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Abstract

The ecology of fear concerns the population-, community-, and ecosystem-
level consequences of the behavioral interactions between predators and
prey, i.e., the aggregate impacts of individual responses to life-threatening
events. We review new experiments demonstrating that fear itself is pow-
erful enough to affect the population growth rate in free-living wild birds
and mammals, and fear of large carnivores—or the human super predator—
can cause trophic cascades affecting plant and invertebrate abundance. Life-
threatening events like escaping a predator can have enduring, even lifelong,
effects on the brain, and new interdisciplinary research on the neurobiol-
ogy of fear in wild animals is both providing insights into post-traumatic
stress (PTSD) and reinforcing the likely commonality of population- and
community-level effects of fear in nature. Failing to consider fear thus risks
dramatically underestimating the total impact predators can have on prey
populations and the critical role predator-prey interactions can play in shap-
ing ecosystems.
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1. INTRODUCTION

The “ecology of fear” (Brown et al. 1999, p. 385) concerns quantifying the population-,
community-, and ecosystem-level impacts of the behavioral interactions between predators and
prey, i.e., measuring the aggregate consequences of individual responses to life-threatening events
(Brown etal. 1999, Brown 2019). We define what is meant by fear and the ecology of fear. We then
review the progress made in experimentally testing the population- and community-level effects
of fear in free-living wildlife, focusing specifically on birds and mammals, and report the comple-
mentary effect sizes found in experimental and non-experimental (i.e., observational) studies. We
end by describing new research demonstrating enduring neurobiological and behavioral effects of
fear in wild animals that mirror those diagnostic of post-traumatic stress (PTSD) in humans.

We focus on experimental tests of the ecology of fear in free-living wildlife, and wild birds
and mammals in particular, for a number of reasons. Early observational studies (e.g., Ripple &
Beschta 2004, Creel et al. 2007) suggested that behavioral interactions between predators and
prey can have substantial population- and community-level impacts in free-living wildlife. How-
ever, the weak inference intrinsic to observational studies, given that the patterns documented
are open to many alternative explanations (Sibly & Hone 2002), meant that many in the scien-
tific community remained unconvinced (Ford & Goheen 2015, Say-Sallaz et al. 2019). Elegant
experiments on numerous invertebrate and aquatic species have definitively established that be-
havioral, physiological, and morphological responses of prey to predators can affect populations
and communities (Schmitz et al. 1997, Preisser et al. 2005, Hawlena & Schmitz 2010), but be-
cause most of these experiments have been conducted on captive animals in artificial mesocosms
(typically table-top terrariums or aquariums), there have been repeated questions regarding “how
the results generalize to natural conditions” (Creel & Christianson 2008, p. 199) experienced by
free-living wildlife (Ford & Goheen 2015, Say-Sallaz et al. 2019).

We focus specifically on wild birds and mammals because there has been no prior comprehen-
sive review of experiments testing the ecology of fear in these taxa as there has been in other taxa
(e.g., Preisser etal. 2005) and because four facets of the biology of birds and mammals warrant spe-
cific attention. First is the central role parental care [which is rare in other taxa (Royle et al. 2012)]
plays in the development of birds and mammals—and the resulting potentially cumulative and
compounding demographic consequences of frightened parents providing poorer care. Second is
the significance of being principally preyed upon by the human “super predator” (Darimont et al.
2015, p. 858). Third is the importance of retaining a memory of fear in long-lived, cognitively so-
phisticated species and the resulting relevance of animal models of PT'SD to the ecology of fear.
And finally, questions concerning predator-prey interactions in birds and mammals frequently
have very direct and often controversial implications for wildlife conservation and human-wildlife
conflict (Estes et al. 2011, Ripple et al. 2014, Ford & Goheen 2015, Say-Sallaz et al. 2019).

2. WHAT IS FEAR, AND WHAT IS MEANT BY THE ECOLOGY OF FEAR?
2.1. Fear Is Observable in Behavior and in the Brain

Fear can be readily seen, for example, when observing a prey fleeing from its predator. Darwin
(1839) was struck by not seeing fear in birds on the Galdpagos Islands, noting that they did not flee
at the approach of a dangerous predator (himself), causing him to write in The Voyage of the Beagle
about the “fear of man [as] an acquired instinct” (Darwin 1839, p. 453). Referring to anti-predator
behavior as fear is thus something students of nature, like Darwin, have been doing for centuries.

Fear can refer to behaviors observable in humans or other animals, and it is also observable in
the structure and functioning of the “neuronal circuits for fear” located in, but not limited to, two
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subcortical brain areas, the amygdala and the hippocampus (Tovote et al. 2015, p. 317; LeDoux
2017). The amygdala is responsible for fear processing and fear memories and the hippocam-
pus for the formation of declarative, episodic, and spatial memories (Heller 2019). Not only can
fear be measured in the brain, but specific types of fear can be measured; for example, fear of
predators and fear of pain are processed by distinct neuronal pathways (Gross & Canteras 2012).
New neurobiological research has begun to focus on fear being far more complex than a simple
stimulus-response reaction in cognitively sophisticated species like birds and mammals, involving
not only subcortical fear circuits in the amygdala and hippocampus but also higher-level cognitive
information processing, primarily in the prefrontal cortex (LeDoux & Pine 2016, LeDoux 2017,
Deslauriers et al. 2018, Fanselow 2018, Heller 2019) [the homologous nidopallium caudolaterale
in birds (Giintiirkiin & Bugnyar 2016)]. This greater emphasis on cognitive information process-
ing affected by learning and memory better incorporates the individual differences in life expe-
rience that determine how debilitating fear may be. Only a subset of people from among those
exposed to the same life-threatening event will develop PTSD, for example, and the best predictor
of who does is whether the individual experienced previous childhood trauma (Daskalakis et al.
2013).

2.2. What Is Meant by the Ecology of Fear?

The phrase ecology of fear was first used by Brown et al. (1999) in a paper integrating foraging

theory into traditional models of predator-prey population dynamics. Brown et al. began with the

straightforward fact that frightened prey eat less (Sih 1980, Lima & Dill 1990) and modeled the

effects on population dynamics, assuming prey fecundity is affected by reduced food intake result-

ing from the fear of predators. Population dynamics may be further affected because frightened

prey can also be expected to feed their offspring less (Fontaine & Martin 2006, Zanette et al.

2011), with consequences that may include not only some offspring dying (Zanette et al. 2011)

but also the survivors potentially being permanently handicapped, leading to carry-over effects

causing reduced survival in subsequent life stages (Moore & Martin 2019), possibly extending to

transgenerational impacts reducing offspring fecundity or survival in adulthood (Yin et al. 2019).

The ecology of fear concerns both populations and communities because most prey are predators

of something else (Brown 2019), and hence not only the prey’s abundance but that of its prey may ~ Fecundity: the

be affected by predator-induced reductions in prey foraging (Figure 1). proportion of females
Critically, the ecology of fear is about whether and how behavioral responses affect the number breeding or the
o R number of eggs laid or

of individuals, be it the number of prey, predators, or the prey’s prey (Brown et al. 1999, Brown offspring born per

2019), and studies of the ecology of fear must thus necessarily involve quantification of effects  female

on population abundance or its determinants, i.e., fecundity, survival, and recruitment to the next Population

generation (Sibly & Hone 2002). Equally critical is that the ecology of fear is about effects in “eco- ;) =0\

logical time” (Lima & Dill 1990, p. 619), i.e., experiences, behavioral responses, and reproductive  pumber of individuals

success within the lifetime of an individual and its offspring, not changes resulting from natural  of a given species in a

selection over multiple lifetimes. given area or category
Establishing that population abundance and/or its determinants are affected by fear poses two ~ 2t? 8'ven tme

fundamental challenges. The first is demonstrating that changes in abundance are not due to  Recruitment to the

bottom-up (food) limitation. If prey fecundity is affected by fear reducing prey food intake, the ~ next generation: the

more parsimonious alternative must first be excluded, i.e., that reduced food intake is simply due to g;l:élzizgf fozg;zlge

food shortage (Creel & Christianson 2008). The second challenge, which is as much of a challenge ;. survivlz to join the

with regard to the effects of direct killing by predators as it is to the impacts of fear, is demon-  adult breeding

strating that changes in abundance are due to top-down (predator) limitation. Until fairly recently  population

the Erringtonian view of predators (that predators kill only the doomed surplus) predominated,
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Figure 1 (Figure appears on preceding page)

Conceptual illustration contrasting the duration of the neurobiological and behavioral effects and the consequent population- and
community-level impacts expected to result from (#) a transient startle response to a sudden loud noise like a thunderclap, (b) fear
induced by a life-threatening predator encounter (exemplified by encountering the most dangerous predator of all—the human super
predator), and (¢) fear and physical trauma caused by an unsuccessful predator attack. The more intensely life-threatening the
experience is, the greater and longer the expected effect will be on neurobiological processes such as neurogenesis (the birth of new
neurons) and the more enduring (or even permanent) the memory of the experience and its effects on behavior. These behavioral
effects entail enduring vigilance and avoidance of encounter-related situations, and in extreme cases, animals may display hypervigilance
and more or less permanent avoidance of trauma-related situations, mirroring the behaviors diagnostic of PT'SD in humans. The more
enduring or permanent the activity cost of devoting time to anti-predator behavior (i.e., vigilance and avoidance), the more enduring
the reduction in time spent foraging will be, the anticipated consequences of such a protracted reduction in foraging being a reduction
in the number of offspring produced and a reduction in the impact on the abundance of the animal’s food (vegetation in this example).
The ecology of fear concerns the aggregate impacts of such individual responses to life-threatening events on populations,
communities, and ecosystems.

meaning all killing is compensatory, and predators thus never limit bird and mammal populations
(Errington 1956). Refuting both the bottom-up and Erringtonian alternatives required conduct-
ing experiments that involved adding or removing predators. Consequently, the fact that top-down
limitation of prey populations by predators does occur in terrestrial vertebrates was definitively
established only as recently as 2010—by the publication of comprehensive reviews of predator
manipulation experiments (Lavers et al. 2010, Salo et al. 2010).

Importantly, Errington (1956) was not wrong in asserting that killing by predators can be com-
pensatory and that simple estimates of kill rates are thus not sufficient to draw conclusions. What
matters is who is killed and when and not just how many are killed. Taking a recent example, le
Roux etal. (2019) used three decades of data to show that although African buffalo (Syncerus caffer)
are the favored prey of lions (Pantbera leo), comprising more than 25% of their diet, the popula-
tion growth rate of buffalo is not affected by lion numbers because most buffalo killed by lions
are solitary, old, post-reproductive males, who are thus doomed surplus with respect to population
growth (see the sidebar titled Population Growth Rate).

Predation is the proximate cause of death of 87% of all adult birds and 68% of all adult mam-
mals according to a new worldwide analysis of cause-specific mortality (Hill et al. 2019). As just
explained, knowing this is insufficient to conclude that predators limit bird and mammal popula-
tions. However, this does clearly establish the paramountcy of anti-predator behavior for individ-
ual survival and suggests an important modification of how best to view anti-predator behavior.
If being preyed upon is the fate of almost every individual, then anti-predator behavior is better
described as delaying predation, rather than avoiding it. In species in which longevity is corre-
lated with lifetime reproductive success, as in most birds and mammals (Gaillard et al. 1989), the
ecology of fear is thus best envisaged as resulting from individuals endeavoring to delay preda-
tion until they are either post-reproductive or have maximized their lifetime reproductive success.
Fear effects on current reproductive success, and consequently population growth, may thus be
expected to be common whenever lower reproductive success over a longer period provides the
surest means of achieving higher lifetime reproductive success (Lima & Dill 1990, Ghalambor &

POPULATION GROWTH RATE

The population growth rate (lambda, )) refers to the change in number of individuals in a population over a given
time, expressed as a fraction of the initial population. It is estimated from censuses over time or determined from
demographic (fecundity and survival) data (Sibly & Hone 2002).
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Martin 2001, Christianson & Creel 2014, LaManna & Martin 2016). That is, if being more vigi-
lant or avoiding areas with more predators reduces food intake and so lowers current reproductive
success (fecundity or offspring survival), this is a cost worth paying if these anti-predator behav-
iors succeed in delaying predation to some future time, thereby ensuring the individual survives
to breed another day (Brown et al. 1999, Brown 2019).

3. POPULATION-LEVEL EFFECTS OF FEAR IN FREE-LIVING
WILDLIFE

3.1. Experimental Evidence of Population-Level Effects of Fear

Experimentally testing what limits population growth or its demographic determinants (fecun-
dity, survival, and recruitment) requires adding or removing the factor of interest (Sibly & Hone
2002), e.g., adding or removing food (Boutin 1990) or predators (Salo et al. 2010) or both (Krebs
et al. 1995, 2018). The limiting factor of interest in the ecology of fear concerns the behavioral
responses of prey to predators caused by the presence of predators and the killing they do. The
experiments conducted to date on free-living wildlife have accordingly (#) removed predators,
(&) ‘added’ predators by simulating their presence, or (¢) ‘added’ predation by removing prey [i.e.,
culling; sensu Okuyama & Bolker (2007)]. Predator responses to dangerous prey are also part of
the ecology of fear (Brown 2019), but our search, described below, revealed no experiments on the
consequences.

We identified the experiments conducted to date that have tested the population-level effects
of fear in free-living wild birds and mammals by searching Web of Science for the terms “preda-

o« reproduct*,” “bird*,” and

survival,” “recruitment,” “

tion risk,” “fear,” “experiment,” “fecundity,
“mammal*” in various combinations and by searching for these same terms in papers citing the
foundational works on the topic, e.g., Lima & Dill (1990) and Brown et al. (1999). We found 10 ex-
periments reporting significant effects on one or more of the determinants of population growth:
8 on a total of 15 songbird species and 2 on small mammals (arctic ground squirrels, Spermophilus
parryii, and gray-sided voles, Clethrionomys rufocanus). In Table 1 we report the effects demon-
strated in these experiments, together with the effect sizes [In(imean for fear treatment/mean for
control), after Salo et al. (2010)]. Table 2 additionally lists results from 11 observational studies
contrasting sites or time periods with or without predators, or with few or many predators, that
have reported effects on the determinants of population growth that were apparently attributable
to fear.

Half of the experiments to date testing population-level effects of fear in free-living wild birds
and mammals have focused exclusively on fecundity, and a further three have reported fear effects
on fecundity plus some facet of offspring survival (Table 1). In all eight experiments demonstrat-
ing effects on fecundity, the effect sizes were modest and, while being predominantly negative,
included one positive (i.e., fear led to an increase in fecundity). Most (7 out of 8) of these experi-
ments were on songbirds, and moderately negative and occasionally positive effects on fecundity
(egg number) were similarly demonstrated in a predator-removal experiment on a further 11 song-
bird species (Fontaine & Martin 2006) and in a study of the effects of natural variation in predation
risk involving 8 additional species (LaManna & Martin 2016). Fontaine & Martin (2006) analyzed
all species together rather than individually and found no significant overall effect on egg number,
which is why their experiment is not included in Table 1. Rather than egg number it was egg mass
that Fontaine & Martin found showed a significant overall effect.

‘Adding’ predation (culling) and ‘adding’ predators by simulating their presence have both
been experimentally demonstrated to affect fecundity (Table 1). The effects in the two culling
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Table 1 Experiments demonstrating population-level effects of fear in free-living wildlife

Taxa | Reference | Method Measure Effect size®
Fecundity
Bird Doligez & Clobert 2003 ‘Added’ predation Egg number —0.02
(culling)
Bird Eggers et al. 2006 ‘Added’ predator (playback) Egg number —0.19
Bird Travers et al. 2010 ‘Added’ predation Egg number —0.12
(culling)
Bird Zanette et al. 2011 ‘Added’ predators (playback) Egg number —0.09
Bird Hua etal. 2014 ‘Added’ predator (playback) Egg number —0.08
Bird Malone et al. 2017 ‘Added’ predator (playback) Egg number 0.11
Bird Dillon & Conway 2018 ‘Added’ predator (caged Egg number —0.08
predator)
Mammal Fuelling & Halle 2004 ‘Added’ predator (odor) Proportion of females breeding —0.16
Offspring survival during parental care
Bird Zanette et al. 2011 ‘Added’ predators (playback) Early parental care (egg survival —0.11
to hatching)
Bird Hua etal. 2014 ‘Added’ predator (playback) Early parental care (egg survival —0.21
to hatching)
Bird LaManna & Martin 2016 ‘Added’ predator (playback) Early parental care (egg survival —0.38
to hatching)
Bird Zanette et al. 2011 ‘Added’ predators (playback) Mid-stage parental care —0.23
[nestling (hatchling) survival
to fledging]
Bird M.C. Allen, M. Clinchy & ‘Added’ predators (playback) Late parental care (fledgling —0.30
L.Y. Zanette, manuscript survival to independence)
in preparation
Cumulative impact on fecundity and facets of offspring survival during parental care
Bird Zanette et al. 2011 ‘Added’ predators (playback) Fledglings per female —0.47
Bird Hua etal. 2014 ‘Added’ predator (playback) Fledglings per female —0.44
Mammal Karels et al. 2000 Removed predators (exclusion) | Juveniles leaving burrow per —0.43
female
Mammal Fuelling & Halle 2004 ‘Added’ predator (odor) Juveniles trapped per female -0.75
Recruitment to next generation, population growth rate, and transgenerational impacts
Bird M.C. Allen, M. Clinchy & ‘Added’ predators (playback) Recruitment to next generation -0.72
L.Y. Zanette, manuscript (breeding recruits per female
in preparation parent)
Bird M.C. Allen, M. Clinchy & ‘Added’ predators (playback) Population growth rate —0.15
L.Y. Zanette, manuscript (surviving female parents
in preparation plus breeding recruits)
Bird M.C. Allen, M. Clinchy & ‘Added’ predators (playback) Transgenerational impact —0.20

L.Y. Zanette, manuscript
in preparation

(projected offspring survival
in adulthood)

AEffect size calculated as In(mean for fear treatment/mean for control), after Salo et al. (2010).
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Table 2 Observational studies reporting population-level effects of fear in free-living wildlife

Taxa | Reference Method Measure Effect size®
Fecundity
Bird Julliard et al. 1997 Predator (before versus after Egg number —0.06
exclusion)
Bird Zanette et al. 2006b Predator (high versus low Egg number —0.09
number)
Bird Scheuerlein et al. 2001 Predator (present versus absent) | Proportion of parents initiating —0.85
a second breeding attempt
Mammal Krebs etal. 1995 Predator (high versus low Offspring born per female per —1.60
number) year
Mammal Cherry etal. 2016 Predator (high versus low Proportion of females ovulating —0.47
number)
Mammal Dulude-de Broin et al. 2020 | Predator (high versus low Proportion of females giving —0.55
number) birth
Offspring survival during parental care
Bird Zanette et al. 2006a Predator (high versus low Early parental care (egg survival —-0.12
number) to hatching)
Bird LaManna & Martin 2016 Natural risk gradient Farly parental care (egg survival —0.22
to hatching)
Bird Zanette et al. 2006a Predator (high versus low Mid-stage parental care —-0.20
number) [nestling (hatchling) survival
to fledging]
Bird LaManna & Martin 2016 Natural risk gradient Mid-stage parental care —-0.28
[nestling (hatchling) survival
to fledging]
Bird Dudeck et al. 2018 Relative parental fearfulness Late parental care (fledgling -0.27
survival to independence)
Offspring survival post—parental care
Mammal Bourbeau-Lemieux et al. Predator (present versus absent) | Post-weaning offspring survival —-0.19
2011 overwinter
Cumulative impact on fecundity and facets of offspring survival
Bird Zanette et al. 2003 Predator (high versus low Fledglings per female —0.43
number)
Bird LaManna & Martin 2016 Natural risk gradient Fledglings per female —0.49
Mammal Christianson & Creel 2014 Predator (before versus after) Juveniles seen per female in —0.18
midwinter
Mammal DeWitt et al. 2017 Predator (before versus after) Juveniles trapped per female —0.42

AEffect size calculated as In(mean for fear condition/mean for control), after Salo et al. (2010).

experiments our search identified (Doligez & Clobert 2003, Travers et al. 2010) testify to the
complexities of what animals find fearful and how they may respond. Doligez & Clobert (2003)
removed every nestling from collared flycatcher (Ficedula albicollis) nests and measured the effect
on clutch size in birds nesting in the same area the following year. Clutch size was lower in ar-
eas where there had been culling the previous year among both birds whose previous nests had
been culled and those whose nests had not been, pointing to fear being socially communicated at
a neighborhood level (Doligez & Clobert 2003). In the second culling experiment (Travers et al.
2010), all eggs were removed from the nests of song sparrows (Melospiza melodia), and either the
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nest was left empty, simulating predation, or artificial eggs were substituted, which females subse-
quently incubated, indicating that they did not perceive having suffered any egg loss. To control for
bottom-up effects, all birds had a feeder placed in the center of their territory that was kept filled
with supplemental food, the use of which prior experiments had demonstrated improved physio-
logical condition (Clinchy et al. 2004) and increased fecundity (Zanette et al. 2006b) and offspring
survival (Zanette et al. 2006a). Females whose nests were left empty (i.e., culled) did not go to the
feeder, testifying to the fear induced by the simple disappearance of their eggs (Zanette et al. 2013).
Most importantly, with regard to the ecology of fear, as a consequence of their forgoing use of the
supplemental food (Zanette et al. 2013), females whose nests were culled (left empty) suffered
physiological dysregulation and laid fewer eggs in their subsequent nests (Travers et al. 2010).

Directly measured effects of fear on one or more facets of offspring survival have been demon-
strated in three experiments, all on songbirds (Table 1), two of which reported cumulative im-
pacts of fear on both fecundity and offspring survival (Zanette et al. 2011, Hua et al. 2014). In
gray-sided voles, ‘adding’ predators by simulating their presence using predator odor had a mod-
est effect on fecundity (the proportion of females breeding)—and a substantially greater effect on
the number of juveniles entering traps, indicative of a cumulative impact on both fecundity and
offspring survival (Fuelling & Halle 2004). In arctic ground squirrels, removing predators [lynx
(Lynx canadensis) and coyote (Canis latrans)] increased the proportion of females with offspring
leaving the natal burrow, similarly reflective of a cumulative impact on both fecundity and off-
spring survival (Karels et al. 2000). Some direct predation of offspring could have contributed to
there being fewer in control areas in this experiment, but the sampling intensity suggests direct
predation was minimal or nonexistent (Karels et al. 2000). Critically, in contrast to the modest
effect sizes demonstrated in the eight experiments reporting fear effects on fecundity (median =
—0.08; Table 1), the demonstrated effects on offspring survival were larger (median = —0.23),
and still larger effect sizes (median = —0.45) were demonstrated in the four experiments that
quantified cumulative impacts of fear on both fecundity and facets of offspring survival (Table 1).

New experimental research comprehensively quantifying the effects on all of the determinants
of population growth (fecundity, survival, and recruitment) demonstrates that fear itself is power-
ful enough to reduce the population growth rate in free-living wildlife, extending to and including
transgenerational impacts that reduce the survival of offspring as adults (Zanette et al. 2011; M.C.
Allen, M. Clinchy & L.Y. Zanette, manuscript in preparation). The presence of ‘added’ preda-
tors was simulated by intermittently broadcasting predator (or non-predator control) vocaliza-
tions across multiple song sparrow territories over three annual breeding seasons on several small
coastal islands. The impacts of this experimental manipulation were comprehensively quantified
by enumerating egg number (fecundity), using nest cameras and radio-tags to continuously mon-
itor the fate of offspring from hatch to independence (survival during parental care), exhaustively
censusing every island for recruits the next year (survival from independence to first breeding),
and testing for transgenerational impacts by recording the song number sung by male recruits
[it having been previously shown that reduced song number is indicative of impaired brain de-
velopment resulting from offspring being fed less (MacDonald et al. 2006, Pfaff et al. 2007) and
is accordingly predictive of poorer adult survival (Reid et al. 2005)]. Fear reduced egg number
(effect size = —0.09), hatching success (—0.11), nestling survival (—0.23), and post-fledging sur-
vival to independence (—0.30), resulting in a very considerable cumulative compounding adverse
effect on recruitment (—0.72) and consequent reduction in the population growth rate (—0.15).
The reduction in population growth was furthermore projected to extend to the next generation
due to the reduced survival of offspring as adults (—0.21) caused by the transgenerational impact
of frightened parents feeding their offspring less (Zanette et al. 2011; M.C. Allen, M. Clinchy &
L.Y. Zanette, manuscript in preparation) (Table 1).
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Experiments enable strong inference concerning causation (Sibly & Hone 2002), but they must
also have external validity, corroborated by demonstrating effect sizes corresponding to observa-
tional studies. In the experiment described above demonstrating that fear can affect population
growth (Zanette et al. 2011; M..C. Allen, M. Clinchy & L.Y. Zanette, manuscript in preparation),
the methodology and magnitudes of effect sizes demonstrated all accord with reported levels of
natural variation. Predator (and non-predator) vocalizations were broadcast at a rate (9.3 min/h)
that was comparable to naturally occurring predator vocalizations (9.5 min/h) recorded at natu-
rally high predation risk sites in a study by LaManna & Martin (2016) that measured the effects
of natural variation in predation risk on fecundity and facets of offspring survival in 10 species of
songbirds. Broadcasting playbacks at naturally maximal rates is consistent with the methodology
of other playback experiments (e.g., Dantzer et al. 2013). The size of the effect on fecundity in the
experiment (—0.09; Table 1) was identical to that in a previous study of song sparrows (—0.09)
that compared naturally high versus low predation risk sites (Zanette et al. 2006b) (Table 2). Simi-
larly, the effect size in the experiment concerning hatching success (—0.11) was comparable to that
in response to natural variation in predation risk in song sparrows (—0.12) (Zanette et al. 2006a)
and the 10 species of songbirds (—0.22) studied by LaManna & Martin (2016); the same was true
for the magnitude of effect on nestling survival (—0.23, —0.20, and —0.28, respectively; Tables 1
and 2). Likewise, the effect on post-fledging survival to independence in the experiment (—0.30;
Table 1) accords well with that reported in a study of natural variation in parental fearfulness
(—0.27; Table 2) (Dudeck et al. 2018).

Predator manipulation experiments were critical to demonstrating that predators can limit bird
and mammal populations, as established in the aforementioned reviews by Salo et al. (2010) and
Lavers et al. (2010). Salo et al. (2010) reported a mean effect size of 0.68 on reproductive re-
sponses (e.g., mean recruitment), and Lavers et al. (2010) reported a mean effect size of 0.11 on
the population growth rate. Both these values correspond closely with the absolute value of the
effects on recruitment (0.72) and the population growth rate (0.15) demonstrated in the experi-
ment testing the effect of fear on population growth (Zanette et al. 2011; M.C. Allen, M. Clinchy
& L.Y. Zanette, manuscript in preparation) (Table 1). One principal purpose of an experiment is
to demonstrate the possible, and the experiments reviewed in Table 1 demonstrate that it is en-
tirely possible that fear alone could be responsible for some or all of the population-level effects
of experimentally adding or removing predators reported by Salo et al. (2010) and Lavers et al.
2010).

3.2. Observational Evidence of Population-Level Effects of Fear

Fear can be confidently concluded to commonly affect some or all of the determinants of popu-
lation growth in free-living wild songbirds, given the accumulated wealth of experimental and
corresponding observational evidence reviewed in Tables 1 and 2 and other supporting re-
sults (Fontaine & Martin 2006, Ibdfiez-Alamo et al. 2015). What about other birds and mam-
mals? Tropical songbirds differ from north temperate species (all those in Table 1) in ways sug-
gested to increase the likelihood and strength of population-level effects of fear (Ghalambor &
Martin 2001). Just such a large effect size (—0.85) was reported in an observational study on trop-
ical stonechats (Saxicola torquata) in which the proportion of parents initiating a second breeding
attempt was much lower among those with a predatory bird resident in their territory (Scheuerlein
etal. 2001) (Table 2). The two experiments on small mammals reviewed in Table 1 both demon-
strated considerable effect sizes. Far and away the largest purported population-level effect of
fear (—1.60; Table 2) concerns the “collapse of reproduction” in snowshoe hares (Lepus ameri-
canus) reported by Krebs et al. (1995, p. 1114) that was attributed to the extreme frequency of
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unsuccessful predator chases during the decline phase of the 10-year snowshoe hare cycle (Krebs
etal. 2018). Though reported as part of an exemplary experiment, there was no contemporaneous
comparison between control and predator removal areas (Krebs et al. 1995), which is why this
result is classified as observational (Table 2).

Fear has recently been proposed to be partially responsible for a decline in juveniles per fe-
male in porcupines (Erethizon dorsatum) following the ‘addition’ (recolonization) of fishers (Pekania
pennanti) (DeWitt et al. 2017). The size of the effect attributable to fear (—0.42; Table 2) was es-
timated from the observation that mean porcupine mass declined by 19.6% coincident with fisher
recolonization, taken together with the fact that the number of juveniles per female is strongly
correlated with female mass. In large carnivore-ungulate systems, fear has been reported to af-
fect fecundity, offspring survival, and both together (in some unknown combination). Fecundity,
as measured by the proportion of females ovulating, was considerably lower in white-tailed deer
(Odocoileus virginianus) in years when coyotes were abundant (effect size = —0.47; Table 2) (Cherry
et al. 2016). A comparable effect on fecundity (effect size = —0.55; Table 2), as measured by the
proportion of females giving birth, has also been reported in mountain goats (Oreamnos ameri-
canus) in response to inter-annual variation in the abundance of the large carnivores that prey on
them (Dulude-de Broin et al. 2020). Overwinter lamb survival was lower in bighorn sheep (Ovis
canadensis) in years when cougars (Puma concolor) were present, which was partly attributable to
fear (effect size = —0.19; Table 2) because cougar presence impeded the growth of lambs, and
smaller lambs were less able to survive overwinter (Bourbeau-Lemieux et al. 2011). Similar to por-
cupines, the number of juveniles per female declined in elk (Cervus elaphus) following the ‘addition’
(reintroduction) of wolves (Canis lupus); the size of the effect attributable to fear (—0.18; Table 2)
in this case was determined from the deficit in juveniles that could not be explained by direct
predation, winter severity, or growing season precipitation (Christianson & Creel 2014). Prior
research indicated that this deficit was largely due to fear reducing the pregnancy rate (fecundity)
(Creel et al. 2007), but an additional fear effect on offspring survival cannot be ruled out.

4. COMMUNITY-LEVEL EFFECTS OF FEAR
IN FREE-LIVING WILDLIFE

Whereas most of the experiments to date that have demonstrated population-level effects of fear in
free-living wildlife have been conducted on songbirds (Table 1), the fear large carnivores inspire in
large herbivores and medium-sized carnivores has been the focus of most of the recent experiments
that have now demonstrated that fear can also have community-level effects in free-living wildlife.
Just as with population-level effects, the factor of interest concerns the behavioral interactions
between predators and prey, but here the impact of interest is whether this affects the number of
individuals in species other than the interacting predator and prey, e.g., the prey’s prey (its food)
or the prey’s competitors (Ripple & Beschta 2004, Terborgh & Estes 2010, Brown 2019).

Ford et al. (2014) experimentally thinned vegetation to demonstrate that impala (Aepyceros
melampus) prefer more open areas, and they then used impala exclosures to further experimentally
demonstrate that this preference mediates the abundance of competing species of Acacia trees.
Ford et al. reported correlational evidence indicating that fear of large carnivores [leopards
(Panthera pardus) and African wild dogs (Lycaon pictus)], which lurk more in woody cover, was the
mechanism responsible for this preference of impala for open areas, and thus the resulting trophic
cascade. This preference of impala and other African herbivores for more open areas has been
replicated in subsequent vegetation-thinning experiments (Riginos 2015, le Roux et al. 2018). H.
Epperly, M. Clinchy, L.Y. Zanette & R.A. McCleery (manuscript in preparation) also replicated
this result, and they experimentally verified that fear of large carnivores was the mechanism. The
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authors conducted a bifactorial experiment in which the presence of ‘added’ large carnivores
[leopards, spotted hyena (Crocuta crocuta) and domestic dogs (Canis lupus familiaris)] was simulated
by broadcasting their vocalizations (or non-predator controls) in experimentally thinned and
shrubby control sites. Impala and other herbivores fled more or were more vigilant in response
to hearing large carnivores in shrubby control sites, consistent with fear mediating the preference
for open areas.

In another new experiment on an African ungulate (Atkins et al. 2019), the cascading impact of a
shift in habitat use by bushbuck (Tiugelaphus sylvaticus) on plants (waterwort, Bergia mossambicensis)
was experimentally demonstrated using exclosures. It was then experimentally verified that fear
of large carnivores was the mechanism by demonstrating that bushbuck reacted more fearfully in
one habitat than another to ‘added’ large carnivores, whose presence was simulated using leopard
vocalizations and artificial carnivore excreta (with suitable non-predator sounds and excreta as
controls). Like impala, the bushbuck is a woodland species, and in the experiment by H. Epperly,
M. Clinchy, L.Y. Zanette & R.A. McCleery (manuscript in preparation) mentioned in the previous
paragraph, it was demonstrated that, like impala, bushbuck preferred experimentally open areas—
in a system where large carnivores are present in the environment. Where Atkins et al. (2019)
conducted their experiments, in Mozambique’s Gorongosa National Park, leopards and African
wild dogs had been ‘removed’ (extirpated) during the Mozambican civil war. The behavioral shift
investigated involved bushbuck moving into a wide-open floodplain habitat, one they had never
been reported to use anywhere else, which Atkins et al.s experiment verified occurred because
there were no longer any large carnivores to fear.

Megaherbivores, like rhinoceroses (Ceratotherium simum) and elephants (Loxodonta africana),
have little to fear from large carnivores, in contrast to other African herbivores like impala and
wildebeest (Connochaetes taurinus). Le Roux et al. (2018) experimentally demonstrated that this in-
terspecific contrastin the fear of large carnivores can have complex cascading impacts on herbivore
feeding pressure on plants and the resulting nutrient dynamics. Le Roux et al. (2018) conducted
a vegetation-thinning experiment and found a preference for open areas among most herbivores,
just as in the comparable experiments described above. The preference for open areas among im-
pala, wildebeest, and other species led to there being elevated nutrient inputs from the dung of
these species in open areas. However, because of the much greater impact from rhinoceroses and
elephants, which showed no preference for open areas (consistent with their having little to fear
from large carnivores), there was no overall difference in feeding pressure between experimentally
open and shrubby control sites.

The fear large carnivores inspire in medium-sized carnivores has also recently been experi-
mentally demonstrated to cause a trophic cascade (Suraci et al. 2016). The presence of ‘added’
large carnivores (domestic dogs), simulated by intermittently broadcasting their vocalizations (or
non-predator controls) along lengths of shoreline on small coastal islands, reduced the time rac-
coons (Procyon lotor) spent feeding in the intertidal by 66%, significantly impacting the abundance
of intertidal fish and invertebrates (Suraci et al. 2016). Importantly, the effect sizes caused by the
fear-induced ‘removal’ of raccoons from the intertidal documented in this experiment were sim-
ilar or identical to those reported in an observational study contrasting islands on which rac-
coons were present or absent (Suraci et al. 2014). The ‘removal’ or absence of raccoons had
respective effects of 0.59 or 2.67 on intertidal fish abundance, 0.68 or 2.14 on intertidal crab
abundance, and the same effect, 0.48, on the number of large subtidal red rock crabs (Cancer
productus).

Community-level effects of fear have now been demonstrated in free-living wildlife beyond
birds and mammals in an experiment on free-living wild lizards on small Bahamian islands (Pringle
etal. 2019). In the absence of predators, insectivorous brown and green anole lizards (Anolis sagrei
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and Anolis smaragdinus, respectively) occupy fairly distinct habitats, with brown anoles feeding on
the ground or tree trunks and green anoles feeding in the canopy. Experimentally adding (in-
troducing) ground-dwelling, predatory, curly-tailed lizards (Leiocephalus carinatus) caused brown
anoles to shift their habitat use to high up on tree trunks due to fear of curly-tailed lizards.
This brought brown anoles into closer competition with green anoles, suppressing the popula-
tion growth of green anoles and causing their extinction on two of four islands.

5. FEAR OF THE HUMAN SUPER PREDATOR
IN FREE-LIVING WILDLIFE

Community- and landscape-level effects of fear in free-living wildlife have been demonstrated
in other new experiments, also involving large carnivores, but here it is the fear humans inspire
in large and medium-sized carnivores, and the cascading impacts on large herbivores and small
mammals, which have been documented. Two recent worldwide analyses have established that
humans, as predators, have a unique ecology that includes disproportionately killing medium and
large carnivores (Darimont et al. 2015) and generally killing larger species of birds and mammals
(Hill et al. 2019) at greater rates than non-human predators, meriting humans being termed a
“super predator” (Darimont et al. 2015, p. 858).

Fear of the human super predator has recently been experimentally demonstrated to cause a
trophic cascade in a large carnivore-ungulate system. Smith et al. (2015) reported correlational
results pointing to fear of humans apparently disturbing cougars from their kills, causing cougars
to spend less time feeding at each cached deer carcass (effect size = —0.54), thus necessitating
their killing more deer per year to compensate (effect size = 0.31). That fear of humans was the
mechanism disturbing cougars from their kills was then experimentally verified by demonstrating
that the presence of ‘added” humans near kill sites, simulated by broadcasting playbacks of people
speaking conversationally (or non-predator controls), reduced the total time per 24 h that cougars
spent feeding at their caches (effect size = —0.82) (Smith et al. 2017).

Fear of the human super predator has since been demonstrated to have cascading, landscape-
scale impacts across wildlife communities, from large carnivores to small mammals. Suraci et al.
(2019a) conducted a large-scale, repeated-measures experiment in which the presence of ‘added’
humans was simulated by intermittently broadcasting playbacks of people speaking (or non-
predator controls) across two 1-km? blocks of forest for 5 weeks, following which the treatments
were switched between blocks and broadcast for 5 more weeks. Fear of humans affected where and
when carnivores moved through the landscape, causing avoidance and cautiousness in cougars,
increased nocturnality in bobcats (Lynx rufus), reduced activity in skunks (Mephitis mephitis), and
reduced foraging in opossums (Didelphis virginiana). The fear induced in the carnivores alleviated
fear in small mammals, as evident from deer mice (Peromyscus spp.) expanding their habitat use
and deer mice and woodrats (Neotoma fuscipes) foraging more. Importantly, the simulated den-
sity of humans (25 per km?) was substantially less than in the jurisdiction (California, USA) as
a whole (94 per km?), and comparable effects on the same carnivores were reported in previ-
ous observational studies (Wang et al. 2015, Suraci et al. 2019a). Suraci et al.’s (2019a) use of a
repeated-measures design meant that while the perception of predation risk was manipulated, the
physical landscape and actual mortality risk were unchanged, and what was thus demonstrated
were changes in where and when animals moved through the same physical landscape—caused
solely by fear itself. Consequently, Suraci et al.’s (2019a) results experimentally demonstrate that
a “landscape of fear” (Laundré et al. 2001, p. 1401), defined as spatial variation in the perception
of predation risk alone (Gaynor et al. 2019) (see the sidebar titled Landscape of Fear), can have
pervasive effects across wildlife communities.
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LANDSCAPE OF FEAR

Related to but distinct from the ecology of fear is the concept of the “landscape of fear” (Laundré et al. 2001,
p- 1401), which posits that where, when, and how prey move through a landscape is affected by spatial and temporal
variation in their perception of predation risk, influenced by, but distinct from, both the physical landscape and the
actual risk of mortality from predators (Gaynor et al. 2019).

Two recent meta-analyses have documented that, worldwide, anthropogenic activity is affect-
ing the movement (Tucker et al. 2018) and nocturnality (Gaynor et al. 2018b) of mammals of every
size and type, and the results of the landscape-level experiment by Suraci et al. (2019a) demon-
strate that fear of the human super predator could be a contributing factor causing this pervasive
global pattern. Consistent with fear of the human super predator being pervasive across the planet,
European badgers (Meles meles) (Clinchy et al. 2016), cougars in California (Suraci et al. 2019b),
and white-tailed deer in North America (D.A. Crawford, M. Clinchy, L.Y. Zanette, L.M. Conner
& M]J. Cherry, manuscript in preparation) have all recently been experimentally demonstrated
to fear hearing humans more than non-human predators. Moreover, new research experimentally
demonstrates that fear of the human super predator is pervasive throughout entire mammal com-
munities in Africa, with fear of hearing humans exceeding the fear of hearing the top non-human
predator, lions, in everything from impala to giraffes (Cervus camelopardalis) to rhinoceroses and
even elephants (McComb et al. 2011, 2014; L.Y. Zanette, M. Clinchy, N. Frizzelle, C.B. Keller,
S. Huebner, et al., manuscript in preparation). This pervasive fear of humans can have significant
conservation consequences. Rhinoceroses and elephants have little to fear from large carnivores
but much to fear from humans (Gaynor et al. 2018a, le Roux et al. 2018). Elephants in Gorongosa
National Park, for example, were so heavily poached during the Mozambican civil war that the
survivors demonstrate PTSD-like behaviors, including aggression toward vehicles, that inspire
fear in the human occupants, hindering ecotourism and thus the recovery of the park (Bradshaw
etal. 2005, Shannon et al. 2013, Gaynor et al. 2018a).

6. NEUROBIOLOGY AND PSYCHOLOGY OF FEAR IN WILD ANIMALS

Life-threatening events can have enduring, even lifelong, effects on the brain and behavior, as
shown most clearly by PTSD. Over 600 animal model (laboratory rodent) studies of PTSD
have been conducted, with exposure to a predator (or predator stimuli) being the most com-
mon paradigm employed because it constitutes a life-threatening event that induces enduring
effects mirroring those in humans (Deslauriers et al. 2018). To meet the criteria to be consid-
ered an animal model of PTSD, these effects must endure for 7-90 days, and include alterations
in the structure or function of the neuronal circuits for fear involving the amygdala and hip-
pocampus, together with diagnostic changes in behavior (Daskalakis et al. 2013, Diamond &
Zoladz 2016, Deslauriers et al. 2018, Mitra 2019). Both the cause—predator-induced fear—and
the diagnostic behaviors, which are hypervigilance and the avoidance of trauma-related situa-
tions, provide a direct link to the ecology of fear, because these are the same two behaviors (vig-
ilance and avoidance in reaction to predators) that Brown et al. (1999) and others (Sih 1980,
Lima & Dill 1990, Creel 2018) have focused on as interfering with foraging—and thus po-
tentally reducing fecundity or survival. This link suggests that fear effects on populations and
communities may be commonplace, because if predator exposure in nature causes long-lasting
changes in behavior interfering with foraging over weeks to months, this greatly increases the
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likelihood of impacts on abundance (Brown et al. 1999; Clinchy et al. 2011, 2013; Zanette et al.
2019).

Enduring effects on the brain and behavior meeting the criteria to be considered an animal
model of PTSD—in a wild animal—have recently been demonstrated in an experiment using
standard laboratory rodent model of PTSD procedures and measures, conducted on wild-caught
birds (black-capped chickadees, Poecile atricapillus) (Zanette et al. 2019). Individuals heard in-
termittent playbacks of predator or non-predator vocalizations over 2 days, and were then
housed together in flocks in outdoor aviaries for 7 days, before being assayed. Differences in
behavior were assayed by testing the reactions of all birds to hearing a signal of predator danger
(conspecific alarm calls), not among the vocalizations any of them heard the week previously.
Birds that heard predators 7 days before demonstrated a sixfold greater increase in time spent
freezing (vigilant and immobile) in reaction to hearing the alarm calls, behaviorally manifesting
an enduring memory of fear. This enduring memory of fear was also evident in the brain. Birds
that heard predators 7 days before had 48% higher levels of AFosB in the amygdala and 42%
higher levels in the hippocampus (AFosB being a transcription factor known to modify genes
associated with chronic stress) (Zanette et al. 2019).

Enduring predator-induced effects on the brain have subsequently been demonstrated in
another experiment on wild birds (brown-headed cowbirds, Molothrus ater), conducted under
near-natural conditions on flocks living in large (200 m?) outdoor aviaries complete with natural
vegetation for cover (L.E. Witterick, J. Hrynkiewicz, S.A. MacDougall-Shackleton, C.D.C. Bailey,
M. Clinchy & L.Y. Zanette, manuscript in preparation). As in the chickadee experiment, individu-
als heard intermittent playbacks of predator or non-predator vocalizations, followed by no further
playbacks for 7 days, before being assayed. Here, a measure of neuronal activation more directly
linked to memory was assayed, doublecortin, which is indicative of the presence of immature
neurons and so used to assess neurogenesis (the birth of new neurons) in humans and other
animals (Kempermann et al. 2018). Neurogenesis facilitates forgetting by aiding the overwriting
of existing memories; the suppression of neurogenesis thus being to ensure memories are retained
(Frankland et al. 2013). Neuroimaging studies of people with PTSD consistently report reduced
hippocampal volume (Algamal et al. 2018, Butler et al. 2018), and suppressed neurogenesis is
thought to be a contributing factor (Schoenfeld et al. 2017), leading to the long-lasting retention
of traumatic memories seen in PTSD (Algamal et al. 2018, Butler et al. 2018). Fear of predators
has been shown to suppress neurogenesis in laboratory rodents (Tanapat et al. 2001, Vignisse
et al. 2017, Wu et al. 2019). The experiment on cowbirds demonstrated that fear of predators
can induce the same enduring effect in wild animals living in near-natural conditions; birds that
heard predators 7 days previously had 30% lower levels of doublecortin in the amygdala and 26%
lower levels in the hippocampus (L.E. Witterick, J. Hrynkiewicz, S.A. MacDougall-Shackleton,
C.D.C. Bailey, M. Clinchy & L.Y. Zanette, manuscript in preparation).

Reduced doublecortin expression indicative of suppressed neurogenesis in response to
predator-induced fear has recently been demonstrated in an experiment on free-living wild ro-
dents (deer mice, Peromyscus maniculatus). Predator or non-predator vocalizations were intermit-
tently broadcast across four blocks of forest for three weeks. At the end of this time, a well-
established field test of fearful behavior was conducted [the giving-up density of food remaining in
foraging trials (Brown 2019)], and mice were then trapped to assess the effects on their physiology
and neurobiology (L.Y. Zanette, M. Clinchy, P. MacCallum, J. Blundell & M.]. Sheriff, manuscript
in preparation). Mice that heard predator playbacks demonstrated more fearful behavior, higher
stress hormone (glucocorticoid) levels, and 55% lower doublecortin expression in the dentate
gyrus of the hippocampus (L.Y. Zanette, M. Clinchy, P. MacCallum, J. Blundell & M.]. Sheriff,
manuscript in preparation). Notably, there was no interval between the end of the manipulation
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and sampling, so this was not a test of enduring effects, but the reduced doublecortin indicative of
suppressed neurogenesis in the hippocampus provides compelling evidence consistent with preda-
tor exposure inducing an enduring memory of fear (Tanapat et al. 2001, Vignisse et al. 2017, Wu
etal. 2019).

Predator-induced suppression of neurogenesis has also been shown in field observations and
lab experiments on electric fish (Brachyhypopomus spp.). In the field, lower brain cell proliferation
indicative of suppressed neurogenesis was documented in fish from populations where preda-
tors were abundant and, within populations, in individuals that had tail injuries from predator
attacks (Dunlap et al. 2016). Corroborating the conclusion that predator-induced fear was the
causal mechanism, experiments in the lab demonstrated that simulated predator chases induced
a 48% reduction in brain cell proliferation, and 17 days following experimental tail amputation,
there was an enduring 55% reduction (Dunlap et al. 2017).

The physical trauma resulting from an unsuccessful predator attack need not be as severe as tail
amputation to induce a memory of fear. Marzluff et al. (2012) measured brain activation in crows
(Corvus brachyrbynchos) shown people wearing masks molded from the face of the person that cap-
tured them (predator) or the person that cared for them (non-predator). Capture and release with
no visible injury was itself traumatic enough that crows shown the ‘predator’ mask demonstrated
elevated activation in the amygdala and related neuronal fear circuits. The complexity of what wild
animals find fearful is here illustrated not only by differences in fear memories being induced by an
apparently quite mild trauma but also the fact that the crows discriminated different human faces.
Prey discriminating between dangerous and harmless members of the same predator species has
similarly been demonstrated in field experiments on harbor seals (Phoca vitulina) and elephants.
Harbor seals responded fearfully to playbacks of the vocalizations of mammal-eating killer whales
(Orcinus orca) but not fish-eating ones (Deecke et al. 2002). Elephants likewise responded fearfully
to playbacks of people speaking Maasai but not Kamba, languages which are spoken by people
who do and do not hunt elephants, respectively (McComb et al. 2014).

Retaining a memory of a physical trauma resulting from an unsuccessful predator attack is
obviously useful if this improves the chances of surviving subsequent predator attacks. This was
recently demonstrated in an experiment on wild-caught squid (Doryteuthis pealei) subjected to a
minor experimental injury (removal of 5-10 mm from the tip of an arm); some squid were not
anesthetized and so had a memory of the pain, while others were anesthetized and thus had no
such memory (Crook et al. 2014). Individuals from both treatments were then placed together
with a predatory fish. Those with a memory of suffering a physical trauma (not anesthetized during
injury) demonstrated longer alert and flight-initiation distances in response to the predator and
consequently had a 2.4-fold higher probability of survival.

Natural populations of free-living wildlife may commonly contain a large proportion of in-
dividuals that have suffered a physical trauma due to a predator attack and can thus be expected
to retain a memory of this trauma, like the electric fish, crows, and squid in the previous exper-
iments. Most predator attacks are unsuccessful (Vermeij 1982, Packer & Ruttan 1988), meaning
most prey escape, but there is growing evidence that they do not necessarily escape unharmed,
resulting in considerable numbers of walking wounded. For example, recent studies have shown
that up to 32% of living adult female giraffes bear scars from lions (Strauss & Packer 2013), 25%
of harbor porpoises (Phocoena phocoena) bear claw and bite marks from gray seals (Halichoerus gry-
pus) (Leopold et al. 2015), and 100% of manta rays (Manta alfredi) bear multiple bite wounds from
sharks (Marshall & Bennett 2010).

Fear is governed by cognitive information processing, as emphasized in the new focus on the
neurobiological complexities of fear (LeDoux & Pine 2016, LeDoux 2017). Information is not a
physical substance, and it is thus not possible to literally overdose on it; it is either used or not
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depending on whether it is useful. Just as retaining a memory can be useful, it can be equally useful
to forget, and as explained above, neurogenesis appears integral to both remembering—and for-
getting (Frankland etal. 2013, Kempermann et al. 2018). Forgetting is reflected in habituation, i.e.,
the attenuation of responding to information that experience indicates is useless, because respond-
ing is costly. Habituation is governed in part by the time between exposures to an aversive stimulus;
irregularity and infrequency lessen the likelihood of habituation (Blumstein 2016). Importantly, if
exposure to the aversive stimuli is paired with pain, i.e., physical trauma, habituation (forgetting)
is far less likely and may never occur at all (Blumstein 2016). This interplay of memory and for-
getting in relation to life experiences means that, as in humans (Daskalakis et al. 2013), there are
likely to be immense individual differences among animals in their responses to life-threatening
events. With respect to responses to predators, animal populations may be expected to consist of
some combination of naive individuals, such as juveniles, who have yet to learn what to fear; in-
dividuals with an enduring memory of fear who may or may not be habituating depending upon
the circumstances of subsequent exposures; and individuals who have suffered both physical and
psychological trauma whose behavior has been more or less permanently transformed (Figure 1).

The ecology of fear posits that effects on abundance result from the activity cost of devoting
time to anti-predator behavior rather than foraging (Brown etal. 1999, Brown 2019). By establish-
ing that the activity cost of a predator encounter can be far greater than that entailed by a transient
fight-or-flight reaction, and can instead persist in affecting the brain and behavior for weeks or
even permanently, the growing experimental evidence of enduring PTSD-like changes in wild
animals provides a compelling mechanism strongly supporting the supposition that population-
and community-level effects of fear are indeed commonplace in nature.

7. FUTURE PROGRESS

Fear itself clearly can have population- and community-level effects in free-living wildlife, as
demonstrated by the experiments we have reviewed. What is equally clear is the need for more
experiments—and the means to accomplish them. The success of vegetation-thinning experiments
in demonstrating community-level effects of fear in large carnivore systems points to the ready
feasibility of removing cover (or adding it; e.g., Flezar et al. 2019) to test for population-level
effects in these systems. This is not untried, as removing vegetative cover was shown to reduce
reproductive success by inducing fear, in a semi-natural experiment on small mammals (Dehn
et al. 2017). In species that rely on group vigilance, like many large herbivores (Creel et al. 2019,
Say-Sallaz et al. 2019), culling (‘adding’ predation) (e.g., Travers et al. 2010) could be particu-
larly effective in inducing fear by reducing the dilution effect (Brown et al. 1999). Food supple-
mentation can corroborate that effects are due to fear by eliminating bottom-up limitation as an
alternative explanation (Travers et al. 2010, Krebs et al. 2018). ‘Adding’ predators by simulating
their presence using various means has proven effective in both community- and population-level
experiments, and the new research on fear of humans indicates the ‘added’ predator most likely
to induce population-level effects of fear in large carnivore systems is the human super preda-
tor. The enduring effects of fear, and the complexity of what cognitively sophisticated species like
birds and mammals find fearful, which are both being revealed by the new research on the neuro-
biology and psychology of fear in wild animals, respectively reinforce the likely commonality of
population- and community-level effects of fear, and the necessity of conducting field experiments
to corroborate observational results regarding the ecology of fear. The imperative for conducting
further carefully designed field experiments concerns the many conservation consequences of fear,
well-illustrated by the recent research in Gorongosa National Park, reviewed in Sections 4 and 5
(Gaynor et al. 2018a, Atkins et al. 2019).

www.annualreviews.org o FEcology and Neurobiology of Fear

313



Annu. Rev. Ecol. Evol. Syst. 2020.51:297-318. Downloaded from www.annualreviews.org
Access provided by University of Western Ontario on 11/03/20. For personal use only.

314

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We thank Jim Estes for inviting this review. We thank Evan Preisser for collaborating with us in
cofounding the Predator-Prey Interactions Gordon Research Conference series, which has helped
foster interdisciplinary dialogue linking the ecology and neurobiology of fear, and from which we
derived many of the ideas presented here. Funding for research related to this review came from
the Natural Sciences and Engineering Research Council of Canada.

LITERATURE CITED

Algamal M, Ojo JO, Lungmus CP, Muza P, Cammarata C, et al. 2018. Chronic hippocampal abnormalities
and blunted HPA axis in an animal model of repeated unpredictable stress. Front. Behav. Neurosci. 12:150

Atkins JL, Long RA, Pansu J, Daskin JH, Potter AB, et al. 2019. Cascading impacts of large-carnivore extir-
pation in an African ecosystem. Science 364:173-77

Blumstein DT. 2016. Habituation and sensitization: new thoughts about old ideas. Anim. Bebav. 120:255-62

Bourbeau-Lemieux A, Festa-Bianchet M, Gaillard J-M, Pelletier F. 2011. Predator-driven component Allee
effects in a wild ungulate. Ecol. Lett. 14:358-63

Boutin S. 1990. Food supplementation experiments with terrestrial vertebrates: pattern, problems, and the
future. Can. 7. Zool. 68:203-20

Bradshaw GA, Schore AN, Brown JL, Poole JH, Moss CJ. 2005. Elephant breakdown. Nazure 433:807

Brown JS. 2019. Ecology of fear. In Encyclopedia of Animal Bebavior, Vol. 1, ed. JC Choe, pp. 196-202. Amster-
dam: Elsevier. 2nd ed.

Brown JS, Laundré JW, Gurung M. 1999. The ecology of fear: optimal foraging, game theory, and trophic
interactions. 7. Mammal. 80:385-99

Butler O, Herr K, Willmund G, Gallinat J, Zimmermann P, Kiihn S. 2018. Neural correlates of response
bias: Larger hippocampal volume correlates with symptom aggravation in combat-related posttraumatic
stress disorder. Psychiatry Res. Neuroimaging 279:1-7

Cherry MJ, Morgan KE, Rutledge BT, Conner LM, Warren R]. 2016. Can coyote predation risk induce
reproduction suppression in white-tailed deer? Ecosphere 7:¢01481

Christianson D, Creel S. 2014. Ecosystem scale declines in elk recruitment and population growth with wolf
colonization: a before-after-control-impact approach. PLOS ONE 9:¢102330

Clinchy M, Schulkin J, Zanette LY, Sheriff MJ, McGowan PO, Boonstra R. 2011. The neurological ecology
of fear: insights neuroscientists and ecologists have to offer one another. Front. Behav. Neurosci. 5:21

Clinchy M, Sheriff MJ, Zanette LY. 2013. Predator-induced stress and the ecology of fear. Funct. Ecol. 27:56-65

Clinchy M, Zanette L, Boonstra R, Wingfield JC, Smith JNM. 2004. Balancing food and predator pressure
induces chronic stress in songbirds. Proc. R. Soc. B 271:2473-79

Clinchy M, Zanette LY, Roberts D, Suraci JP, Buesching CD, et al. 2016. Fear of the human “super predator”
far exceeds the fear of large carnivores in a model mesocarnivore. Bebav. Ecol. 27:1826-32

Creel S. 2018. The control of risk hypothesis: reactive versus proactive antipredator responses and stress-
mediated versus food-mediated costs of response. Ecol. Lett. 21:947-56

Creel S, Becker M, Droge E, M’soka J, Matandiko W, et al. 2019. What explains variation in the strength of
behavioral responses to predation risk? A standardized test with large carnivore and ungulate guilds in
three ecosystems. Biol. Conserv. 232:164-72

Creel S, Christianson D. 2008. Relationships between direct predation and risk effects. Trends Ecol. Evol.
23:194-201

Creel S, Christianson D, Liley S, Winnie JA Jr. 2007. Predation risk affects reproductive physiology and
demography of elk. Science 315:960

Zanette » Clinchy



Annu. Rev. Ecol. Evol. Syst. 2020.51:297-318. Downloaded from www.annualreviews.org
Access provided by University of Western Ontario on 11/03/20. For personal use only.

Crook RJ, Dickson K, Hanlon RT, Walters ET. 2014. Nociceptive sensitization reduces predation risk. Curv:
Biol. 24:1121-25

Dantzer B, Newman AEM, Boonstra R, Palme R, Boutin S, et al. 2013. Density triggers maternal hormones
that increase adaptive offspring growth in a wild mammal. Science 340:1215-17

Darimont CT, Fox CH, Bryan HM, Reimchen TE. 2015. The unique ecology of human predators. Science
349:858-60

Darwin C. 1839. Journal of Researches into the Geology and Natural History of the Various Countries Visited by H.V.S.
Beagle. London: Colburn

Daskalakis NP, Yehuda R, Diamond DM. 2013. Animal models in translational studies of PT'SD. Psychoneu-
roendocrinology 38:1895-911

Deecke VB, Slater PJB, Ford JKB. 2002. Selective habituation shapes acoustic predator recognition in harbour
seals. Nature 420:171-73

Dehn MM, Ydenberg RC, Dill LM. 2017. Experimental addition of cover lowers the perception of danger
and increases reproduction in meadow voles (Microtus pennsylvanicus). Can. J. Zool. 95:463-72

Deslauriers J, Toth M, Der-Avakian A, Risbrough VB. 2018. Current status of animal models of posttraumatic
stress disorder: behavioral and biological phenotypes, and future challenges in improving translation.
Biol. Psychiatry 83:895-907

DeWitt PD, Schuler MS, Visscher DR, Thiel RP. 2017. Nutritional state reveals complex consequences of
risk in a wild predator—prey community. Proc. R. Soc. B 284:20170757

Diamond DD, Zoladz PR. 2016. Dysfunctional or hyperfunctional? The amygdala in posttraumatic stress
disorder is the bull in the evolutionary china shop. 7. Neurosci. Res. 94:437-44

Dillon KG, Conway CJ.2018. Nest predation risk explains variation in avian clutch size. Bebav. Ecol. 29:301-11

Doligez B, Clobert J. 2003. Clutch size reduction as a response to increased nest predation rate in the Collared
Flycatcher. Ecology 84:2582-88

Dudeck BP, Clinchy M, Allen MC, Zanette LY. 2018. Fear affects parental care, which predicts juvenile survival
and exacerbates the total cost of fear on demography. Ecology 99:127-35

Dulude-de Broin F, Hamel S, Mastromonaco GF, C6té SD. 2020. Predation risk and mountain goat repro-
duction: evidence for stress-induced breeding suppression in a wild ungulate. Funct. Ecol. 34:1003-14

Dunlap KD, Keane G, Ragazzi M, Lasky E, Salazar VL. 2017. Simulated predator stimuli reduce brain cell
proliferation in two electric fish species, Brachybypopomus gauderio and Apteronotus leptorhynchus. J. Exp.
Biol. 220:2328-34

Dunlap KD, Tran A, Ragazzi MA, Krahe R, Salazar VL. 2016. Predators inhibit brain cell proliferation in
natural populations of electric fish, Brachyhypopomus occidentalis. Proc. R. Soc. B 283:20152113

Eggers S, Griesser M, Nystrand M, Ekman J. 2006. Predation risk induces changes in nest-site selection and
clutch size in the Siberian jay. Proc. R. Soc. B 273:701-6

Errington PL. 1956. Factors limiting higher vertebrate populations. Science 124:304-7

Estes JA, Terborgh J, Brashares JS, Power ME, Berger J, et al. 2011. Trophic downgrading of planet Earth.
Science 333:301-6

Fanselow MS. 2018. The role of learning in threat imminence and defensive behaviors. Curr: Opin. Bebav. Sci.
24:44-49

Flezar U, le Roux E, Kerley GIH, Kuijper DP], te Beest M, et al. 2019. Simulated elephant-induced habitat
changes can create dynamic landscapes of fear. Biol. Conserv. 237:267-79

Fontaine JJ, Martin TE. 2006. Parent birds assess nest predation risk and adjust their reproductive strategies.
Ecol. Lert. 9:428-34

Ford AT, Goheen JR. 2015. Trophic cascades by large carnivores: a case for strong inference and mechanism.
Trends Ecol. Evol. 30:725-35

Ford AT, Goheen JR, Otieno TO, Bidner L, Isbell LA, et al. 2014. Large carnivores make savanna tree com-
munities less thorny. Science 346:346-49

Frankland PW, Kohler S, Josselyn SA. 2013. Hippocampal neurogenesis and forgetting. Trends Neurosci.
36:497-503

Fuelling O, Halle S. 2004. Breeding suppression in free-ranging grey-sided voles under the influence of preda-
tor odour. Oecologin 138:151-59

www.annualreviews.org o FEcology and Neurobiology of Fear

315



Annu. Rev. Ecol. Evol. Syst. 2020.51:297-318. Downloaded from www.annualreviews.org
Access provided by University of Western Ontario on 11/03/20. For personal use only.

316

Gaillard J-M, Pontier D, Allainé D, Lebreton JD, Trouvilliez J, Clobert J. 1989. An analysis of demographic
tactics in birds and mammals. Ozkos 56:59-76

Gaynor KM, Branco PS, Long RA, Gongalves DD, Granli PK, Poole JH. 2018a. Effects of human settlement
and roads on diel activity patterns of elephants (Loxodonta africana). Afi: 7. Ecol. 56:872-81

Gaynor KM, Brown JS, Middleton AD, Power ME, Brashares JS. 2019. Landscapes of fear: spatial patterns of
risk perception and response. Tiends Ecol. Evol. 34:355-68

Gaynor KM, Hojnowski CE, Carter NH, Brashares JS. 2018b. The influence of human disturbance on wildlife
nocturnality. Science 360:1232-35

Ghalambor CK, Martin TE. 2001. Fecundity-survival trade-offs and parental risk-taking in birds. Science
292:494-97

Gross CT, Canteras NS. 2012. The many paths to fear. Naz. Rev. Neurosci. 13:651-58

Gintirkin O, Bugnyar T. 2016. Cognition without cortex. Tiends Cogn. Sci. 20:291-303

Hawlena D, Schmitz OJ. 2010. Physiological stress as a fundamental mechanism linking predation to ecosys-
tem functioning. Am. Nat. 176:537-56

Heller AS. 2019. From conditioning to emotion: translating animal models of learning to human psy-
chopathology. Neuroscientist 26:43-56

Hill JE, DeVault TL, Belant JL. 2019. Cause-specific mortality of the world’s terrestrial vertebrates. Glob. Ecol.
Biogeogr. 28:680-89

Hua F, Sieving KE, Fletcher RJ Jr., Wright CA. 2014. Increased perception of predation risk to adults and
offspring alters avian reproductive strategy and performance. Behav. Ecol. 25:509-19

Ibifiez-Alamo JD, Magrath RD, Oteyza JC, Chalfoun AD, Haff TM, et al. 2015. Nest predation research:
recent findings and future perspectives. 7. Ornithol. 156:5247-62

Julliard R, McCleery RH, Clobert J, Perrins CM. 1997. Phenotypic adjustment of clutch size due to nest
predation in the Great Tit. Ecology 78:394-404

Karels TJ, Byrom AE, Boonstra R, Krebs CJ. 2000. The interactive effects of food and predators on repro-
duction and overwinter survival of arctic ground squirrels. 7. Anim. Ecol. 69:235-47

Kempermann G, Gage FH, Aigner L, Song H, Curtis MA, et al. 2018. Human adult neurogenesis: evidence
and remaining questions. Cel/ Stem Cell 23:25-30

Krebs CJ, Boonstra R, Boutin S. 2018. Using experimentation to understand the 10-year snowshoe hare cycle
in the boreal forest of North America. 7. Anim. Ecol. 87:87-100

Krebs CJ, Boutin S, Boonstra R, Sinclair ARE, Smith JNM, et al. 1995. Impact of food and predation on the
snowshoe hare cycle. Science 269:1112-15

LaManna JA, Martin TE. 2016. Costs of fear: Behavioral and life-history responses to risk and their demo-
graphic consequences vary across species. Fcol. Lett. 19:403-13

Laundré JW, Hernandez L, Altendorf KB. 2001. Wolves, elk, and bison: reestablishing the “landscape of fear”
in Yellowstone National Park, U.S.A. Can. 7. Zool. 79:1401-9

Lavers JL, Wilcox C, Donlan CJ. 2010. Bird demographic responses to predator removal programs. Biol.
Invasions 12:3839-59

le Roux E, Kerley GIH, Cromsigt JPGM. 2018. Megaherbivores modify trophic cascades triggered by fear of
predation in an African savanna ecosystem. Curr: Biol. 28:2493-99

le Roux E, Marneweck DG, Clinning G, Druce DJ, Kerley GIH, Cromsigt JPGM. 2019. Top—down limits on
prey populations may be more severe in larger prey species, despite having fewer predators. Ecography
42:1115-23

LeDoux JE. 2017. Semantics, surplus meaning, and the science of fear. Trends Cogn. Sci. 21:303-6

LeDoux]JE, Pine DS. 2016. Using neuroscience to help understand fear and anxiety: a two-system framework.
Am. §. Psychiatry 173:1083-93

Leopold MF, Begeman L, van Bleijswijk JDL, IJsseldijk LL, Witte HJ, Grone A. 2015. Exposing the grey seal
as a major predator of harbour porpoises. Proc. R. Soc. B 282:20142429

Lima SL, Dill LM. 1990. Behavioral decisions made under the risk of predation: a review and prospectus.
Can. §. Zool. 68:619-40

MacDonald IF, Kempster B, Zanette L, MacDougall-Shackleton SA. 2006. Nutritional stress impairs devel-
opment of song-control brain regions in juvenile male and female song sparrows (Melospiza melodia).
Proc. R. Soc. B273:2559-64

Zanette » Clinchy



Annu. Rev. Ecol. Evol. Syst. 2020.51:297-318. Downloaded from www.annualreviews.org
Access provided by University of Western Ontario on 11/03/20. For personal use only.

Malone KM, Powell AC, Hua F, Sieving KE. 2017. Bluebirds perceive prey switching by Cooper’s hawks
across an urban gradient and adjust reproductive effort. Ecoscience 24:21-31

Marshall AD, Bennett MB. 2010. The frequency and effect of shark-inflicted bite injuries to the reef manta
ray Manta alfredi. Afr. §. Mar. Sci. 32:573-80

Marzluff JM, Miyaoka R, Minoshima S, Cross DJ. 2012. Brain imaging reveals neuronal circuitry underlying
the crow’s perception of human faces. PNAS 109:15912-17

McComb K, Shannon G, Durant SM, Sayialel K, Slotow R, et al. 2011. Leadership in elephants: the adaptive
value of age. Proc. R. Soc. B 278:3270-76

McComb K, Shannon G, Sayialel KN, Moss C. 2014. Elephants can determine ethnicity, gender, and age from
acoustic cues in human voices. PNAS 111:5433-38

Mitra R. 2019. Neuronal plasticity in the amygdala following predator stress exposure. Front. Behav. Neurosci.
13:25

Moore MP, Martin RA. 2019. On the evolution of carry-over effects. 7. Anim. Ecol. 88:1832-44

Okuyama T, Bolker BM. 2007. On quantitative measures of indirect interactions. Ecol. Lezz. 10:264-71

Packer C, Ruttan L. 1988. The evolution of cooperative hunting. 4. Nat. 132:159-98

Pfaft JA, Zanette L, MacDougall-Shackleton SA, MacDougall-Shackleton EA. 2007. Song repertoire size
varies with HVC volume and is indicative of male quality in song sparrows (Melospiza melodia).
Proc. R. Soc. B 274:2035-40

Preisser EL, Bolnick DI, Benard MF. 2005. Scared to death? The effects of intimidation and consumption in
predator-prey interactions. Fcology 86:501-9

Pringle RM, Kartzinel TR, Palmer TM, Thurman TJ, Fox-Dobbs K, et al. 2019. Predator-induced collapse
of niche structure and species coexistence. Nature 570:58-64

Reid JM, Arcese P, Cassidy ALEV, Hiebert SL, Smith JNM, et al. 2005. Fitness correlates of song repertoire
size in free-living song sparrows (Melospiza melodia). Am. Nat. 165:299-310

Riginos C. 2015. Climate and the landscape of fear in an African savanna. 7. Anim. Ecol. 84:124-33

Ripple W], Beschta RL. 2004. Wolves and the ecology of fear: Can predation risk structure ecosystems?
BioScience 54:755-66

Ripple W], Estes JA, Beschta RL, Wilmers CC, Ritchie EG, et al. 2014. Status and ecological effects of the
world’s largest carnivores. Science 343:1241484

Royle NJ, Smiseth PT, Kélliker M. 2012. The Evolution of Parental Care. Oxford, UK: Oxford Univ. Press

Salo P, Banks PB, Dickman CR, Korpimiki E. 2010. Predator manipulation experiments: impacts on popula-
tions of terrestrial vertebrate prey. Ecol. Monogr. 80:531-46

Say-Sallaz E, Chamaillé-Jammes S, Fritz H, Valeix M. 2019. Non-consumptive effects of predation in large
terrestrial mammals: mapping our knowledge and revealing the tip of the iceberg. Biol. Conserv. 235:36—
52

Scheuerlein A, Van’t Hof T], Gwinner E. 2001. Predators as stressors? Physiological and reproductive conse-
quences of predation risk in tropical stonechats (Saxicola torquata axillaris). Proc. R. Soc. B 268:1575-82

Schmitz O], Beckerman AP, O’Brien KM. 1997. Behaviorally mediated trophic cascades: effects of predation
risk on food web interactions. Ecology 78:1388-99

Schoenfeld TJ, McCausland HC, Morris HD, Padmanaban V, Cameron HA. 2017. Stress and loss of adult
neurogenesis differentially reduce hippocampal volume. Biol. Psychiatry 82:914-23

Shannon G, Slotow R, Durant SM, Sayialel KN, Poole J, et al. 2013. Effects of social disruption in elephants
persist decades after culling. Front. Zool. 10:62

Sibly RM, Hone J. 2002. Population growth rate and its determinants: an overview. Philos. Trans. R. Soc. B
357:1153-70

Sih A. 1980. Optimal behavior: Can foragers balance two conflicting demands? Science 210:1041-43

Smith JA, Suraci JP, Clinchy M, Crawford A, Roberts D, et al. 2017. Fear of the human ‘super predator’
reduces feeding time in large carnivores. Proc. R. Soc. B 284:20170433

Smith JA, Wang Y, Wilmers CC. 2015. Top carnivores increase their kill rates on prey as a response to human-
induced fear. Proc. R. Soc. B 282:20142711

Strauss MKL, Packer C. 2013. Using claw marks to study lion predation on giraffes of the Serengeti. 7. Zool.
289:134-42

www.annualreviews.org o FEcology and Neurobiology of Fear

317



Annu. Rev. Ecol. Evol. Syst. 2020.51:297-318. Downloaded from www.annualreviews.org
Access provided by University of Western Ontario on 11/03/20. For personal use only.

318

Suraci JP, Clinchy M, Dill LM, Roberts D, Zanette LY. 2016. Fear of large carnivores causes a trophic cascade.
Nat. Commun. 7:10698

Suraci JP, Clinchy M, Zanette LY, Currie CMA, Dill LM. 2014. Mammalian mesopredators on islands directly
impact both terrestrial and marine communities. Oecologia 176:1087-100

Suraci JP, Clinchy M, Zanette LY, Wilmers CC. 2019a. Fear of humans as apex predators has landscape-scale
impacts from mountain lions to mice. Ecol. Lett. 22:1578-86

Suraci JP, Smith JA, Clinchy M, Zanette LY, Wilmers CC. 2019b. Humans, but not their dogs, displace pumas
from their kills: an experimental approach. Sci. Rep. 9:12214

Tanapat P, Hastings NB, Rydel TA, Galea LAM, Gould E. 2001. Exposure to fox odor inhibits cell prolifer-
ation in the hippocampus of adult rats via an adrenal hormone-dependent mechanism. 7. Comp. Neurol.
437:496-504

Terborgh J, Estes JA. 2010. Trophic Cascades: Predators, Prey, and the Changing Dynamics of Nature. Washington,
DC: Island

Tovote P, Fadok JP, Liithi A. 2015. Neuronal circuits for fear and anxiety. Nat. Rev. Neurosci. 16:317-31

Travers M, Clinchy M, Zanette L, Boonstra R, Williams TD. 2010. Indirect predator effects on clutch size
and the cost of egg production. Ecol. Lett. 13:980-88

Tucker MA, Bohning-Gaese K, Fagan WF, Fryxell JM, Moorter BV, et al. 2018. Moving in the Anthropocene:
global reductions in terrestrial mammalian movements. Science 359:466-69

Vermeij GJ. 1982. Unsuccessful predation and evolution. Azz. Nat. 120:701-20

Vignisse J, Sambon M, Gorlova A, Pavlov D, Caron N, et al. 2017. Thiamine and benfotiamine prevent stress-
induced suppression of hippocampal neurogenesis in mice exposed to predation without affecting brain
thiamine diphosphate levels. Mol. Cell. Neurosci. 82:126-36

Wang Y, Allen ML, Wilmers CC. 2015. Mesopredator spatial and temporal responses to large predators and
human development in the Santa Cruz Mountains of California. Biol. Conserv. 190:23-33

Wu YP, Gao HY, Ouyang SH, Kurihara H, He RR, Li YF. 2019. Predator stress-induced depression is asso-
ciated with inhibition of hippocampal neurogenesis in adult male mice. Neural Regen. Res. 14:298-305

Yin J, Zhou M, Lin Z, Li QQ, Zhang Y-Y. 2019. Transgenerational effects benefit offspring across diverse
environments: a meta-analysis in plants and animals. Ecol. Lett. 22:1976-86

Zanette L, Clinchy M, Smith JNM. 2006a. Combined food and predator effects on songbird nest survival and
annual reproductive success: results from a bi-factorial experiment. Oecologia 147:632-40

Zanette L, Clinchy M, Smith JNM. 2006b. Food and predators affect egg production in song sparrows. Ecology
87:2459-67

Zanette LY, Hobbs EC, Witterick LE, MacDougall-Shackleton SA, Clinchy M. 2019. Predator-induced fear
causes PTSD-like changes in the brains and behaviour of wild animals. Sci. Rep. 9:11474

Zanette LY, Hobson KA, Clinchy M, Travers M, Williams TD. 2013. Food use is affected by the experience
of nest predation: implications for indirect predator effects on clutch size. Oecologia 172:1031-39

Zanette L, Smith JNM, van Oort H, Clinchy M. 2003. Synergistic effects of food and predators on annual
reproductive success in song sparrows. Proc. R. Soc. B 270:799-803

Zanette LY, White AF, Allen MC, Clinchy M. 2011. Perceived predation risk reduces the number of offspring
songbirds produce per year. Science 334:1398-401

Zanette » Clinchy



Annu. Rev. Ecol. Evol. Syst. 2020.51:297-318. Downloaded from www.annualreviews.org
Access provided by University of Western Ontario on 11/03/20. For persona use only.

A
(R
Annual Review of

Ecology, Evolution,
and Systematics

Volume 51, 2020

Contents

Arthropod Origins: Integrating Paleontological and Molecular Evidence

Gregory D. Edgecombe ........... ... 1
Diversification of Neotropical Freshwater Fishes

Fames S. Albert, Victor A. Tagliacollo, and Fernando Dagosta .............................. 27
Resolving Food-Web Structure

Robert M. Pringle and Matthew C. Hutchinson .......................cccociiiiiiiii. 55
Hedgerows as Ecosystems: Service Delivery, Management, and Restoration

Ian Montgomery, Tancredi Caruso, and Neil Reid .............................cccci. 81
What We Don’t Know About Diet-Breadth Evolution in Herbivorous

Insects

Nate B. Hardy, Chloe Kaczvinsky, Gwendolyn Bird, and Benjamin B. Normark ....... 103

Extending Plant Defense Theory to Seeds
Fames W. Dalling, Adam S. Davis, A. Elizabeth Arnold,
Carolina Sarmiento, and Paul-Camilo Zalamea ....................................... 123

Origin and Evolution of the Turtle Body Plan
Tyler R. Lyson and Gabriel S. Bever ..ottt 143

Our Current Understanding of Commensalism
Kaitlyn A. Mathis and Fudith L. Bronstein ..........................cccccoiiiiiiiii, 167

Evolutionary Dynamics and Consequences of Parthenogenesis in Vertebrates
Matthew K. Fujita, Sonal Singhal, Tuliana O. Brunes, and Jose A. Maldonado ........ 191

Ecological Interactions and Macroevolution: A New Field with Old Roots
David H. Hembry and Marjorie G. Weber .....................ccoiiiiiiii, 215

Genomic Prediction of (Mal)Adaptation Across Current and Future
Climatic Landscapes
Thibaut Capblancq, Matthew C. Fitzpatrick, Rachael A. Bay,
Moises Exposito-Alonso, and Stephen R. Keller ..............................c.o... 245

Contents v



Annu. Rev. Ecol. Evol. Syst. 2020.51:297-318. Downloaded from www.annualreviews.org
Access provided by University of Western Ontario on 11/03/20. For persona use only.

vi

Food Webs and Ecosystems: Linking Species Interactions to the Carbon
Cycle
Oswald F. Schmitz and Shawn J. Leroux ..................cioiiiiiiiii, 271

Ecology and Neurobiology of Fear in Free-Living Wildlife
Liana Y. Zanette and Michael Clinchy .........................c.cciiiiiiiiiiiiii. 297

Predator Effects on Plant-Pollinator Interactions, Plant Reproduction,
Mating Systems, and Evolution

Amanda D. Benoit and Susan Kalisz ................................... 319
What Do We Really Know About Adaptation at Range Edges?
Amy L. Angert, Megan G. Bontrager, and Jon Agren ..................................... 341

The Floral Microbiome: Plant, Pollinator, and Microbial Perspectives
Rachel L. Vannette ... 363

Parallelism in Flower Evolution and Development
Carolyn A. Wessinger and Lena C. Hileman ................................c.cocc.. 387

The Evolution of Mutualistic Dependence
Guillaume Chomicki, E. Toby Kiers, and Susanne S. Renner ............................. 409

The Structure of Ecological Networks Across Levels of Organization
Paudo R. Guimariies Jr. ... ... 433

The Evolution of Annual and Perennial Plant Life Histories: Ecological
Correlates and Genetic Mechanisms
Fannice Friedman ............. ... . ... .. 461

The Rules of Attraction: The Necessary Role of Animal Cognition in
Explaining Conservation Failures and Successes
Alison L. Greggor; Oded Berger-Tal, and Daniel 'I” Blumstein ........................... 483

Gene Drive Dynamics in Natural Populations: The Importance of Density

Dependence, Space, and Sex
Sumit Dhole, Alun L. Lloyd, and Fred Gould ............................................. 505

Avian Diversity: Speciation, Macroevolution, and Ecological Function
Foseph A. Tobias, Fente Ottenburghs, and Alex L. Pigot ................................... 533

Climate Disruption of Plant-Microbe Interactions
Fennifer A. Rudgers, Michelle E. Afkebami, Lukas Bell-Dereske, Y. Anny Chung,
Kerri M. Crawford, Stephanie N. Kivlin, Michael A. Mann,
and Martin A. Nuftez ... 561

Intraspecific Genetic Variation and Species Interactions Contribute to

Community Evolution
Thomas G. Whitham, Gerard J. Allan, Hillary F. Cooper; and Stephen M. Shuster ... 587

Contents



