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Abstract

In ocean ecosystems, many of the changes in predation risk — both increases and decreases — are human-induced.
These changes are occurring at scales ranging from global to local and across variable temporal scales. Indirect, risk-
based effects of human activity are known to be important in structuring some terrestrial ecosystems, but these
impacts have largely been neglected in oceans. Here, we synthesize existing literature and data to explore multiple
lines of evidence that collectively suggest diverse human activities are changing marine ecosystems, including carbon
storage capacity, in myriad ways by altering predation risk. We provide novel, compelling evidence that at least one
key human activity, overfishing, can lead to distinct, cascading risk effects in natural ecosystems whose magnitude
exceeds that of presumed lethal effects and may account for previously unexplained findings. We further discuss the
conservation implications of human-caused indirect risk effects. Finally, we provide a predictive framework for when
human alterations of risk in oceans should lead to cascading effects and outline a prospectus for future research.
Given the speed and extent with which human activities are altering marine risk landscapes, it is crucial that conser-
vation and management policy considers the indirect effects of these activities in order to increase the likelihood of
success and avoid unfortunate surprises.
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Introduction

Humans are altering marine systems in diverse ways
and over unprecedented spatial and temporal scales,
resulting in many unexpected outcomes. For example,
predator harvest has been occurring for millennia,
resulting in both direct (Jackson et al., 2001) and indi-
rect consequences (Heithaus et al., 2008; Babcock et al.,
2010). The extent of human influence on marine
communities is accelerating (Steneck et al., 2004) as the
global influence of humanity continues to stretch into
the farthest reaches of the world’s oceans. Recent
insights suggest what some of the consequences of this
ever-expanding footprint might be, revealing a wide
range of previously undocumented repercussions of
changing marine predator abundances (e.g. Heithaus
et al., 2008). Scientists now have a firm grasp on many
of the direct effects of predator harvest in natural
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marine ecosystems (e.g. reduced predator abundance
and biomass). Relatively less understood are what the
indirect, cascading consequences on marine ecosystems
may be, although evidence of this is growing (Heithaus
et al., 2008; Babcock et al., 2010; Estes et al., 2011).
Importantly, much of what is known in this area relates
to lethal effects. In contrast, risk effects (e.g. influences
of predator presence on prey behaviour, reproduction,
and other trait-mediated responses; see Box 1) due to
changing predator populations are not as well studied,
despite many advances in the past decade from the
experimental literature (reviewed by Long & Hay,
2012). Here we review the more subtle, but potentially
more pervasive, indirect effects of human activities that
alter predation risk in natural marine ecosystems.

Risk effects, or the outcome of behavioural responses
of prey to their predators (Box 1), have long been
recognized (Lima & Dill, 1990), but the potential magni-
tude of their ecosystem-level effects remained largely
underappreciated until recently (Schmitz et al., 2004).
Risk effects affect a diverse array of organisms across a
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Box 1 Terminology

Two important sets of distinctions about types of interactions among organisms must be made to establish context
here: direct vs. indirect interactions and risk effects vs. lethal effects. Definitions, synonyms and examples are given
below. We partially follow the terminology used in Creel & Christianson (2008).

Predation risk

The probability of an individual being killed by a predator during a given time period. Mathematically, predation
risk can be represented as the product of the probability of encountering a predator, the probability of failing to
escape a predator (conditional probability of prey death) and the amount of time spent vulnerable to encountering
a predator (Lima & Dill, 1990).

Direct interaction

The influence of one individual or species (the donor or initiator) on another (the recipient or receiver) when not
mediated or transmitted through a third individual or species. For example, a predator captures prey or prey
changes behaviour to avoid a predator.

Indirect interaction

The influence of one individual or species (the donor or initiator) on another (the recipient or receiver) that is medi-
ated or transmitted by a third individual or species (the transmitter). For example, a predator consumes prey, lead-
ing to an increase in the prey’s food resource. This interaction type consists of a sequence of at least two direct
interaction steps.

Lethal effects

The consequence of predator-prey interactions that occur as a direct result of a successful predatory attack. For
example, a change in prey density solely as a result of prey being consumed by predators is a direct lethal effect,
whereas a consequent increase in the prey’s food resource is an indirect lethal effect. Although ‘density effect’ is
commonly used in the literature for what we refer to as a ‘lethal effect,’ it should be avoided in this context because
density changes are the result of lethal effects, risk effects and their interaction (Abrams, 2007; Heithaus et al., 2008).
We acknowledge that, in some cases, risk effects (defined below) can potentially also result in death (i.e. be lethal;
Abrams, 2007). Synonyms: consumptive effects, numerical effects, density effects, direct predation effects.

Risk effects

The result of predator—prey interactions that occur via changes in a trait or behaviour of a prey. Direct risk effects
occur when predation risk affects prey behaviour, and indirect risk effects result from a three (or more)-level inter-
action involving a risk-induced trait or behavioural response. For example, a change in a prey’s behaviour (e.g.
decreased feeding rate) or physical trait (e.g. antipredator defence that reduces foraging efficiency) as a result of
predation risk is a direct risk effect of a predator, whereas a consequent increase in the prey’s food resource is an
indirect risk effect of the predator. Direct and indirect risk effects can be the result of behaviourally or trait-medi-
ated interactions (BMIs/TMIs) and behaviourally or trait-mediated indirect interactions (BMIIs/TMIIs), respec-
tively. Synonyms: nonconsumptive effects, behavioural/trait effects, nonlethal effects.

Note that both direct and indirect interactions can be mediated by either lethal or risk effects. In instances
where risk effects have led to true community-level trophic cascades (i.e. involving more than just three strongly-
interacting species), we refer to an indirect risk effect as a ‘risk-induced trophic cascade’ to reflect the commonly
used term for this effect.

Importantly, by changing characteristics of predatory species (e.g. density, size structure, geographic range,
etc.), humans can initiate both direct and indirect interactions as well as cause lethal and risk effects (i.e. as the
donor or initiator). Here we consider the effects of any interactions involving a third organism or species (a receiver)
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Box 1 (continued)

to be an indirect effect of human activity. For example, humans (the initiator) harvest predators, reducing predator
(the transmitter) density and thus predation risk for prey (the recipient), potentially resulting in a risk effect of
altered prey behaviour. A further indirect risk effect may also result, for example a change in the prey’s food
abundance (an additional recipient). In this regard, both the human activity and the changes in predator density
have generated indirect risk effects (i.e. on prey behaviour and the prey’s food resource, respectively).

wide range of ecosystem types (see reviews by Lima &
Dill, 1990; Lima, 1998; Dill et al., 2003; Werner & Peacor,
2003; Schmitz et al.,, 2004; Heithaus et al., 2008;
Peckarsky et al., 2008). Generally speaking, predators
can scare more prey and from a much greater distance
than they can kill. Likewise, prey can respond to
changes in risk from one moment to the next, going
back and forth in their responses, whereas prey cannot
return from death. The widespread and rapid effects of
predation risk suggest that they have substantial capac-
ity to shape animal behaviour and subsequently the
ecosystem components with which these animals
interact. Experimental evidence suggests that while
lethal effects tend to attenuate through food webs, risk
effects tend to amplify, generating a relatively stronger
signal on prey resources than on prey themselves
(Preisser et al., 2005). Despite many important advances
in the past decade (reviewed by Long & Hay, 2012), risk
effects still remain less comprehensively documented
in marine vs. other systems, particularly in the field.
This likely reflects relatively lower sampling effort in
marine systems due to the inherent logistical challenges
of working in oceans (Dill ef al., 2003). However,
evidence from experimental systems suggests that the
greatest risk effects are likely found in marine relative
to terrestrial and freshwater systems (Preisser et al.,
2005). Importantly, the high phyletic diversity and large
proportion of consumers that are generalists in marine
vs. terrestrial systems render marine systems particu-
larly favourable for the transmission of risk effects
(Long & Hay, 2012). Mounting evidence is revealing
diverse direct risk effects in natural marine systems
(Heithaus ef al., 2012). It is likely that continued study
of these effects will reveal a greater number and
diversity of risk effects — both direct and indirect — than
have thus far been catalogued.

With this review and prospectus, we aim to pre-
sent available evidence and make informed predic-
tions about 1) how human activities indirectly alter
predation risk for prey animals, 2) how predation
risk affects marine animal behaviour, and 3) the eco-
logical, evolutionary and conservation implications of
these behavioural responses. We examine existing
evidence for human-induced indirect risk effects,
whereby human activities affect predation risk, sub-

sequently causing changes in the traits or abundance
of prey and other interacting species (Box 1).
Towards this end, we draw on marine, freshwater
and terrestrial literature. We also present new, syn-
thetic evidence to this effect from natural marine
ecosystems. Our ultimate goal is to ‘connect the dots’
of current knowledge regarding how humans can
indirectly affect animal behaviour, potentially altering
ecological and evolutionary processes, via risk effects
in natural marine ecosystems. Lastly, we present a
predictive framework for how and when human
alterations of risk in oceans are most likely to lead
to cascading indirect effects and a roadmap for
future research.

Human activities alter predation risk for prey
animals

Because of the ubiquitous nature of human alterations
to marine ecosystems at scales from local to global,
anthropogenic modification of predation risk may
occur through diverse mechanisms (Fig. 1; Table S1).
Humans can influence predation risk by altering
predator numbers or behaviour and by affecting these
predators’ prey’s ability to respond to risk. Conversely,
humans can act as real or perceived predators them-
selves by directly targeting predatory and nonpreda-
tory species or influencing their behaviour. We
primarily focus in his review on the role of humans as
real predators, while recognizing the importance of
their role as perceived predators. Understanding the
different ways that predation risk can be modified is
critical to building a predictive framework that can
inform management decisions.

One the most obvious and widespread activities
affecting predation risk in the ocean is predator harvest.
Through alteration of predator numbers, distribution,
size structure and behaviour, humans have necessarily
and unwittingly caused dramatic spatial and temporal
changes in predation risk in oceans the world over
(Heithaus et al., 2008; Estes et al., 2011). Overharvesting
of predators is largely responsible for the defaunation
of the world’s oceans (McCauley ef al., 2015), which is
disproportionately focused on large consumers (preda-
tory and nonpredatory) on both land (Dirzo et al., 2014)
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Fig. 1 Conceptual diagram of mechanisms and pathways by which human activities alter risk and lethal effects of predator—prey inter-
actions in any marine/aquatic ecosystem type. White boxes are types of human impacts that affect predation risk and resource needs/
availability for prey of marine predators. Black boxes indicate risk effect mechanisms that are altered by human activities. Grey boxes
indicate prey traits that are ultimately affected by human activities and/or their outcomes, whether via changes in predation risk or
changes in resource needs or availability. Red lines indicate pathways driven purely by risk effects. Grey lines indicate pathways dri-
ven by interacting risk and lethal effects. Blue line indicates the only pathway driven purely by lethal effects. Here we do not consider
direct effects of humans on prey (other than those mediated by energetic changes that also affect predators) to elucidate the diversity of
pathways through which humans can initiate indirect risk effects. Adapted from Heithaus et al. (2012). See Table S1 for examples of

specific human activities in each category and their resulting direction of change in net predation risk for prey.

and in the sea (Estes et al.,, 2011). In marine systems,
apex predators and secondary consumers (both
carnivores) represent 70% of the known recent global
and regional marine extinctions (Byrnes et al., 2007). In
addition to global and local extinctions of predators,
functional extinctions — whereby a species or popula-
tion no longer plays a significant ecological role and/or
is no longer viable — are globally widespread and
significant in number (e.g. Myers & Worm, 2003). A
key factor that is currently poorly studied is the
relationship between predator abundance and the
strength of risk effects. An understanding of this
relationship is necessary to understand the densities at
which predators will continue to induce risk effects that
can be ecologically important.

Predator introductions, both accidental and deliber-
ate (Molnar ef al., 2008), and human-induced changes
in geographic ranges (Sorte et al., 2010) have reshaped
predation risk in myriad systems. Non-native preda-
tors, including larval or egg predators, can modify the
types and levels of risk for prey and can induce
behavioural responses in their prey (Beck H, Feary D,
Fowler A, Madin EMP, Booth D, unpublished data).

In response to historical declines in predator popula-
tions, there has been increasing effort in rebuilding or
re-establishing depleted predator populations through
conservation tools such as marine reserves. Recovery of
predators should elevate predation risk (as seen in
terrestrial systems with grey wolf reintroductions;
Ripple & Beschta, 2007). Patterns of predation risk
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established through these predator rebuilding efforts,
however, may not reflect those present historically
because of differential recovery within predator guilds.
Indeed, responses to management interventions are
likely to vary across life-history characteristics or
behavioural patterns (e.g. range sizes). For example,
wide-ranging, large-bodied shark species, which tend
to be true apex predators in coral reef ecosystems
(Heupel et al., 2014), may be less likely to rebound than
large mesopredatory sharks with more restricted
ranges due to variation in apex predators’ exposure to
fisheries outside reserves and their slower life-history
characteristics (Heupel et al., 2014).

Predator harvest also changes the nature of predator
assemblages. For example, removal of top predators
can lead to changes in the distribution and abundance
of smaller mesopredators, in turn affecting predation
risk for smaller prey species. These changes can come
about both through numerical effects (i.e. changes in
mesopredator abundance) and through behavioural
effects (Stallings, 2008; Ritchie & Johnson, 2009). In this
way, human harvest of top predators reduces risk for
top predators’ prey (i.e. mesopredators) but increases
risk for mesopredators’” prey. Therefore, specific
consideration of trophic position of a predator (e.g.
whether a ‘top” predator is actually a large mesopreda-
tor) and food web topology will be critical to predicting
the nature of anthropogenic changes to risk effects.

Predator harvest may also profoundly alter size
structures of predator assemblages, often by preferen-
tially removing the largest predators. Size-selective
fishing can lead to dramatic changes in biomass of prey
species even in the absence of net changes in predator
biomass (Shackell et al., 2010). In addition to reducing
net predation risk for prey populations, this may lead
to disproportionate risk reductions for larger prey
individuals because the only predators capable of con-
suming them are removed. Interestingly, model predic-
tions suggest that marine fish may also experience a
significant shrinkage in body size due to warmer
oceans with reduced oxygen under projected future
climate change scenarios (Cheung et al., 2012). Because
both predatory and nonpredatory species are predicted
to undergo this shrinkage, it remains unclear to what
extent net predation risk will change as a result.
Exploration of individual pair- and group-wise interac-
tions among co-occurring predators and prey would
likely lend greater insight.

In addition to changes in predator abundances,
human activity can lead to changes in predator
behaviour. For example, direct human presence can
temporarily reduce predator numbers by essentially
‘scaring’ predators away, regardless of whether or not
the humans pose a genuine threat (Frid & Dill, 2002).

Human disturbance stimuli for both predators and
their prey can be considered analogous to predation
risk when considered in an evolutionary context
and should affect behaviours such as vigilance, fleeing,
habitat selection, mating displays and parental invest-
ment (Frid & Dill, 2002), and many examples of these
effects have been observed on terrestrial animals. Boat
and aircraft noise, in particular, have been shown to
affect habitat selection and flight behaviours in marine
predators (Frid & Dill, 2002).

Human activity frequently modifies habitat for
predators and prey, both at local scales (e.g. habitat loss
and/or fragmentation; Ripple et al., 2014) and global
scales (e.g. warming and/or acidifying waters due to
climate change). On local to regional scales, changes in
the available habitat in which both predators and prey
can live can alter the abundance and composition of
predators and can similarly change the amount of avail-
able shelter for prey. For example, destructive fishing
practices, such as trawling and blast fishing, and activi-
ties such as island ‘reclamation’ (Peh, 2015) can reduce
the amount and change the distribution of available
shelter habitat for both predators and prey. Conversely,
habitat restoration efforts (e.g. artificial coral reefs),
fisheries enhancement efforts (e.g. fish aggregating
devices, or FADs) and construction of other structures
in the marine environment (e.g. oil rigs, jetties, break-
waters) may provide additional size-specific shelter for
prey and therefore reduce their net risk of predation.
On regional to global scales, climate change-induced
range contractions or expansions of habitat-forming
species (e.g. mangroves, corals) could lead to local-scale
changes in predator and prey abundances by the
provision or removal of habitat (Sorte et al., 2010).
These alterations may result in novel communities with
new predator—prey combinations being created and old
ones being disassembled (Ripple et al., 2014), both with
obvious implications for predation risk landscapes.

The energetic requirements and body condition of
both predator and prey will play a fundamental role in
their foraging and risk-taking behaviours, respectively
(Werner & Peacor, 2006). In line with earlier theoretical
findings (Lima & Bednekoff, 1999; Luttbeg et al., 2003),
field evidence for state-dependent risk-taking exists for
both marine prey (Heithaus et al., 2007) and predators
(Mukherjee & Heithaus, 2013). In the former, green sea
turtles select microhabitats in a condition-dependent
manner (Heithaus et al., 2007), suggesting that human-
induced or natural changes to the prey’s energetic
requirements (e.g. via temperature-mediated changes
in metabolic rate) or food nutritional quality (e.g. via
changes in nutrient input) will have measureable
effects on their risk-taking. Likewise, terrestrial preda-
tors have been observed and marine predators are

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13083
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predicted to take risks when foraging in a condition-
dependent manner (Mukherjee & Heithaus, 2013). In
most cases, foragers are willing to take greater risks
as their body condition declines, although some
exceptions in terrestrial predators have been noted
(Mukherjee & Heithaus, 2013). State-dependent risk-
taking is therefore a critical factor in mediating the
strength and nature of risk effects (Heithaus et al.,
2008), and human activities that may affect predator or
prey body condition must be considered when making
predictions about risk effects.

Any changes to the available food sources for
predators will likely alter their foraging patterns in
order to take advantage of food subsidies or compen-
sate for decreased resources. Many human activities
change predator abundances either deliberately or
unintentionally. Trawling, dredging and aquaculture
(e.g. Veale et al., 2000) can attract large numbers of
predators, in some cases increasing abundances by up
to 200% and persisting for up to three days after the
event (Veale et al., 2000). Human activities that provide
supplementary food for predators (e.g. ecotourism
provisioning (Brunnschweiler & Barnett, 2013); fishing
vessel discards (Bodey et al., 2014)) can lead to substan-
tial changes in predator behaviour, abundance and/or
local assemblage composition that likely affect real and
perceived risk by their potential prey. These changes
may have considerable impacts on the spatial scale,
temporal pattern and overall magnitude of risk effects
for predators’ prey.

Some human activities may alter the ability of prey to
perceive predation risk and therefore will affect prey
vulnerability to predation. Chemical suppression of
prey risk perception, for example via pollutants
(MclIntyre et al., 2012) or ocean acidification (Munday
et al., 2014), renders prey more susceptible as they
cannot accurately assess risk cues. Human-induced
changes in water visibility may alter both real and per-
ceived risk (Wirsing ef al., 2014) resulting in increased
investment in antipredator behaviour. Importantly,
however, if human activities prevent appropriate prey
responses to predation risk, predator effects might shift
towards lethal mechanisms.

Risk alters diverse prey behaviours

The effects of risk on prey behaviour in marine and
other systems have been reviewed elsewhere (Lima &
Dill, 1990; Lima, 1998; Dill et al., 2003; Werner & Peacor,
2003; Schmitz et al.,, 2004; Heithaus et al., 2008;
Peckarsky et al., 2008). Diverse studies show that
predation risk can alter prey’s use of space and tempo-
ral patterns of activity, including habitat selection (e.g.
Grabowski et al., 2008), time budget (e.g. Heithaus

et al., 2012 and references therein) and movement/
ambit (e.g. Lonnstedt ef al., 2013); feeding patterns,
including feeding rate (e.g. Metcalfe et al., 1987) and
diet breadth and quality (e.g. Lehtiniemi & Lindén,
2006); reproduction (e..g.,, Magnhagen, 1990); social
grouping (e.g. Parsons & Eggleston, 2006); and induci-
ble defences (e.g. Leonard ef al., 1999).

Existing evidence of indirect risk effects caused by
human activity

Coupling our knowledge of the many ways that human
activities affect risk with our knowledge of how risk
affects prey behaviour leads to the logical conclusion
that human activities indirectly affect diverse prey
behaviours in the ocean by altering predator abun-
dances and behaviour or other factors that influence
predation risk described above. Because many prey
behavioural responses to risk can have cascading con-
sequences in communities, it is therefore likely that
humans are inducing myriad indirect risk effects (i.e.
behaviour-mediated trophic cascades) in marine
communities, even when there are no obvious changes
in prey population sizes (Heithaus et al., 2008, 2014;
Burkholder et al., 2013).

Only two documented examples exist in the litera-
ture that we are aware of that explicitly link human
activities to risk-induced trophic cascades (Byrnes et al.,
2006; Madin et al., 2010a), whereby human-induced
changes in the level of risk faced by prey have led to
behavioural alterations and subsequent indirect effects
on prey resources (in both cases, benthic macroalgae) in
natural systems. In the first case, Byrnes et al. (2006)
used a long-term monitoring data set from within and
outside of no-take marine reserves plus a mesocosm
behavioural experiment to show that reduced predator
diversity, a presumed consequence of human fishing,
caused a risk-induced trophic cascade. In a study from
a remote coral reef archipelago, Madin et al. (2010a)
linked observations of predator abundance, herbivore
behaviour and algal distribution in natural systems
with field-based manipulations of risk and a mechanis-
tic model. They found that different intensities of
human population size (and hence presumably fishing
pressure) over the archipelago resulted in differences in
predation risk and indirectly led to changes in
macroalgal distribution by altering herbivore foraging
behaviour.

Four additional studies with less direct links to
human activities have also demonstrated indirect risk
effects. In a Caribbean coral reef system subject to
human fishing, Stallings (2008) showed experimentally
that reductions in mesopredator activity due to risk-
based avoidance of larger predators increased the

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13083
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Box 2 Shark Bay seagrass ecosystem case study

A long-term study of a relatively pristine seagrass community in Shark Bay, Western Australia, has documented
the effects of tiger sharks (Galeocerdo cuvier) on the behaviour of their prey and the wider consequences of these
risk effects. The subtropical bay experiences seasonal variation in water temperatures and tiger shark abundance.
Importantly, tiger shark abundance varies considerably among years for a particular season (e.g. abundances may
be low or high during winter), providing a ‘natural experiment’ (see Heithaus et al., 2012 for a review). Bottlenose
dolphins (Tursiops cf. aduncus), dugongs (Dugong dugon), green sea turtles (Chelonia mydas) and pied cormorants
(Phalacrocorax varius) modify their behaviour in response to variation in risk from tiger sharks. Most dolphins,
dugongs and cormorants move to deep water where food and sharks are less abundant, thereby trading food for
safety (Heithaus et al., 2012). For those individuals that do remain in shallow habitats, dolphins and dugongs shift
to the edges of the seagrass banks, where the sharks are abundant but where they can quickly flee to deeper water
if attacked (Heithaus & Dill, 2006; Wirsing et al., 2007a; respectively). Green turtles in good body condition forage
on the bank edges as well, but those in poor body condition forage in the more risky bank interiors, where the
seagrass is more nutritious (Heithaus et al., 2007). Because they are capable of taking to the air if attacked, cor-
morants foraging in shallow waters during high-risk times shift to the middle of banks where encounter rates
with tiger sharks are lower (Heithaus et al., 2009). Dugongs make other behavioural adjustments when sharks are
abundant, including cropping less nutritious seagrass leaves rather than excavating profitable rhizomes, because
the latter creates sediment plumes that likely increase the risk of both detection and attack (Wirsing et al., 2007b).
These behavioural adjustments to manage risk will reduce food intake, with potential consequences for survival
and reproduction (i.e. a direct risk effect resulting from a BMI). They also appear to have wider consequences for
the ecosystem. For example, shifts of grazing turtles and dugongs appear to drive the spatial pattern of seagrass
abundance and community composition (Burkholder et al., 2013). Experiments show that intense herbivory by tur-
tles and dugongs in safe microhabitats results in lower seagrass biomass that is made up primarily of fast-grow-
ing species. In contrast, herbivory by these large grazers plays less of a role in dangerous habitats, where high
biomasses of a slow-growing habitat-forming seagrass develop. These spatial patterns of seagrass biomass affect
the abundance and composition of teleost communities (Heithaus et al., 2012). Therefore, BMIIs between sharks
and seagrasses (or other taxa) could be positive or negative depending on their spatial location relative to the
sharks. Given that tiger sharks, like other sharks, are in decline worldwide due to overfishing (Ferretti et al.,
2010), these studies show the potential for human activities like fishing to cause changes in marine communities
through changes in behaviour of the prey of their target (or bycatch) species.

settlement success of small fishes. Trussell et al. (2006)
demonstrated indirect effects on habitat in a temperate
rocky intertidal system in the presence of a human-
introduced predator. Snails reduced consumption on
barnacles (a habitat-forming species) in risky areas and
increased it in safe areas. Bertness ef al. (2014) experi-
mentally excluded recreationally fished fish and crab
predators and found that altered foraging behaviour of
an herbivorous crab led to dramatic reductions in
marsh grass. This suggests that the salt marsh die-offs
observed along coastlines of the Western Atlantic
Ocean in recent decades may be in part a consequence
of indirect risk effects initiated by fishing (Bertness
et al., 2014). Additionally, seasonal declines in the
abundance of tiger sharks in the seagrass ecosystem
described in Box 2 simulate, in a sense, the net effect of
shark declines due to human harvest that are occurring
rapidly elsewhere in the world (Ferretti et al., 2010).
Findings emerging from this latter system provide a
window into the kinds of behavioural responses and

potential cascades that are likely occurring elsewhere
but remain undocumented. For example, the loss of
large sharks may have led to increased herbivory on
seagrasses by increasing populations of green turtles;
some of this effect likely is attributable to relaxed
predation risk (Heithaus et al., 2014).

A combination of insights from case studies and
first principles provides further insights into where
and when human-initiated, risk-induced trophic
cascades are likely to occur. Both of the two key case
studies, and all except one of the other case studies,
are linked in some way to human removal of preda-
tors, demonstrating that fishing can cause both spe-
cies-level indirect risk effects and community-level
risk-induced trophic cascades. The study of Trussell
et al. (2006) provides an interesting counterpoint,
suggesting that human predator introductions or
relocations, as opposed to harvest, can also likely ini-
tiate indirect risk effects. Importantly, these studies
focus on only two of the many mechanisms by

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13083
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which human activity can alter risk. We predict that
further enquiry into the indirect risk effects resulting
from other mechanisms will reveal similarly diverse
ecological repercussions.

Indirect effects of human activity may be
dominated by risk effects

It has proven difficult to detail how human-induced
changes to risk might cascade through natural ecosys-
tems compared to lethal effects alone. This is largely
due to the inseparable nature of these effects, which
also interact (e.g. Werner & Peacor, 2003; Abrams,
2007). Indeed, in manipulative experiments, the
interactive effect of risk effects and lethal effects may
dominate. Adding to difficulties in quantifying effect
sizes in natural environments is a lack of undisturbed
natural ecosystems where risk effects likely are intact.
The coral reefs of the Line Islands archipelago and the
seagrass ecosystem of Shark Bay, Australia, provide
rare counterpoints.

Palmyra Atoll in the Line Islands remains uninhab-
ited and legally protected from fishing, whereby adja-

Type of effect

— Direct human
2" ———Lethal

Log response ratio
o

2t

cent Kiritimati and Tabuaeran Atolls have increasingly
dense human populations that survive largely on
seafood for survival. The direct impact of human fish-
ing on predatory fish biomass (i.e. significantly lower
predator densities at fished vs. unfished reefs) and
hence risk for prey species in this system has previ-
ously been documented (Stevenson et al., 2006; Sandin
et al., 2008; Madin ef al., 2010b).

This human impact gradient has separately been
used to explore the cascading effects of fishing operat-
ing through presumed lethal (Sandin et al., 2008) and
risk (Madin et al., 2010a,b, 2012) effects. Synthesizing
data from these independent studies (Fig. 2) provides
the first field evidence of the relative magnitudes of risk
vs. lethal indirect effects as a consequence of human
activity. Prey (e.g. herbivorous and planktivorous
fishes) respond strongly in terms of behaviour, but
relatively little in terms of biomass, to loss of predators
due to fishing (Fig. 2). Trophic cascade theory based
solely on lethal effects would predict that prey (e.g.
herbivores and planktivores) would exhibit greater
biomass in the fished, predator-poor reefs of Kiritimati
and Tabuaeran, but this pattern was not observed and

Trophic group (metric)

ZE! Human (density)

"
_,%;' Planktivore (foraging behaviour)
.......... )’ Herbivore (foraging behaviour)

Herbivore (biomass)

Palmyra Kiritimati

Tabuaeran

Atoll within human disturbance gradient

Fig. 2 Field evidence of presumed lethal (darker, blue lines) and risk (lighter, red lines) effects of human fishing on various trophic
groups from coral reef ecosystems along a gradient of human fishing pressure in the northern Line Islands archipelago (USA; Republic
of Kiribati). Points are log response ratios of values for each trophic group and metric at fished atolls (Kiritimati; Tabuaeran) relative to
an unfished baseline (Palmyra), or In(valuefsjeq/valtieyseine)- This index measures both the sign and the strength of responses within indi-
vidual metrics (listed in the figure key) to predator removal. Positive values indicate that the metric’s value is greater in predator-poor,
fished atolls, whereas negative values indicate the metric’s value is lower on these reefs than on the unfished, baseline reefs of Palmyra.
Herbivore and planktivore foraging behaviour value is excursion size (Madin et al., 2010b); macroalgal spatial distribution value is
average patch size (“patchiness’; Madin et al., 2010a only collected at Palmyra and Kiritimati). Although human fishing has resulted in
very large reductions in predatory fish biomass across this archipelago, in other systems, similarly significant risk effects have been
generated by very small changes in predator biomass (Heithaus et al., 2008). Synthesized from data in Madin et al. (2010a,b; black "hu-
man density’ line; red lines other than ‘coral recruitment’) and Sandin et al. (2008; blue lines red ‘coral recruitment’ line). See Fig. 3 for
corresponding conceptual diagram.
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no evidence was found in support of a trophic cascade
in this system driven by changes in density (Sandin
et al., 2008). The relative lack of difference in plankti-
vore biomass across the archipelago (Fig. 2, blue line)
could conceivably be the result of increased competi-
tion for food at the fished atolls. However, this is
unlikely given that these islands receive greater oceanic
nutrient input than unfished Palmyra, which should
enhance fish populations via food subsidies at the
fished reefs (Sandin et al., 2008). The relatively small
herbivore biomass increase over the gradient (Fig. 2,
blue line) may be a consequence of solely lethal effects
(e.g. decreased overall mortality and/or change in size
structure due to size-selective mortality resulting from
fewer predators), or it may be partially due to risk
effects (e.g. change in size structure or overall biomass
due to increased feeding opportunities, resulting from
reduced predation risk). Conversely, the lack of
substantial increases in herbivore density may be an
indication that either herbivore populations showed
little biomass response to predator decline or that
human fishing on herbivores themselves replaced
natural predation by piscivores and thus keeps
herbivore biomass from increasing when predator
declines. However, given that most fishing in these
islands is focused on predatory species (Sandin et al.,
2008), the latter is not a likely explanation for this lack
of pattern.

In contrast, the behavioural changes observed (red
lines) can likely be attributed solely to risk effects on
prey behaviour (Fig. 3). First, the behavioural responses
presented in Fig. 3 were tested under conditions of
both short-term (‘acute’) risk and long-term (‘chronic’)
risk, with analogous results (Madin et al., 2010b). Addi-
tionally, the effect of perceived predation risk was iso-
lated from other potentially confounding factors using
nonlethal, model predators, with corresponding results
(Madin et al., 2010a,b), again demonstrating that in situ
risk alone was sufficient to alter prey foraging beha-
viour. Furthermore, alternative explanations are insuffi-
cient to explain the observed behavioural patterns. For
example, the increasing productivity gradient that
occurs from north to south over the archipelago
(Sandin et al., 2008) should provide more abundant
food resources for herbivores and planktivores at the
southerly, fished atolls, in turn resulting in smaller —
not larger — foraging excursions in these fished atolls
relative to the more northerly, unfished Palmyra. Like-
wise, other alternative explanations such as habitat
complexity, prey body size (a proxy for vulnerability),
and competition for food resources and/or space have
been explored and found not to be responsible for the
observed behavioural patterns (Madin et al., 2010b).
Thus, comparison of the relatively larger response

Humans r

Predators I

Risk effects

Lethal effects

Planktivores

Foraglng
Herbivores : behaviour
Macroalgae : Spatial

distribution

Corals % Recruitment

Fig. 3 Conceptual diagram of proposed mechanisms and path-
ways by which human activities could potentially affect coral
reef ecosystems in the northern Line Islands. In the Republic of
Kiribati atolls in this system, artisanal fishing pressure (which
makes up the vast majority of the total annual catch; Sandin
et al., 2008) relies heavily on predatory fishes (both apex and
meso), although some herbivores and other trophic groups are
harvested. Signs within arrows (+ or —) indicate the a priori
expected direction of change at each trophic level resulting from
the predicted change at the trophic level immediately above. All
proposed risk effects (right hand box) have been observed.
Some presumed lethal effects (left hand box) have been
observed while others have not (Fig. 2). We present here a sim-
plified version of the outcomes that can result from purely risk
and purely lethal effects. However, risk effects can also induce
biomass reductions in prey species and lethal and risk effects
often interact. Corresponding data in Fig. 2.

ratios of prey behaviour (red lines) vs. prey biomass
(blue lines) to changes in predator biomass (Fig. 2)
demonstrates that risk effects are greater in relative
magnitude than any effects of direct predation that
may be occurring in this system as a result of human
fishing. Indeed, because any changes in prey biomass
should be the result of the sum of lethal effects alone,
risk effects alone (e.g. behavioural changes that result
in density declines; Creel & Christianson, 2008) and the
interaction of lethal and risk effects, it is unlikely that
lethal effects are strong in this system. In contrast,
changes in predation risk are the only plausible
explanation for the observed behavioural changes.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13083
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Risk effects on herbivores in this system appear to be
transmitted to primary producers and, potentially, to
corals. Variation in macroalgal patchiness (i.e. spatial
distribution, a presumed consequence of risk-averse
foraging patterns; see Madin et al., 2010a) differs sub-
stantially between unfished, predator-rich Palmyra and
heavily fished, predator-depauperate Kiritimati. These
effects cannot be explained by bottom-up forces,
because there is no a priori expectation of altered small-
scale spatial distribution of macroalgae due to higher
overall productivity. The lack of a response in algal per
cent cover is consistent with this conclusion. If herbi-
vore density remains relatively stable over the fishing
pressure gradient (Fig. 2) and per capita grazing pres-
sure does not change, behavioural changes in the total
area used by herbivores for grazing should change the
relative intensities of grazing pressure on different
areas of the benthos, but would not necessarily change
net grazing pressure averaged over all areas. Given
these predicted changes in the distribution, but not
total amount, of grazing pressure and thus benthic
algae, it is plausible that the changes in coral recruit-
ment observed over the archipelago are a consequence
of the observed differences in algal spatial heterogene-

ity. However, we cannot rule out that other factors,
such as larval connectivity, site geomorphology,
previous disturbance events and abiotic conditions,
may partially or completely responsible for the patterns
of coral recruitment seen in this system.

The Shark Bay ecosystem provides additional, experi-
mental support for the role of risk effects in causing
clear top-down effects on the benthic community.
Herbivore biomass in this system does not appear to
change significantly due to direct predation over space
or time, yet herbivore behaviour varies significantly
across microhabitats and times with different levels of
predation risk (Box 2). These findings, coupled with
experimental evidence of the role of risk-averse herbi-
vore foraging behaviours in structuring the dominant
primary producer assemblage (Burkholder et al., 2013),
point to risk effects as the predominant top-down
mechanism of seagrass community regulation and
spatiotemporal patterns of large vertebrate abundance
in this system.

The results described above, both from our synthesis
of two disparate field studies conducted over the same
Line Islands gradient of human impact and from the
Shark Bay ecosystem with natural predator fluctua-

Fig. 4 Patterns of macroalgal (or seagrass) spatial distribution observed over landscape scales that are a likely consequence of risk
effects on herbivores. A satellite image shows a shallow coral reef consisting in part of many small patch reefs (yellow circles) sur-
rounded by ‘grazing halos’ (red circles). These highlighted examples represent only a few of the many grazing halos shown in the

image. On patch reefs isolated from one another by sand or other open substrate, herbivores are known to concentrate their grazing in
halos around their reef refugia, the likely result of antipredator behaviour to reduce their risk of predation, creating seaweed-free zones
(i.e. grazing halos). Grazing halos therefore represent a likely consequence of a cascading, indirect risk effect — and one that may poten-
tially be altered by human activities. Image location: Red Sea. Image copyright 2014 CNES/ Astrium, ORION-ME and Google.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13083
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tions, demonstrate that, in an absolute sense, predator
loss can lead to consistently greater risk effects than
lethal effects in natural ecosystems. For this reason, risk
effects may be expected to be more generally respon-
sive to perturbations of predator populations (e.g. due
to overfishing) than would be lethal effects alone.
Theory, however, predicts that reduced resources for
mesoconsumer populations could shift this balance
towards greater impacts through lethal effects of
predators due to condition-dependent risk-taking (e.g.
Heithaus et al., 2008).

Risk-based interaction pathways such as this could
potentially be used to test the generality of human-
induced risk effects in different ecosystems globally,
while simultaneously elucidating fishing’s indirect risk
effects on marine landscapes. In structurally heteroge-
neous marine habitats, risk effects may lead to large,
landscape-scale effects on benthic community structure.
For example, on individual coral reefs separated from
one another by unsheltered, presumably ‘risky” areas,
antipredator behaviours by fish and invertebrate herbi-
vores have been suggested as the cause of large-scale
patterns of heavily grazed vegetation, called ‘grazing
halos’, surrounding coral patch reefs (Fig. 4; Randall,
1965; Ogden et al., 1973; Armitage & Fourqurean, 2006;
Madin et al., 2011). Although risk has not previously
been experimentally identified as the ultimate causative
factor, one study of seagrass species coexistence within
Caribbean grazing halos provides evidence that risk-
sensitive foraging drives this pattern. This study
showed that faster growing, presumably more palat-
able seagrass species are more readily consumed at a
given distance (i.e. riskiness) from reef shelter than are
less palatable species (Armitage & Fourqurean, 2006).
All else being equal, herbivores are expected to trade
off energy for reduced risk by avoiding riskier areas
unless large foraging rewards (e.g. more palatable
seagrass) are possible. The approach of Armitage &
Fourqurean (2006), analogous to titrating risk for
herbivores via ‘giving up densities” (GUDs; Brown,
1988), suggests that herbivores vulnerable to predation
risk will venture into risky areas to consume highly
palatable resources but will not spend time there to
consume less palatable resources. This result supports
the long-held notion that risk is largely responsible for
the formation and maintenance of grazing halos.

Synthesis and prospectus

It is now widely recognized that human activities have
widespread effects on predation risk and that risk
affects animal behaviour in many ways. Despite the
strong suggestion from the collective body of evidence
that human alteration of risk should lead to widespread

and diverse indirect effects, very few ocean-based stud-
ies have explicitly documented these linkages. We have
presented synthetic evidence that indirect effects of
human activity in natural ocean ecosystems can be
dominated by risk effects. Based on this and the limited
number of other examples from natural marine (and
other) systems, we can begin to formulate predictions
for where and when human alterations of risk may lead
to cascading, indirect effects in oceans.

What lessons can be learned from other systems?

Large-scale commercial hunting for predators occurs,
and continues to expand, in oceans (McCauley et al.,
2015). On land, such large-scale hunting has occurred
historically, leading to the extirpation and extinction of
numerous large carnivores (and herbivores) (Estes
et al., 2011). Today, due to dramatic population decli-
nes, efforts to re-establish carnivore (e.g. grey wolf
(Canis lupus)) populations have led to measureable
indirect risk effects, including changes in prey group
size (Creel & Winnie, 2005), nutrition (Hernandez &
Laundré, 2005), reproductive physiology and demogra-
phy (Creel et al., 2007), and habitat selection (Creel &
Winnie, 2005). Some evidence exists that wolf
reintroduction has also indirectly led to changes in the
distribution, density and height of vegetation that
serves as the elk’s food source (e.g. Ripple & Beschta,
2007; but see, e.g. Kauffman et al., 2010; Winnie, 2012).
These land-based patterns offer valuable insight into
what can be expected in the ocean. The existing evi-
dence from experimental marine systems (e.g. Bertness
et al., 2014) suggests that similar responses in marine
animals” behaviour, physiology and resources may be
expected. Indeed, analogous effects of predation risk on
marine vegetation have been observed (Madin et al.,
2010a; Burkholder et al., 2013), and this type of effect is
predicted to scale up to landscape scales comparable to
those seen on land (Figs 2 and 4; Madin et al., 2011).
Most of the land-based examples above result from
predator recovery or recolonization, whereas changes
in risk in marine systems more frequently result from
predator declines. This raises the question of what can
be expected when risk is allowed to return to more
natural levels in oceans, for example from effective
species recovery plans and the establishment of numer-
ous and large marine reserves. The answer may depend
on the duration of previous human-induced changes in
risk levels (i.e. whether they have occurred over ecolog-
ical or evolutionary timescales). It may be that the
longer the timescale of the change, the longer it may
take for risk-induced responses to return to prehuman
disturbance levels, a notion supported by comparison
of Atlantic vs. Pacific coastal predator green crab

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13083
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Table 1 Factors and characteristics expected to affect the likelihood of human impacts leading to cascading risk effects. Direction
of influence refers to the likelihood of promoting (+) or diminishing (—) risk effect propagation through an ecosystem when consid-
ered in isolation. However, many other possible pathways and feedbacks exist and will affect these interactions, potentially creating
feedbacks that could either accentuate or dampen the propagation of risk effects through ecosystems

Factor or Direction of
characteristic ~ Rationale influence Evidence Relevance to other systems
Turbidity / Higher turbidity /lower + Terrestrial gerbils Terrestrial: analogous to ‘sightlines’
visibility visibility means prey (Embar et al., 2011) Freshwater: directly relevant
have diminished ability Strong risk effects
to assess risk, leading seen in highly turbid
to more cautious Shark Bay system
behaviour under (Box 2)
risky conditions
Water As seawater pH drops, - Marine prey (Munday  Terrestrial: potentially relevant to
chemistry prey and predators’ et al., 2014) particulates and other air pollutants
abilities to detect one Marine predators Freshwater: directly relevant
another and habitat (Allan et al., 2013;
complexity both decrease Munday et al., 2013;
Dixson et al., 2014)
Freshwater prey
(Leduc et al., 2013)
Marine benthic
resources (shelter)
(Madin et al., 2008)
Shelter Abundant shelter allows + Marine prey and their ~ Terrestrial: directly relevant
availability prey to mediate risk by food resources Freshwater: directly relevant
hiding from predators (Grabowski, 2004;
(promoting risk effects Trussell et al., 2006)
and dampening lethal Freshwater prey
effects), whereas lack (Finstad et al., 2007)
of shelter diminishes
this ability (promoting
lethal effects and
dampening risk effects)
Predator and  Generalist predators Generalist: +  Terrestrial prey Terrestrial: directly relevant,
prey diet should induce behavioural (Schmitz, 1998) despite lower proportion of
breadth responses in multiple prey Specialist: —  Strong risk effects generalist consumers than
species; generalist prey from generalist marine systems
should affect multiple predator in Shark Freshwater: directly relevant
resource species Bay system (Box 2)
Prey Mobile prey can respond Mobileand  +  Hypothesized, Terrestrial: directly relevant
(consumer) behaviourally to risk over voracious: but not explicitly Freshwater: directly relevant
mobility and  short timescales, decreasing Sedentary —  tested
feeding rate likelihood of mortality and with limited

increasing likelihood of
transmitting risk effects;
mobile prey consumers
capable of consuming large
quantities of resource are

particularly likely to transmit

risk effects

food intake:

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13083
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Table 1 (continued)

Factor or Direction of
characteristic =~ Rationale influence Evidence Relevance to other systems
Predator and  Ecosystem engineers and + Marine prey Terrestrial: directly relevant
prey keystone species should (Grabowski, 2004) Freshwater: directly relevant
interaction disproportionately transmit ‘Keystone in
strength both risk and lethal effects timidator’ concept

(Peckarsky et al., 2008)
Ambient As ambient noise increases, - Review of multiple Terrestrial: highly directly

noise level prey and predators’ abilities
to detect one another via

auditory cues decrease

taxa and systems
(Weissburg et al., 2014)

relevant (given greater reliance
on auditory predator/prey cues
in terrestrial vs. marine systems)
Freshwater: directly relevant

invasions that have occurred over different timescales
(Long & Hay, 2012). Likewise, limited evidence
suggests that behaviours that have been affected over
ecological timescales may change in concert with
increases in risk levels due to marine reserves (Madin
et al., 2012).

When does it matter most?

Understanding when and where human modifications
to risk effects are most likely to ripple through marine
communities (Table 1) is important. In general, the
degree to which human activities lead to cascading
risk effects is predicted to vary with the body condition
of prey species (Heithaus et al., 2008). When prey are
in good condition, indirect risk effects should
predominate, but when consumer body condition is
poor, enhanced risk-taking should lead to pathways
involving lethal effects. For this reason, species interac-
tions — whether involving risk, direct predation or their
interaction — will be modified by bottom-up factors,
and these must be considered when making predictions
about ecosystem responses to human activities.

Using this understanding of contingency in risk
effects allows derivation of a priori predictions about
likely impacts of changes to predator numbers — or
other modifications of predation risk — due to human
activities. For example, theory predicts that predator
declines in resource-limited systems (as many terres-
trial systems are; Burkepile, 2013) will lead to measure-
able but dampened effects on mesoconsumer and
resource densities relative to habitats with more
abundant prey resources (Heithaus et al., 2008). Release
from lethal effects is likely to play a relatively larger
role in these systems (Wirsing et al., 2014). Moreover,
these effects are predicted be of opposite signs in for-
merly risky vs. formerly safe microhabitats (Heithaus
et al., 2008). A critical question that remains, however,

in systems where risk effects are expected to be more
important than consumptive effects is the relationship
between remaining predator abundance (and size
structure) and the strength of risk release.

What are the conservation implications of understanding
risk effects?

To be effective, marine conservation and management
policy must explicitly take risk effects and their cascad-
ing consequences into account for four key reasons (Dill
et al., 2003; Heithaus et al., 2008, 2012). First, consider-
ing risk effects could enable early detection of human
impacts because they may occur earlier and/or be a
more reliable indicator of human impacts than purely
lethal effects. For example, grazing halos (Fig. 4) on
coral reefs might be expected to become less defined
and/or larger as predator populations decline or size
structures change (Madin et al,, 2011). Secondly,
ignoring risk effects may lead to unanticipated effects
on populations and communities that humans value.
For example, changes in predation risk may affect
where coral larvae can settle and grow by affecting
coral-algal competition for reef substrate. In this case,
humans could indirectly affect the very architecture of
coral reefs. Third, changes in predator abundances can
alter the ability of marine ecosystems to sequester
atmospheric carbon (Wilmers ef al., 2012), and it has
been hypothesized that this effect may also occur due
to changes in the level of predation risk that herbivores
face (Atwood et al., 2015). Lastly, behavioural responses
to anthropogenic changes in general may allow species
to adjust — in both adaptive and maladaptive ways — to
anthropogenic changes to marine environments (Wong
& Candolin, 2014). Considering risk effects will allow
us to anticipate and incorporate these impacts into con-
servation planning, ultimately increasing its likelihood
of success.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13083
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What comes next?

Important areas for further investigation of cascading
risk effects in marine ecosystems remain. For example,
evidence clearly demonstrates that nonhuman variation
in predation risk can shape marine communities
(reviewed by Dill et al., 2003; Heithaus et al., 2008;
Long & Hay, 2012; Benedetti-Cecchi & Trussell, 2014).
Terrestrial studies provide strong evidence that risk can
alter ecosystem properties, such as plant C:N content
and decomposition rates (Hawlena ef al., 2012), and
preliminary evidence suggests that the former may also
occur in oceans (Burkholder et al., 2013). The implica-
tions of changing patterns of risk (as opposed to preda-
tor abundance; Wilmers et al., 2012) for oceanic carbon
sequestration likewise remain undocumented. With
greater research effort, it seems likely that pathways
such as these stemming from human activity may
ultimately be revealed.

More large-scale, long-term studies in natural marine
ecosystems (e.g. Box 2) are needed to establish whether
results derived from mesocosms or on land scale up
and translate, respectively. For example, it is unclear
whether animals needing to survive in the wild can
invest as heavily in antipredator behaviour as their
experimental laboratory counterparts (e.g. Lima &
Bednekoff, 1999; Preisser et al., 2005). Limited evidence
suggests that relatively low predator densities can still
induce reasonably large risk effects in nature (e.g.
Box 2); whether this is a general phenomenon is
unknown. Effective marine reserves, and especially
networks of reserves, will likely become increasingly
valuable as a research tool, whereby the impacts of
changes in predator biomasses over space and time can
be compared (e.g. Byrnes et al., 2006; Madin ef al.,
2010a; Januchowski-Hartley et al., 2011).

How will climate change affect the likelihood of
risk effects propagating through ocean ecosystems?
Evidence shows that ocean acidification (i.e. elevated
CO,, leading to decreased ocean pH) may fundamen-
tally affect some prey’s risk detection, antipredator
behaviour and survival abilities over both shorter (e.g.
Munday et al., 2014 and references therein) and longer
term (Munday et al., 2014) exposure. Predators’ ability
to capture prey can likewise be hampered (Allan et al.,
2013). The strength and nature of risk effects may also
be affected by changing ocean temperatures, which can
result in spatial and/or temporal biochemical and
physiological ~asymmetries within species pairs
(reviewed by Kordas et al., 2011). In general, climate
change is expected to lead to proximate ecological
changes (such as individual-level behavioural
responses) that ultimately lead to emergent responses
in species distributions, productivity, diversity and

microevolution across populations and ecosystems
(Harley et al., 2006). What remains unknown is how
pervasive these phenomena might be across taxa, if and
how they scale up over space and time and, impor-
tantly, what other mechanisms of risk transmission
might be affected by warmer, more acidic oceans.

It is critical to consider if and how human-altered risk
may be shaping evolution in the oceans, for example
through eco-evolutionary feedbacks in which interac-
tions between ecological and evolutionary processes
occur in contemporary time (Palkovacs, 2011). For
example, predator invasion success depends on and
affects evolutionary processes (e.g. Sih et al., 2010).
Likewise, marine predator harvest changes predator
abundance and size structure, likely shaping selective
forces on their prey from those favouring antipredator
survival traits to those favouring competitive ability
(Palkovacs, 2011).

The widespread historical removal of predators in
many marine systems globally (Jackson ef al., 2001;
Estes ef al., 2011) suggests that more predator addition
experiments should be conducted — as well as the more
common exclusion experiments — to understand how
risk effects may have functioned in the past, prior to
large-scale predator removal. Basing understanding of
risk effects in marine systems from what can be
observed in degraded marine systems today may lead
to erroneous conclusions about their prevalence and
strength (sensu the ‘shifting baseline syndrome; Pauly,
1995).

Re-examining existing ecological data with explicit
consideration of risk effects may prove useful for
interpreting previous findings (Peckarsky et al., 2008).
For example, risk effects may explain patterns of coral
recruitment that have so far been poorly understood
(e.g. Sandin et al., 2008; Figs 2-3).

Conclusions

The evidence presented here makes the compelling
case that society must consider — in both research
and policy — how humans affect marine systems by
changing predation risk. Our review and synthesis of
existing data has generated both novel conclusions
and forward-looking predictions about how human-
altered risk effects can cascade through marine
ecosystems, even in the absence of apparent lethal
effects. This suggests that our understanding of how
human activities are shaping ocean ecosystems must
consider the linkages between human activities and
risk effects. It has been suggested that consideration
of risk effects may even help to reconcile such funda-
mental ecological conundrums as top-down vs. bot-
tom-up forcing (Laundré et al., 2014).
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Risk effects are rarely considered in ecosystem man-
agement and conservation planning (Creel & Christian-
son, 2008), but explicitly considering how humans
affect risk and how these effects propagate through
ecosystems may avoid many unfortunate ‘surprises’.
There are many examples throughout history of inten-
tional predator introductions gone terribly wrong. With
greater knowledge of indirect risk effects, such unin-
tended, often devastating consequences could likely
have been prevented. Humans are unwittingly repeat-
ing history today over very large spatial scales with
both direct introductions and climate-induced changes
to marine predator ranges. Conversely, we are remov-
ing predators from marine ecosystems at unprece-
dented rates. In both cases, we are doing so with very
little knowledge of the potential consequences of these
actions. Considering these consequences is imperative.
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