trade, product, or firm names in this publication is for descriptive purposes only
and does not imply endorsement by the US Government.

References
1. Ritchie, E.G. et al. (2012) Ecosystem restoration with teeth: what 7. Kroodsma, D.A. et al. (2018) Tracking the global footprint of
role for predators? Trends Ecol. Evol. 27, 265-271 fisheries. Science 359, 904-908
2. Ripple, W.J. et al. (2017) Conserving the world’s megafauna 8. Worm, B. et al. (2009) Rebuilding global fisheries. Science 325,
and biodiversity: the fierce urgency of now. Bioscience 67, 578-585
197-200 9. Worm, B. (2017) Marine conservation: how to heal an ocean.
3. Schmitz, O.J. et al. (2015) Functional traits and trait-mediated Nature 543, 630-631
interactions: connecting community-level interactions with eco- 10 Estes, J.A. et al. (2016) Megafaunal impacts on structure and
system functioning. Adv. Ecol. Res. 52, 319-343 function of ocean ecosystems. Annu. Rev. Environ. Resour. 41,
4. Myers, R.A. and Worm, B. (2003) Rapid worldwide depletion of 83-116
predatory fish communities. Nature 423, 280-283 11. Roff, G. et al. (2016) The ecological role of sharks on coral reefs.
5. Lotze, HK. et al. (2006) Depletion degradation, and recovery Trends Ecol. Evol. 31, 395-407
potential of estuaries and coastal seas. Science 312, 12 Doughty, C.E. et al. (2016) Global nutrient transport in a world of
1806-1809 giants. Proc. Natl. Acad. Sci. U. S. A. 113, 868-873
6. Halpern, B.S. et al. (2008) A global map of human impact on 13 Stewart, S.D. et al. (2018) The role of mobile consumers in lake

marine ecosystems. Science 319, 948-952

380 Trends in Ecology & Evolution, April 2019, Vol. 34, No. 4

nutrient cycles: a brief review. Hydrobiologia 818, 11-29

Cell

REVIEWS

Tourism

Can interacting with APs for tourism
sufficiently impact their behavior and/
or physiology to alter their ecological
functions?

Fisheries

Is aquaculture and stocking an effec-
tive approach for supporting or restor-
ing AP populations and their ecological
functions or services?

General

How do food chain length and food
web omnivory influence the magnitude
and direction of varying AP impacts on
ecosystem function?

What is the contribution of various APs
ecosystem functions to biodiversity at
local, regional, and global levels, and in
turn, how will changes in AP popula-
tion abundances affect these
processes?

How are imminent climate-change-
associated changes to aquatic sys-
tems (water temperature, oxygen con-
centration, pH level, and frequency of
extreme weather events) going to
impact ecological functions and ser-
vices of APs, either directly or indi-
rectly, and if so, at what spatial and
temporal scales?

Does coastal urbanization effects on
adjacent aquatic systems (e.g., boat
traffic or chemical, noise, and light pol-
lution) directly or indirectly alter eco-
logical function or services of APs?


http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0005
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0005
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0010
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0010
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0010
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0015
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0015
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0015
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0020
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0020
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0025
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0025
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0025
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0030
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0030
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0035
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0035
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0040
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0040
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0045
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0045
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0050
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0050
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0050
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0055
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0055
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0060
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0060
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0065
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0065

Trends in Ecology & Evolution

Cell

REVIEWS

14. Roman, J. et al. (2014) Whales as marine ecosystem engineers.  39. Hammerschlag, N. et al. (2018) Predator declines and morpho-
Front. Ecol. Environ. 12, 377-385 logical changes in prey: evidence from coral reefs depleted of
15, Higgs, N.D. et al. (2014) Fish food in the deep sea: revisiting the sharks. Mar. Ecol. Prog. Ser. 586, 127-139
role of large food-falls. PLoS One 9, e96016 40. Capps, KA. and Flecker, A.S. (2013) Invasive aquarium fish
16. Sokolow, S.H. et al. (2017) Water, dams, and prawns: novel transform ecosystem nutrient dynamics. Proc. Biol. Sci. 280,
ecological solutions for the control and elimination of schistoso- 20131520
miasis. Lancet 389, S20 41. Atkinson, C.L. et al. (2017) Consumer-driven nutrient dynamics
17. Doherty, T.S. et al. (2016) Invasive predators and global biodi- in freshwater ecosystems: from individuals to ecosystems. Biol.
versity loss. Proc. Natl. Acad. Sci. U. S. A. 113, 11261-11265 Rev. 92, 2003-2023
18. Coté, .M. and Smith, N.S. (2018) The lionfish Pterois sp. inva- 42 Allgeier, J.E. et al. (2017) Animal pee in the sea: consumer-
sion: has the worst-case scenario come to pass? J. Fish Biol. mediated nutrient dynamics in the world’s changing oceans.
92, 660-689 Glob. Change Biol. 23, 2166-2178
19. Ostrom, E. (2009) A general framework for analyzing sustain-  43. Williams, J.J. et al. (2018) Mobile marine predators: an under-
ability of social-ecological systems. Science 325, 419-422 studied source of nutrients to coral reefs in an unfished atoll.
20. Haas, A.R. et al. (2017) The contemporary economic value of Proc. . Soc. B Biol. Sci. 285'_ 201724?6
elasmobranchs in The Bahamas: reaping the rewards of 25 44. Flecker, A.S. et al. (2010) Migratory fishes as material and
years of stewardship and conservation. Biol. Conserv. 207, process subsidies in riverine ecosystems. Am. Fish. Soc. Symp.
55-63 73, 559-592
21. Kenny, T.A. and Chan, H.M. (2017) Estimating wildlife harvest 45. Schindler, D.E. et al. (2003) Pacific salmon and the ecology of
based on reported consumption by Inuit in the Canadian arctic. coastal ecosystems. Front. Ecol. Environ. 1, 31-37
Arctic 70, 1-12 46. Janetski, D.J. et al. (2009) Pacific saimon effects on stream
22. Wilmers, C.C. et al. (2012) Do trophic cascades affect the ecosystems: a quantitative synthesis. Oecologia 159, 583-595
storage and flux of atmospheric carbon? An analysis of sea 47. Subalusky, A.L. et al. (2017) Annual mass drownings of the
otters and kelp forests. Front. Ecol. Environ. 10, 409-415 Serengeti wildebeest migration influence nutrient cycling and
23. Atwood, T.B. et al. (2015) Predators help protect carbon stocks storage in the Mara River. Proc. Natl. Acad. Sci. U. S. A. 114,
in blue carbon ecosystems. Nat. Clim. Change 5, 1038-1045 76477652
24. Domel, A.G. et al. (2018) Shark skin-inspired designs that 48. Dewar, W.K. et al. (2006) Does the marine biosphere mix the
improve aerodynamic performance. J. R. Soc. Interface 15, ocean? J. Mar. Res. 64, 541-561
20170828 49. Lavery, T.J. et al. (2012) Can whales mix the ocean? Biogeosci.
25, Estes, J.A. et al. (2011) Trophic downgrading of planet earth. Discuss. 9, 8387-8403
Science 333, 301-306 50. Ratnarajah, L. et al. (2018) Pelagic iron recycling in the southern
26. Carpenter, S.R. et al. (2001) Trophic cascades, nutrients, and ocean: exploring the contribution of marine animals. Front. Mar.
lake productivity: whole-lake experiments. Ecol. Monogr. 71, Sci. 5, 109
163-186 51. Hall, R.O. et al. (2007) How body size mediates the role of
27. Terborgh, J.W. (2015) Toward a trophic theory of species diver- animals in nutrient cycling in aquatic ecosystems. In Body Size:
sity. Proc. Natl. Acad. Sci. U. S. A. 112, 11415-11422 The Structure and Function of Aquatic Ecosystems (Hildrew, A.,
28. Wilson, E.E. and Wolkovich, E.M. (2011) Scavenging: how car- ed). pp. 286-305, Camb“dg_e University _Press _
nivores and carrion structure communities. Trends Ecol. Evol, 52. Dalton, C.M. et al. (2018) Fasting or fear: disentangling the roles
26, 129-135 of predation risk and food deprivation in the nitrogen metabolism
- of consumers. Ecology 99, 681-689
29. Wirsing, A.J. et al. (2007) Fear factor: do dugongs (Dugong ) ‘ ‘
dugon) trade food for safety from tiger sharks (Galeocerdo 53. Guariento, R.D. et al. (2018) Prey adaptive behaviour under
cuvier)? Oecologia 153, 1031-1040 predation risk modify stoichiometry predictions of predator-
30. Oufiero, C.E. et al. (2011) Latitudinal and climatic variation in induced stress paradigms. Funct. £col. 32, 16?1_1 643
body size and dorsal scale counts in Sceloporus lizards: a 54. Dalton, C.M. and Flecker, A.S. (2014) Metabolic stoichiometry
phylogenetic perspective. Evolution 65, 3590-3607 and the ecology of fear in Trinidadian guppies: consequences
31. Olsen, E.M. et al. (2004) Maturation trends indicative of rapid ]g 1 T;eo wh\stones and stream ecosystems. Oecologia 176,
evolution preceded the collapse of northern cod. Nature 428,
932-935 55. Mclntyre, P.B. et al. (2007) Fish extinctions alter nutrient recy-
32, Hammerschlag, N. et al. (2018) A comparison of reproductive cling in tropical freshwaters. Proc. Natl. Acad. Sci. U. S. A. 104,
. . . ; 4461-4466
and energetic states in a marine apex predator (the tiger shark,
Galeocerdo cuvier). Physiol. Biochem. Zool. 91, 933-942 56. Allgeier, J.E. et al. (2016) Fishing down nutrients on coral reefs.
33. Dill, L.M. et al. (2003) Behaviorally mediated indirect interactions Nat. Commun. 7, 12461 _ . ‘
in marine communities and their conservation implications. Ecol- 57+ Tonra, C.M. et al. (2015) The rapid return of marine-derived
ogy 84, 1151-1157 nutrients to a freshwater food web following dam removal. Biol.
. ‘ . Conserv. 192, 130-134
34. Trussell, G.C. et al. (2017) Moving beyond linear food chains: . .
trait-mediated indirect interactions in a rocky intertidal food web. 98- anes, C.G. et al. (1994) Organisms as ecosystem engineers.
Proc. R. Soc. B Biol. Sci. 284, 20162590 Olkos 69, 373
35. Rasher, D.B. et al. (2017) Cascading predator effects in a Fijan  99.  Fallows, C. et al. (2013) White sharks (Carcharodon carcharias)
coral reef ecosystem. Sci. Rep. 7, 15684 scavenging on whales and its potential role in further shaping the
. . ecology of an apex predator. PLoS One 8, e60797
36. Ruppert, J.L.W. et al. (2003) Caught in the middle: combined ) ) )
impacts of shark removal and coral loss on the fish communities  60-  Lundsten, L. et al. (2010) Time-series analysis of six whale-fall
of coral reefs. PLoS One 8, 74648 communities in Monterey Canyon, California, USA. Deep Sea
37. Barley, S.C. etal. (2017) Diet and condition of mesopredators on Res. | Oceanogr. Res. Pap. 57, 1573-1584
coral reefs in relation to shark abundance. PLoS One 12, ©1. Lohrer, AM. et al. (2004) Bioturbators enhance ecosystem
60165113 function through complex biogeochemical interactions. Nature
38. Barley, S. et al. (2017) Species diversity, abundance, biomass, 431, 1092-1095 ) _
size and trophic structure of fish on coral reefs inrelation toshark ~ 62- O’Shea, O.R. et al. (2012) Bioturbation by stingrays at Ningaloo

abundance. Mar. Ecol. Prog. Ser. 565, 163-179

Reef, Western Australia. Mar. Freshw. Res. 63, 189-197

Trends in Ecology & Evolution, April 2019, Vol. 34, No. 4

381



http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0070
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0070
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0075
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0075
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0080
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0080
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0080
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0085
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0085
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0090
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0090
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0090
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0095
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0095
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0100
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0100
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0100
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0100
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0105
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0105
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0105
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0110
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0110
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0110
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0115
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0115
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0120
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0120
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0120
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0125
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0125
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0130
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0130
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0130
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0135
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0135
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0140
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0140
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0140
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0145
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0145
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0145
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0150
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0150
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0150
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0155
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0155
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0155
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0160
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0160
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0160
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0165
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0165
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0165
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0170
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0170
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0170
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0175
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0175
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0180
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0180
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0180
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0185
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0185
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0185
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0190
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0190
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0190
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0195
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0195
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0195
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0200
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0200
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0200
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0205
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0205
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0205
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0210
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0210
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0210
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0215
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0215
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0215
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0220
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0220
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0220
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0225
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0225
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0230
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0230
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0235
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0235
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0235
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0235
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0240
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0240
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0245
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0245
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0250
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0250
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0250
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0255
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0255
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0255
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0255
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0260
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0260
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0260
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0265
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0265
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0265
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0270
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0270
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0270
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0270
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0275
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0275
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0275
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0280
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0280
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0285
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0285
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0285
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0290
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0290
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0295
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0295
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0295
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0300
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0300
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0300
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0305
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0305
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0305
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0310
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0310

Trends in Ecology & Evolution

Cell

REVIEWS

63. Kushlan, J. (1974) Observations on the role of the American  87. Heithaus, M.R. et al. (2014) Seagrasses in the age of sea turtle
alligator (Alligator mississippiensis) in the southern Florida wet- conservation and shark overfishing. Front. Mar. Sci. 1,
Il (Al ississippiensis) in th hern Florid i d shark overfishing. Fi Mar. Sci. 1, 28
lands. Copeia 1974, 993-996 88. Kelsey, K.C. et al. (2016) Interactions among vegetation, cli-
64. Fuijisaki, |. et al. (2012) Use of alligator hole abundance and mate, and herbivory control greenhouse gas fluxes in a subarctic
occupancy rate as indicators for restoration of a human-altere coastal wetland. J. Geophys. Res. Biogeosci. s 75
indi f ion of a h ltered | wetland. J. Geophys. Res. Bi i. 121, 2960-29
wetland. Ecol. Indic. 23, 627-633 89. Christianen, M.J.A. et al. (2014) Habitat collapse due to over-
. Breitburg, D.L. et al. cosystem engineers in the pelagic grazing threatens turtle conservation in marine protected areas.
65. Breitburg, D.L. /. (2010) E in the pelagi h { ion i i d
realm: alteration of habitat by species ranging from microbes to Proc. R. Soc. B Biol. Sci. 281, 20132890
jellyfish. Int. Comp. Biol. 50, 188-200 90. Atwood, T.B. et al. (2018) Predators shape sedimentary organic
66. Estes, J.A. et al. (2016) Sea otters, kelp forests, and the extinc- carbon storage in a coral reef ecosystem. Front. Ecol. Evol. 6,110
tion of Steller's sea cow. Proc. Natl. Acad. Sci. U. S. A. 113, 91, Macdonald, C. et al. (2017) Conservation potential of apex
880-885 predator tourism. Biol. Conserv. 215, 132-141
67. Packer, C. et al. (2003) Keeping the herds healthy and alert: g Gisneros-Montemayor, A.M. et al. (2010) The global potential for
implications of predator control for infectious disease. Ecol. Lett. whale watching. Mar. Policy 34, 1273-1278
6, 767802 93. Cisneros-Montemayor, A.M. et al. (2013) Global economic value
68. Swartz, S.J. et al. (2015) Infection with schistosome parasites in of shark ecotourism: implications for conservation. ORYX 47,
snails leads to increased predation by prawns: implications for 381-388
human schistosomiasis control. EXD" Biol 2_18' 8962-3967 94. Gallagher, A.J. et al. (2015) Biological effects, conservation
69. Hammerschlag, N. et al. (2016) Behavioral evidence suggests potential, and research priorities of shark diving tourism. Biol.
facultative scavenging by a marine apex predator during a food Conserv. 184, 365-379
puls‘e. Behav. Ecol So.cro.b/o/.‘70, 177.7_1 788 . _ _ 95. Hoyt, E. and Hvenegaard, G.T. (2002) A review of whale-watch-
70. Poulin, R. (2000) Variation in the intraspecific relationship ing and whaling with applications for the Caribbean. Coast.
between fish length and intensity of parasitic infection: biological Manag. 30, 381-399
and état|st|ca\ causes. J. Fish Biol. 56, 123_137‘ ) 96. Hoyt, E. (1994) Whale Watching and the Community: The Way
71. Hechinger, R.F. and Lafferty, K.D. (2005) Host diversity begets Forward (Five Case Studlies), Whale and Dolphin Conservation
parasite diversity: bird final hosts and trematodes in snail inter- Society
mediate hosts. Proc. A. Soc. B Biol. Sci. 272, 10891086 g7 oy . and Garibaidi, L. (2000) Apparent changes in the
72. Chai, J.Y. etal. (2005) Fish-borne parasitic zoonoses: status and trophic composition of world marine harvests: the perspective
issues. Int. J. Parasitol. 35, 1233-1254 from the FAO capture database. Ocean Coast. Manag. 43,
73. Sokolow, S.H. et al. (2014) Regulation of laboratory populations 615-655
of snails (Biomphalaria and Bulinus spp.) by river prawns, Mac- gg_ Hammill, M.O. et al. (2017) Grey seal population trends in
robrachium spp. (Decapoda, Palaemonidae): implications for Canadian waters, 1960-2016 and harvest advice. Canadian
control of schistosomiasis. Acta Trop. 132, 64-74 Science Advisory Secretariat Research Document 2017/052.
74. Sokolow, S.H. et al. (2015) Reduced transmission of human http://www.dfo-mpo.gc.ca/csas-sccs
schistosomiasis after restoration of a native river prawn that g9 rschick, D. and Higham, T. (2016) Animal Athletes: An Ecological
preys on the snail intermediate host. Proc. Natl. Acad. Sci. U. and Evolutionary Approach. (1st edn), Oxford University Press
LA — ) .
S: A 112, 9650-9655 _ 100. Long, J.H. et al. (2006) Four flippers or two? Tetrapodal swim-
75. Wallach, A.D. et al. (2015) Novel trophic cascades: apex pred- ming with an aquatic robot. Bioinspir. Biomim. 1, 20-29
ators enable coexistence. Trends Ecol. Evol 50, 146-153 101. Kopman, V. and Porfir, M. (2013) Design, modeling, and char-
76. Alofs, KM. and Jackson, D.A. (2014) Meta-analysis suggests acterization of a miniature robotic fish for research and educa-
biotic resistance in freshwater environments is driven by con- tion in biomimetics and bioinspiration. IEEE/ASME Trans.
sumption rather than competition. Ecology 95, 3259-3270 Mechatronics 18, 471-483
77. Prior, KM. et al. (2015) Insights from community ecology intothe 402, |Lauder, G.V. et al. (2011) Bioinspiration from fish for smart
role of enemy release in causing invasion success: the importance material design and function. Smart Mater. Struct. 20, 094014
Of native enemy effects. Siol. Invasions 17, 12831267 103, Oeffner, J. and Lauder, G.V. (2012) The hydrodynamic function
78. Sih, A. and Christensen, B. (2001) Optimal diet theory: when of shark skin and two biomimetic applications. J. Exp. Biol. 215,
does it work, and when and why does it fail? Anim. Behav. 61, 785-795
879-390 104. Ralston, E. and Swain, G. (2009) Bioinspiration — the solution for
79. Kremer, L.P. and da Rocha, R.M. (2016) The biotic resistance biofouling control? Bioinspir. Biomim. 4, 015007
role of fish predation in fouling communities. Biol. Invasions 18, 105. Stanfield, R.L. ef al. (2004) Crystal structure of a shark single-
3223-3237 . . .
domain antibody V region in complex with lysozyme. Science
80. Elis, R.D. and Faletti, M.E. (2016) Native grouper indirectly 305, 1770-1773
ameliorates the negative effects of invasive lionfish. Mar. Ecol. . . .
Prog. Ser. 558, 267-279 106. Leslie, M. (2018) Small but mighty. S?/er?ce 360 594—597
81. Sih, A. etal. (2010) Predator-prey naiveté, antipredator behavior, 107, ;orb/\e;:NPM(i?;f;) l;’;fo?ne%(;tjrgoﬁsfgsg)s P \’/7 \tﬁ " &ﬂgr/]niz
and the ecology of predator invasions. Oikos 119, 610-621 Cgmpany . T
82. Saul, W.C. and Jeschke, J.M. (2015) Eco-evolutionary experi- g ooy S 6 and Meeuwig, J.J. (2017) The power and the pitfalls
ence in novel species interactions. Ecol. Lett. 18, 236-245 . X
of large-scale, unreplicated natural experiments. Ecosystems
83. Pintor, L.M. and Byers, J.E. (2015) Do native predators benefit 20, 331-339
nati ? _
from non-native prey? £col. Lett 18’_ 174-1180 109. Hussey, N.E. et al. (2015) Aquatic animal telemetry: a panoramic
84. Daskalov, G.M. et al. (2007) Trophic cascades triggered by window into the underwater world. Science 348, 1255642
overfishing reveal possible mechanisms of ecosystem regime . . )
. X 110. Bird, C.S. et al. (2018) A global perspective on the trophic
shifts. Proc. Natl. Acad. Sci. U. S. A. 104, 10518-10523 geography of sharks. Nat. Ecol. Evol. 2, 299-305
85. s:gr;ili;c%; e;zlétugzz)l;llie;?de gefzttﬂ:\;ea::;ucstgsnzg 111. Meyer, L. et al. (2017) Assessing the functional limitations of
277 248-051 9 P ’ lipids and fatty acids for diet determination: the importance of
" ’ . tissue type, quantity, and quality. Front. Mar. Sci. 4, 369
86. Siliman, B.R. and Bertness, M.D. (2002) A trophic cascade 112. Barnes, M.L. et al. (2016) Social networks and environmental

regulates salt marsh primary production. Proc. Natl. Acad.
Sci. U. S. A. 99, 10500-10505

382  Trends in Ecology & Evolution, April 2019, Vol. 34, No. 4

outcomes. Proc. Natl. Acad. Sci. U. S. A. 113, 6466-6471


http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0315
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0315
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0315
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0320
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0320
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0320
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0325
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0325
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0325
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0330
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0330
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0330
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0335
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0335
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0335
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0340
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0340
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0340
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0345
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0345
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0345
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0350
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0350
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0350
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0355
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0355
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0355
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0360
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0360
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0365
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0365
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0365
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0365
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0370
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0370
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0370
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0370
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0375
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0375
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0380
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0380
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0380
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0385
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0385
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0385
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0390
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0390
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0390
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0395
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0395
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0395
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0400
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0400
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0400
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0405
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0405
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0410
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0410
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0415
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0415
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0420
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0420
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0420
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0425
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0425
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0425
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0430
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0430
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0430
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0435
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0435
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0440
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0440
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0440
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0445
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0445
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0445
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0450
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0450
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0455
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0455
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0460
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0460
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0465
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0465
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0465
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0470
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0470
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0470
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0475
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0475
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0475
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0480
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0480
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0480
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0485
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0485
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0485
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0485
http://www.dfo-mpo.gc.ca/csas-sccs
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0495
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0495
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0500
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0500
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0505
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0505
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0505
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0505
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0510
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0510
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0515
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0515
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0515
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0520
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0520
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0525
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0525
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0525
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0530
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0535
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0535
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0535
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0540
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0540
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0540
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0545
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0545
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0550
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0550
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0555
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0555
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0555
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0560
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0560

Trends in Ecology & Evolution

Cell

REVIEWS

. Hamilton, L.C. et al. (2004) Migration from resource depletion:
the case of the Faroe Islands. Soc. Nat. Resour. 17, 443-453

. Hansen, M.J. et al. (1995) Lake trout (Salvelinus namaycush)
populations in Lake Superior and their restoration in 1959-1993.
J. Great Lakes Res. 21, 152-175

113. Needles, L.A. et al. (2015) Trophic cascades in an invaded 122. Frank, K.T. et al. (2005) Trophic cascades in a formerly cod-
ecosystem: native keystone predators facilitate a dominant dominated ecosystem. Science 308, 1621-1623
invader in an estuarine community. Oikos 124, 1282-1292 123. Beaugrand, G. et al. (2010) Marine biodiversity, ecosystem
. Aarts, G. et al. (2018) Harbour seals are regaining top-down functioning, and carbon cycles. Proc. Natl. Acad. Sci. U. S.
control in a coastal ecosystem. bioRxiv Published online March A. 107, 10120-10124
8, 2018. http://dx.doi.org/10.1101/267567 124. Lynam, C.P. et al. (2017) Interaction between top-down and
. Mazzotti, F.J. et al. (2009) Alligators and crocodiles as indicators bottom-up control in marine food webs. Proc. Natl. Acad. Sci.
for restoration of Everglades ecosystems. Ecol. Indic. 9, U. S. A 114, 1952-1957
$137-5149 125. Tallis, H. and Polasky, S. (2009) Mapping and valuing ecosystem
. Des Clers, S.A. and Wootten, R. (1990) Modelling the population services as an approach for conservation and natural-resource
dynamics of the sealworm Pseudoterranova decipiens. management. Ann. N. Y. Acad. Sci. 1162, 265-283
Netherlands J. Sea Res. 25, 291-299 126. McGinnis, M.D. and Ostrom, E. (2014) Social-ecological system
7. Altieri, AH. et al. (2012) A trophic cascade triggers collapse of a framework: initial changes and continuing challenges. Ecol. Soc.
salt-marsh ecosystem with intensive recreational fishing. Ecol- 19, 30
ogy 93, 1402-1410 127. Leslie, H.M. et al. (2015) Operationalizing the social-ecological
. Coverdale, T.C. et al. (2014) Indirect human impacts reverse systems framework to assess sustainability. Proc. Natl. Acad.
centuries of carbon sequestration and salt marsh accretion. Sci. U. S. A 112, 5979-5984
PLoS One 9, e93296 128. Partelow, S. (2018) A review of the social-ecological systems
. Ford, J.K.B. et al. (2010) Linking killer whale survival and prey framework: applications, methods, modifications, and chal-
abundance: food limitation in the oceans’ apex predator? Biol. lenges. Ecol. Soc. 23, 36
Lett. 6, 139-142 129. Sterling, E.J. et al. (2017) Assessing the evidence for stake-

holder engagement in biodiversity conservation. Biol. Conserv.
209, 159-171

Trends in Ecology & Evolution, April 2019, Vol. 34, No. 4


http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0565
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0565
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0565
http://dx.doi.org/10.1101/267567
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0575
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0575
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0575
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0580
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0580
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0580
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0585
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0585
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0585
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0590
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0590
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0590
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0595
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0595
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0595
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0600
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0600
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0605
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0605
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0605
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0610
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0610
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0615
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0615
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0615
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0620
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0620
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0620
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0625
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0625
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0625
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0630
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0630
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0630
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0635
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0635
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0635
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0640
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0640
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0640
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0645
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0645
http://refhub.elsevier.com/S0169-5347(19)30020-5/sbref0645

	Ecosystem Function and Services of Aquatic Predators in the Anthropocene
	The Functional Role of APs in the Anthropocene
	Controlling Food Webs
	Nutrient Cycling
	Ecosystem Engineers
	Disease Transmission
	Mediating Species Invasions
	Mediating Climate Change
	Tourism
	Fishing and Hunting
	Bioinspiration
	Concluding Remarks
	Acknowledgments
	References


