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Abstract: The effects of human disturbance spread over virtually all ecosystems and ecological
communities on Earth. In this review, we focus on the effects of human disturbance on terrestrial
apex predators. We summarize their ecological role in nature and how they respond to different
sources of human disturbance. Apex predators control their prey and smaller predators numerically
and via behavioral changes to avoid predation risk, which in turn can affect lower trophic levels.
Crucially, reducing population numbers and triggering behavioral responses are also the effects
that human disturbance causes to apex predators, which may in turn influence their ecological role.
Some populations continue to be at the brink of extinction, but others are partially recovering former
ranges, via natural recolonization and through reintroductions. Carnivore recovery is both good
news for conservation and a challenge for management, particularly when recovery occurs in human-
dominated landscapes. Therefore, we conclude by discussing several management considerations
that, adapted to local contexts, may favor the recovery of apex predator populations and their
ecological functions in nature.

Keywords: carnivore recovery; ecological function; human disturbance; human-dominated land-
scapes; large carnivores; Northern hemisphere

1. Introduction

Humans and our activities have transformed planet Earth to the extent that no ecosys-
tem is free of human influence [1], both in aquatic [2] and terrestrial realms [3]. The
accumulation of alterations of ecological communities and ecosystem services poses threats
to the survival of multiple species, including humans [4]. Here, we focus on terrestrial
apex predators, i.e., large carnivores at the top of trophic chains, typically characterized
by large body size, low densities, and large home ranges, whose abundance is usually
not determined by other predators, but by factors like food availability [5]. The historical
persecution of apex predators by humans has caused a loss and change of biodiversity
in ecosystems, which in turn has revealed and highlighted the role of these species in
nature [6–8].

Many terrestrial carnivores are declining globally, with pervasive consequences for
ecosystems [9,10]. Most large carnivore mortality is caused by humans, even in protected ar-
eas [11,12]; thus, demographic studies have traditionally dominated the large-carnivore lit-
erature, aiming to reduce extinction risk and to favor long-term population viability [13,14].
Although many species continue to be at the brink of extinction [9], recently, we are wit-
nessing the return of some large carnivore populations to their former ranges. This process
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is particularly remarkable in human-dominated landscapes of Europe [15] and North
America [16], but efforts to protect large carnivores and their habitats have taken place
in most continents [17], and improvements are visible in different places. For instance,
the population of Amur tigers (Panthera tigris altaica) along the China-Russian border has
gradually been increasing and extending its distribution into China since the late 1990s [18].

From a conservation perspective, the return of large carnivores is good news, but it
also comes with several challenges, including potential threats, real or perceived, to human
lives [19] and conflict with human activities [20,21]. This situation requires improved
methods for population monitoring and forecasting to ease conservation and manage-
ment [22,23]. Human-caused mortality continues to be the main driver of large carnivore
demography, a pattern that holds for different species and on different continents [24–26],
but recent research also focuses increasing attention to the behavioral responses of large
carnivores to humans and our activities, building upon a body of research on human dis-
turbance on other wildlife [27–29]. Regarding ecosystem services, the partial and ongoing
large carnivore recovery in human-dominated landscapes does not necessarily mean that
these species play the inherent ecological function of apex predators. Gray wolves (Canis lu-
pus); bears (Ursus spp.); several felids, such as jaguars (Panthera onca), tigers (Panthera tigris),
lions (Panthera leo), cougars (Puma concolor), and lynx (Lynx spp.); and a large mustelid, the
wolverine (Gulo gulo), are large carnivore species that occupy the uppermost ladders of
trophic systems in different ecosystems (i.e., what species is the apex predator in a given
ecosystem is context dependent), but behavioral and demographic costs of both direct and
indirect intervention by humans (e.g., hunting and displacement due to disturbance) may
limit their ecological function [5].

In this review, we summarize (a) the ecological role that large carnivores can play
in nature, (b) research on large carnivore responses to human disturbance, and (c) how
the responses of large carnivore communities to human disturbance may influence their
ecological function. We review how human activities cause spatial-temporal displacement
of carnivores, which in turn modifies (typically reducing, but sometimes even reinforc-
ing) the carnivores’ role in some ecosystems. We conclude by suggesting management
considerations based on this review.

2. Apex Predator Function in Ecosystems

In ecology, a long-term debate has focused on the processes that regulate ecosystems,
with alternatives proposing a preponderance of bottom-up processes (limited by produc-
tivity), top-down processes (mediated by predation), or a combination of both, in addition
to the influence of biotic and abiotic factors. Earlier work in the 1920s and 1940s inspired
the first ideas highlighting the top-down effect of predators on herbivores and the increase
of ungulate populations when predators were eradicated, which in turn influenced the
vegetation [30]. Nevertheless, bottom-up processes are crucial and the relative role of
different forces is context dependent, with top-down control from predators, interspecific
interactions, and disturbance from natural and anthropogenic factors affecting popula-
tion dynamics that are largely dependent on productivity [31–33]. In other words, both
top-down and bottom-up processes function simultaneously in food webs, and human
disturbance plays an increasingly major role in many ecosystems [34].

Regarding top-down effects exerted by apex predators, a key concept is “trophic
cascades”, i.e., the progression of effects caused by predators across successively lower
trophic levels [6]. Predators can provide top-down control of community structure, a
keystone ecological role that is a rationale for carnivore conservation [35]. Via predation,
apex predators can control both their prey and mesopredators, both numerically and
through nonlethal, behavioral effects [36–39]. Predation causes mortality, and predation risk
and disturbance potentially affect population dynamics indirectly by forcing individuals
to trade-off antipredator behavior (vigilance) and profitable activities (e.g., foraging and
resting [27,40]). Furthermore, predators can play a significant role in the distribution of
nutrients across landscapes, e.g., after consumption of prey and other indirect effects [41].
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2.1. Of Wolves and Bears, and beyond—Examples of Apex Predator Effects in Nature

Historically, apex predators have been considered to be threats to livestock, game
species, and people, and the lethal control of predators has been a management tool
institutionalized by many governmental agencies [42]. Today, however, human perceptions
also recognize intrinsic values in these species and their role in nature [43]. One example
of these changing perceptions comes from Yellowstone National Park (USA), where the
government eliminated wolves in the 1920s, just to reintroduce them in the 1990s [43]. This
case provided a remarkable example of the effects of losing predators in nature, to the
extent that “the reintroduction of gray wolves to Yellowstone National Park is the most
celebrated ecological experiment in history” [44]. Research carried out in this ecosystem in
the last two decades explores, among other things, the relative impact of predation in terms
of numerical and behaviorally mediated effects on both mesopredators and prey [44–50],
which is further complicated by the modulating effects of climatic factors [33,51].

Beyond the debate on the relative importance of numerical and behavioral effects of
predation, and the warning that effects of wolf recovery in Yellowstone will take decades
to unfold [52], the reintroduced wolf population has caused spatial and temporal vari-
ability in predator–ungulate interactions that reflect on lower levels via trophic cascades
(summarized in [44]). Crucially, increasing predation by brown bears (Ursus arctos) and
cougars and increasing numbers of alternative prey are turning what was a simpler prey
(elk; Cervus canadensis)—predator (wolf) interaction into a more complex system [44]. This
highlights the role of predation as an ecological function of complete large carnivore guilds,
as shown elsewhere [53].

A longer-term perspective on the effects of predator-prey interactions and cascading
effects on vegetation is available from Isle Royale, Lake Superior (USA), where wolves
returned naturally more than 50 years ago. Initially, the system was interpreted as a
top-down process driven by wolf predation [54]. Later, the role of both top-down and
bottom-up processes received more support [55], and Vucetich and Peterson [56] assessed
that interannual variation in moose (Alces alces) population growth rate was affected by
naturally occurring fluctuations in wolf abundance. Wolf predation has been a major
mortality cause for Isle Royale moose, and both top-down and bottom-up processes are
involved, but abiotic factors explain inter-annual variation of moose numbers [51,56].
Despite using 40 years of data, the best models barely explained approximately half of the
variation in moose population growth rate in the case of Isle Royale [56], which illustrates
the complexity of regulatory processes that involve multiple factors.

Overall, predation plays an important role in the above mentioned North American
ecosystems, yet bottom-up processes and especially abiotic factors, such as climate, are
main drivers of variation in prey population dynamics [56]. Climate can drive predation to
be more or less additive from year to year [33] and may determine where predation affects
prey the most, e.g., depending on snow depth [57,58]. Nevertheless, evidence on trophic
cascades driven by apex predators comes today from an increasing number of study areas
and involving different prey and plant communities, as well as reflects on a wide variety of
ecosystem characteristics [35,59–62].

Besides gray wolves, brown bears are the large carnivore with the widest distribution
in the Northern Hemisphere [63]. As large carnivores in general, the brown bear is threat-
ened by human-caused mortality, habitat fragmentation, and habitat loss [64]. Brown bears
and other bear species are efficient predators of ungulates, especially calves [65,66]. As
omnivores, bears also eat insects, fish, and plants, i.e., a diverse foraging behavior linked to
several ecological effects. For instance, predation on Pacific salmon (Oncorhynchus spp.) by
North American bears may have shaped some of the salmon’s traits, causing divergence in
the senescence, size, and shape of salmon in different populations, depending on predation
risk [67]. This example of predator-prey interaction has been used to illustrate the role of
predation as a driver of natural selection and evolution [68]. Furthermore, bears contribute
to transfer nitrogen from oceanic to terrestrial systems through predation on spawning
salmon, i.e., bears are a strongly interactive species involved in ecosystem effectiveness [7].
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Ants, as a bear food, provide another example. Ants are ecosystem engineers, whose
effects in nature manifest through multiple paths and interactions with other organisms
and ants are a very important food for a large variety of wildlife, including bears [69,70].
For instance, ants provide ~20% of the total annual digestible energy of Scandinavian
brown bears [71], and bear foraging on ants has, in turn, indirect consequences for lower
trophic levels. For example, predation on ants by American black bears (Ursus americanus)
reduced the protection that ants provide to herbivorous insects through a mutualistic
relationship, allowing arthropod predators to suppress the herbivores, which benefited
plants [72]. Grinath [73] followed up this line of research and suggested that conservation
of bears and other omnivores and predators that generate trophic cascades may be essential
for managing the long-term effects of nitrogen deposition in ecosystems caused by human
activities.

Besides the role of bear predation on ungulates, fish, and ants, bears are particularly
important seed dispersers, which may influence plant community composition [74]. Brown
bears can play a key role in dispersing seeds between habitats and can indirectly provide a
nutritional subsidy to small mammal populations via deposition of seed-rich bear scats
across landscapes [75]. Seed dispersion after ingestion by brown bears stimulates seed
germination [76], and the role of bears as seed dispersers has been indeed highlighted in
different continents [77,78].

The role of different bear species as seed dispersers may not be that surprising because
bears are omnivores, but that capacity is not limited to bears. Cougars, one of the largest
and most widely ranging apex felid predators, characterized by a strictly carnivorous diet,
also seem to be an effective seed disperser, establishing direct and nonherbivore mediated
interactions with plants. Cougars ingest and spread thousands of seeds of plants initially
consumed by their ungulate prey, i.e., obligate carnivores can also display overlooked
ecological functions [79].

Interactive effects of apex predators in ecosystems also include intraguild interactions,
the distribution of prey carcasses in the landscape, and resulting heterogeneity in soil
nutrients, which in turn can influence community biodiversity [80]. As scavengers of
their own and other predators’ kills, predators also play an important function in nature.
Scavenging accelerates the return of nutrients to trophic webs, disseminates nutrients, and
helps dilute potentially infective spots [81]. For instance, wolverines, the largest terrestrial
mustelid, have a circumpolar, Holarctic distribution across alpine, tundra, and northern
taiga habitats, where they play an important role as both predators and scavengers [82].
Bears, wolves, lynx, and wolverines, the sympatric large carnivore guild in wide areas at
boreal latitudes [83,84], select habitats differently [85], thus playing complementary roles,
which gives stability to ecosystem processes [7].

Synthesis: Although the effects of many apex predators in ecosystems are well doc-
umented, many more remain to be discovered. In short, most effects occur through the
depletion and fear-induced behavior of their prey, which can have direct and indirect
consequences at lower trophic levels [86].

3. Effects of Human Activities on Large Carnivore Behavior

Apex predators are rare and their abundance is not controlled by other predators; thus,
they have, in an evolutionary perspective, fewer antipredator adaptations than subordinate
guild members and prey species [87]. They have large home ranges, which increases their
chances of encountering humans, our activities, and human-related features as barriers in
the landscape [26,88]. Inhabiting landscapes where human-caused mortality is the main
threat for apex predators triggers behavioral responses that resemble those of prey [89].
Such responses need to be considered to explain the present density, distribution, and
behavior of large carnivores [90], and also to ensure their conservation [91].

In recent times, research based on fine-scale empirical data (e.g., tracking GPS-collared
animals and camera traps) shows that large carnivores facing human activities adjust
their habitat use and daily activity patterns, trading off vigilance and other activities, i.e.,
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carnivores show spatial and temporal reactions to avoid humans and our activities. Spatial
and temporal reactions to human activities have been documented in Scandinavia, for
instance, where carnivore mortality is, as elsewhere, mostly caused by humans [24,92,93].
Spatially, carnivores select habitats to avoid humans, especially during daytime [94], as
supported by studies at different orders of habitat selection [95,96]. At a very fine scale,
carnivores select resting sites and natal den sites by seeking denser cover and more rugged
terrain the closer they are to human settlements [89,97]. Bears and wolves run away and
move to even more concealed spots after encounters with people in the forest [98–100].
The distribution of Eurasian lynx (Lynx lynx) in the landscape is a trade-off between food
availability and human activity because the density of their main prey (roe deer Capreolus
capreolus) is higher in agricultural landscapes, where human activity is also high [101].

Temporally, bears become more nocturnal when hunting seasons start [102], where
road density (a proxy of human disturbance) is higher [103,104], and after encountering
people [105], a pattern that holds, without sign of habituation to human presence, after
repeated experimental encounters [106]. Combining GPS and heart rate loggers showed
that the highest bear stress levels occur when bears are near villages [107]. Likewise,
physiological costs associated to fear responses to anthropogenic threats have also been
shown in other marine and terrestrial predators [108].

Spatial avoidance of human disturbance is indeed a major driver of carnivore habitat
selection and use at different spatial scales and for multiple species [109–113], which
ultimately reflects on demography. For instance, tiger and brown bear abundance is higher
in areas with lower disturbance levels than in more disturbed places [114,115]. Temporal
avoidance of human activities leads to increased nocturnality of wildlife (including large
carnivores), which may favor coexistence with mostly diurnal humans, but also implies
fitness (and other) costs [116]. Long-term, human-caused selection likely explains the
crepuscular-nocturnal behavior of large carnivores, compared to areas with a shorter
history of persecution [89,117]. Long-term human pressure also is reflected in demography,
e.g., bears have higher reproductive rates in areas with longer-term persecution [118].
Recreational human activities, not only lethal and commercial activities, that change
landscapes (forestry, roads, urbanization) also cause spatio-temporal displacement of large
carnivores [119–122].

Synthesis: Habitat loss and historical human persecution have caused a demographic
decline of large carnivores at a worldwide scale [9]. In addition, humans as “super-
predators” [123] trigger behavioral responses by carnivores that resemble those of prey
and that occur at both spatial and temporal scales, constraining their habitat use and daily
activity patterns [5].

4. Behavioral Responses of Large Carnivores to Human Disturbance May Alter Their
Ecological Role

As summarized above (Section 2.1), direct mortality of and fear-induced behavior
in prey cause most of the effects that apex predators play in nature. Crucially, these are
the same effects that human disturbance cause on large carnivores, and this may in turn
influence their ecological role. Reduced carnivore populations are less able to control their
prey numerically, and spatio-temporal behavioral responses of carnivores to avoid humans
may limit their capacity to cause behavioral-mediated effects on prey [5].

From a numerical perspective, large carnivore removal may cause mesopredator
and herbivore release, leading to biodiversity loss, a process documented in different
ecosystems [124–127]. From a behavioral perspective, the spatial and temporal responses
of large carnivores to human disturbance are also evident at lower trophic levels, e.g.,
spatial avoidance of humans by large carnivores creates human shields or refugia for
prey [35,128–130]. In turn, prey redistribution may change landscape characteristics and
habitat availability and use of other species [59]. Spatial separation of predators and
humans can facilitate their coexistence, but it also triggers pervasive effects, altering
natural interactions, e.g., overabundant herbivores occur in areas where they are released
from predation risk [5].
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Temporal avoidance of humans may facilitate human-wildlife coexistence, as well,
but it also alters community interactions, beyond disrupting diel patterns of activity
of affected species [116]. Wildlife behavioral reactions to human disturbance are now
receiving more attention, but many ecological consequences of those responses remain
mostly uninvestigated [116,131,132].

Regarding large carnivores, more nocturnal behavior in human-dominated landscapes
facilitates mesopredator release during daytime [133]. Predator nocturnal behavior can also
create temporal human shields for prey, which may move closer to human-dominated areas
at night to escape predation [116]. However, predator kill rates are not necessarily lower in
human-encroached areas. Fidelity to kill sites and consumption of prey decline in disturbed
areas for cougars, for instance, leading to increased kill rates and potential additional effects
on other species, via the provision of more scavenging opportunities [134,135]. Wolverines
linger less time at baited sites in disturbed areas, a behavioral response that, extrapolated
at the landscape scale and in the long term, may negatively influence population trends in
disturbed areas [136]. Therefore, the reactions of different carnivores to humans in human-
dominated areas vary, which requires further research to draw appropriate conclusions for
different species and in different ecosystems.

Spatial avoidance of human settlements and other human features of the landscape
can also influence the role of large carnivores in nature. As described above (Section 2.1),
bears forage largely on ants, and bears show multiple antipredator responses to humans
(Section 3). Via predation and disturbance of anthills, bears reduce the abundance of ants,
but bear avoidance of humans limits that effect. In Scandinavia, the anthills of keystone
ant species eaten by bears are larger closer to human settlements, which bears avoid;
thus, humans mediate cascading effects in the boreal forest by altering interactions among
bears and ants, indirectly affecting other species [137]. Research unrevealing more effects
of predators in ecosystems suggests that changes in predator communities may have
cascading consequences that facilitate the emergence of zoonotic diseases. For instance,
a connection between wolf extirpation, which led to a coyote (Canis latrans) expansion
that caused a red fox (Vulpes vulpes) decline that ultimately favored abundance of small
mammals, may help explain the incidence of Lyme disease, i.e., changes in predator
communities may trigger down in trophic cascades and reflect on many ecological issues,
including human health [138]. In Eurasia, African swine fever has spread dramatically
over the last decade, affecting wild boar (Sus scrofa) and domestic pigs and causing a very
high economic impact [139]. Where this fever is diagnosed, a reduction of the wild boar
population is recommended to stop its spread, but management of wild boars via hunting
in Europe seems to be difficult and wolves have not yet returned to many areas where
wild boars thrive [140]. Where wolves prey on wild boar, they target mainly piglets and
young individuals [141,142], which may not have per se a strong effect on the population
regulation of wild boars, but natural predation adds to hunting effects and informs hunting
models that aim to reduce the size of wild boar populations [140].

Effects of human disturbance on predator-prey interactions are also related to the
introduction of exotic species in ecosystems. In South America, the introduction of exotic
prey species (e.g., European hares Lepus spp.) may have caused an increase in abundance of
native carnivores, such as cougars, reinforcing a top-down effect on native prey, a process
that has likely occurred elsewhere and involving different species assemblages [143]. In
Australia, lethal control of dingo (Canis lupus dingo) has favored the spread of exotic species,
such as foxes and cats, which in turn has caused huge biodiversity losses [144].

Habitat alteration by human activities can also increase prey density, favoring preda-
tors that then exert increased predation pressure on endangered prey. In North America,
this seems to be the case involving forestry, which favored an increase in moose densities
that was followed by increased wolf predation on ungulates, including endangered caribou
(Rangifer tarandus) populations ([145] and references therein). In addition, predator access
to anthropogenic food, including livestock and other food items, causes behavioral and/or
increased predator abundance and alters trophic cascades [146]. In Italy, for instance, where
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wolves have recovered in recent decades [147], large amounts of available livestock carrion
strongly depress predatory behavior of wolves, despite the occurrence of abundant wild
prey, which in turn reduces potential top-down cascading effects of wolf predation [142].
Wolf recovery in Italy and other countries has also brought attention to the issue of hy-
bridization between wolves and domestic dogs, which is likely more common following
wolf recovery in human-dominated landscapes, where dog populations are larger [147,148].

In an increasingly human-dominated world that challenges wildlife in general and
large carnivores in particular [123], a question is whether it is possible to expect that
apex predators play their nominal role widely or if that is context dependent. Cases like
the wolf recovery in Yellowstone, which, in addition to bear and cougar predation, has
generated trophic cascades at lower trophic levels, exist, but caution is needed when
extrapolating results to areas with larger human intervention [44]. In Europe, for instance,
where most landscapes are heavily impacted by human activities, it might be more difficult
to expect that remnant and recolonizing populations of large carnivores fully develop apex
predator roles. Kuijper et al. [149] suggested that the potential for density-mediated trophic
cascades in human-dominated landscapes is limited to unproductive areas, where even
low carnivore numbers may impact prey densities, or where carnivores are allowed to
reach ecologically functional densities. Kuijper et al. [149] suggested that the potential for
behavioral-mediated trophic cascades may be larger because even low carnivore densities
may affect prey behavior. Predator-prey interactions in anthropogenic landscapes will be
highly context dependent, and human influence will often attenuate the ecological effects
of large carnivores [149]. Likewise, in North American human-dominated areas, human
influence may favor bottom-up predominance and weaken top-down trophic cascades,
and human impact through multiple paths may override other top-down and bottom-up
effects [34].

Intermediate situations also exist and illustrate that processes of ecosystem regulation
vary largely in areas that are close to each other, depending on the degree of human pressure
or impact. For instance, recolonization of wolves in Banff National Park (Canada) reduced
prey density and indirectly influenced vegetation and other trophic levels, in a trophic
cascade fashion, but wolf exclusion in urban areas disrupts these effects [35]. This illustrates
that human exclusion of wolves and other predators may affect ecosystems, supporting
conservation and management based on the trophic importance of large carnivores in
terrestrial systems [35].

A message arising from the Yellowstone and Banff cases is that protected areas are
ecological baselines that allow evaluating how humans affect nature [44]. In those systems,
wolves reached ecologically efficient or functional densities that triggered trophic cascades,
whereas carnivore recovery in some European areas may not have reached that level yet
and/or ecosystems have been too severely transformed for apex predators’ return to have
an impact. In Sweden, for instance, wolf recovery, which started in the early 1990s [84],
may not yet have changed the behavior of its staple prey, moose [150]. However, wolf
presence in Finland, where wolves were never eradicated, alters moose behavior [151]; wolf
and lynx recovery in Scandinavia may have benefited the wolverine by increasing carcass
availability [83,152]; and wolves and lynx suppress red foxes in Fennoscandia, although
fox population trends are also affected by other factors [153,154].

Jedrzejewska and Jedrzejewski [155] studied predator (wolf and lynx)—ungulate
(including European bison (Bison bonasus), moose, wild boar, red deer (Cervus elaphus), and
roe deer interactions in the temperate forest of Bialowieza National Park (Poland). Wolf
and lynx predation kept red deer and roe deer below carrying capacity and constantly
provided remains for scavengers, whereas larger-bodied prey (bison and moose) and wild
boars seemed to be limited by resources, i.e., both top-down and bottom-up effects were
involved in regulating the population dynamics of ungulates [155]. In the rich predator-
prey assemblage of Serengeti National Park (Tanzania), smaller prey species experienced
larger effects from predation than larger ones, which rather were limited by food [31].
Besides providing further evidence of the combined nature of regulatory processes in
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nature, which is most likely the norm in many ecosystems [34], the study of Jedrzejewska
and Jedrzejewski [155] illustrates carnivores’ ecological function in European landscapes,
highlighting again the role of protected areas. Nevertheless, it is worth noticing that also
carnivores living in multiple use landscapes and themselves facing severe conservation
threats can control mesopredator populations, which further affects prey abundance. For
instance, Iberian lynx (Lynx pardinus) favor densities of their own staple prey, rabbits
(Oryctolagus cuniculus), by killing and reducing densities of smaller predators [156].

Synthesis: Predators that trigger varying effects on lower trophic levels occur in a
wide variety of ecosystems, yet the amplitude of those effects is dependent on many factors
that are not only related to the predators, but to human activities that affect all trophic
levels, from top predators to ecosystem productivity, potentially altering both top-down
and bottom-up regulatory processes [35,130,131,150]. Where carnivores are recolonizing
former ranges, they likely need (a) to reach ecologically functional densities [7] and (b)
time to trigger visible effects on lower trophic levels because ecological responses generally
require long times to occur [131]. Furthermore, in human-dominated landscapes with
fragmented habitats and recolonizing carnivores, predator–prey interactions may also
develop in novel directions that are yet to be documented [157].

5. What Next?

Top-down control by predators, bottom-up regulation by environmental productivity,
variation induced by climate, and human impact are involved in the regulation of ecosys-
tems and growth rates of populations [32–34,51,125,158]. Accumulating evidence supports
that apex predators play keystone roles in many ecosystems [8,9], with mechanisms driving
their function continuously revealed by new findings [62,132] and many more remaining
to be shown [86,131].

Human-large carnivore relationships have often focused on conflict, with little at-
tention to ecosystem services [159]. Predator control was widely accepted by the general
public, but has since become a source of social conflict [42,43], and interest in non-lethal
management alternatives is increasing [160]. Many large carnivore populations continue to
be severely threatened [9,161,162], whereas some are recovering former ranges [15]. Demo-
graphic issues, thus, remain crucial to favor long-term population viability, but behavioral
responses of large carnivores and other wildlife can also influence their fitness [116,163–167].
Apex predators are highly interactive species [7], and both demographic and behavioral
responses to human persecution and human activities may limit their ecological role. Thus,
the conservation and management of large carnivores should also consider, together with
demographic issues, their behavioral responses [5,168].

Human impacts affect ecosystem functions in multiple ways, and understanding how
growing human impact is propagated through food webs is a challenge [34]. Among
other issues, human impact changes animal behavior, and, although all species inherently
interact with others, the behavior of keystone species is particularly critical for ecosystem
function [131]. Eliminating human disturbance may be impossible in most ecosystems,
leaving managers with options to restrict certain activities, based on expected implications
for animal behavior and ecosystem function [131]. Large carnivore demography and
behavior are affected by management decisions that are often influenced by human-wildlife
conflicts [43,169]. All of these factors highlight that management and conservation goals for
apex predators are dependent on social-ecological trade-offs, e.g., more ambitious recovery
goals, aiming at the restoration of carnivores and ecological interactions with other species,
may be more feasible in large protected areas than where conflict levels are high [170].

Protecting large connected areas for large carnivore conservation has been one of the
main tools suggested for rewilding ecosystems, a highly debated proposal to counteract
biodiversity loss on Earth [171]. Whereas carnivore recolonization and reintroductions in
ecosystems where they have been eradicated long ago and their legal protection by interna-
tional and national laws are often controversial, as illustrated for instance by the natural
arrival of wolves to the Alps [172] and the reintroduction of bears in the Pyrenees [173],
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the expansion of large carnivore populations gives a chance to recover apex predators’ role
in nature. However, large carnivore recovery and maintenance of ecological interactions in
human-dominated landscapes is a challenging task, and some management actions may
make it more feasible.

6. Management Considerations

Conserving carnivore populations and favoring their ecosystem function require
careful attention by management agencies. The following considerations should probably
be considered everywhere, whereas the feasibility and specific implementation (or not)
will have to be adjusted to different ecosystems and social contexts.

(1). Connectivity. Favoring connectivity with wilderness and protected areas helps
secure persistence of large carnivores in human-dominated areas. Different carnivore
populations have been recovering in human-dominated landscapes, showing that land-
sharing strategies may work [15], whereas their long-term persistence may also depend
on connectivity with and between protected areas [167,174]. This will facilitate aims to
preserve not only mere coexistence but also the ecological role of large carnivores in
ecosystems [146].

(2). Spatial separation. Designation of areas with prioritized goals, e.g., via zoning of
specific areas for different purposes, may prevent conflict and favor carnivore conservation.
Research showing the distance at which humans influence carnivore behavior [107,175]
can guide zoning to help separate human settlements and property (e.g., livestock), so
that behavioral adjustments made by carnivores in response to people are minimized, and
people’s capacity to protect their property from carnivores is maximized [90]. Besides
reducing conflict [104,176], spatial separation between human activities and carnivores
would ease the occurrence of ecological interactions. In some areas, zoning seems crucial to
maintain threatened populations [114]. In other areas, alternative measures may be more
feasible, such as compensation systems of depredation, which are used for example in
northern Scandinavia (and in many other places in Europe), where large carnivores largely
rely on privately own, free-ranging reindeer (Rangifer tarandus) [177].

Different management actions could be used to promote spatial separation. For
instance, Naha et al. [178] suggested removing vegetation cover around human settlements
to reduce depredation, whereas thick vegetation cover is essential elsewhere to provide
concealment to carnivores [89]. Area-based conservation efforts have varying goals and
being successful implies collaborating with local communities and stakeholders [179],
i.e., management actions will have to be adjusted for different goals and at different
spatial scales. Limiting road construction, reducing road density and/or their use, and
closing roads seasonally or permanently after they have served their purpose is another
example of management options to reduce disturbance and retain habitat quality for large
carnivores [103,113].

(3). Temporal separation. Management options could include “temporal zoning” [116],
an approach analogous to spatial zoning, to limit human activities during times of the day
and/or seasons when interactions are most disturbing. Designing landscapes of coexistence
should aim at facilitating both the spatial and temporal segregation of human structures
and activities and large carnivores, preventing new sources of disturbance in their most
important habitats and phenological periods, e.g., at breeding sites [180].

(4). Recreation. In some areas, there is a need for the regulation of recreational
activities, including those that target direct observation of carnivores and those that use
carnivore habitats for other motorized and nonmotorized recreational activities. Recreation
can cause temporal and spatial displacement of large carnivores, which entails energetic and
behavioral costs [120,121,181]. Quantifying spatial and temporal displacement of animals
by human recreation can help guide management strategies to mitigate impacts, e.g., to
enforce off-trail regulations and to establish temporal limitations for specific activities [119].
In some places, restriction of public presence may help poachers go undetected, which
may explain for instance why illegal killing of lynx, wolverines, and bears was higher in
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three large national parks than in surrounding unprotected areas in northern Sweden [12].
In many other areas, however, tourism and recreation can both have negative ecological
impacts on habitats and species, including carnivores [182,183]. Altogether, it is necessary
to monitor and regulate such activities to promote their positive effects and prevent the
negative ones [121].

(5). Anthropogenic foods. Reduce access of large carnivores to anthropogenic foods
(e.g., garbage, livestock, beehives). Reducing predator access to such food sources is
important to prevent habituation to humans and minimize carnivore mortality [165], to
reduce human-carnivore conflicts, and to preserve ecosystem functioning [142,146]. Large
carnivore interactions with people and our property leads to conflict, which complicates
management and can jeopardize conservation [20]. Minimizing the occurrence of damages
is possible with a variety of tools, depending on the carnivore species and type of dam-
age [184–187], yet it also requires proactive attitudes by key stakeholders and management
agencies and the implementation of efficient measures [188]. Minimizing damages will
reduce conflict, which in turn should ease reaching ecologically efficient densities of large
carnivores. For example, the accessibility to free-ranging livestock is a key factor favoring
wolf attacks in Spain, regardless of the abundance of wild prey; thus, efficient protection of
livestock is needed if extensive grazing continues to be promoted by European Union’s
Common Agricultural Policy (CAP) [189]. Otherwise, subsidized high densities of unpro-
tected livestock are fueling conflict and potentially altering interactions between natural
prey and predators, the densities of which can also increase, as discussed above (Section 4).

(6). Lethal control. Regulated carnivore hunting is a common management option
used to reduce conflict and that can generate revenue for conservation, but it can have
indirect effects, e.g., it may not necessarily reduce poaching [190], can drive carnivore
population declines if the harvest is too high [10] and, in the long term, hunting can reshape
the life history of apex predators [191]. From a behavioral perspective, hunting is one of
the human activities that triggers the clearest responses in large carnivores [89,102] and
challenges their function as apex predators [5,123], although it could have desired effects
by keeping carnivores away from humans and human property. Van Eeden et al. [184]
conducted a worldwide meta-analysis of research on conflict mitigation related to large
carnivores and humans, focusing on conflicts caused by large carnivores, such as livestock
depredation. They concluded that nonlethal management options (e.g., guardian dogs)
can be as effective as lethal control of carnivores [184]. Success of lethal control to reduce
damages varies considerably among different places and evidence is accumulating in
different continents showing that lethal control of social carnivores can sometimes increase
livestock losses [20,184]. Hunting displaces carnivores and disrupts their social structure,
which are likely some of the mechanisms explaining increased depredation after lethal
control [190,192]. Mesopredator release and increased ungulate numbers across Europe
and North America are also consequences of eradicating apex predators [43,138]. Predator
control to conserve threatened prey, for instance, may need to be applied forever, unless
conservation aims at restoring whole ecosystem functioning [43]. Because of the above
reasons, minimizing hunting of large carnivores to favor their ecological function has been
suggested earlier [5]. Where lethal control is implemented, it is important to monitor
and understand the reciprocal effect between the control as a management action and the
behavioral and demographic response of the targeted carnivores. Such reciprocal effects
should inform the implementation of the management action for it to be efficient, e.g., to
actually reduce depredation while causing the lowest harm to carnivore conservation.

(7). Ecological interactions. Research in, for instance, Yellowstone National Park has
shown that predation is not a function of a single species, but that the joint effect of wolf,
bear, and cougar predation triggered effects that rippled down through lower trophic levels
(Section 2.1). Likewise, research in Africa has shown that conserving complete carnivore
guilds is important for them to perform their ecological role [53]. Stability of ecologi-
cal interactions in complete carnivore guilds is, thus, important to favor their ecological
function. Wolf and Ripple [193] examined the spatial extent of complete large carnivore
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guilds at worldwide and regional scales and found that complete guilds occupy 34% of the
world’s terrestrial area, compared with 96% in historic times. Today, recovery of several
overlapping species in some areas provides opportunities for the recovery of complete
guilds and their interactions. That is the case for northern Eurasia, for instance, where
wolves, bears, lynx, and wolverines have expanded in recent times [9,15], favoring inter-
specific interactions [65,194]. Further research should document the effects that carnivore
sympatry may trigger on lower trophic levels, including prey and other species, provided
that recovery continues in the near future.

(8). Human dimensions. Lack of communication among research, conservation,
and management, leading to research-implementation gaps, has been highlighted as a
major environmental issue [195,196]. Carnivore conservation and management in human-
dominated landscapes illustrate the point. These are not only scientific issues because
carnivore management and conflict resolution among involved stakeholders require social
and political input to be successful [169,197,198]. Solid scientific evidence alone is not
sufficient to manage predators effectively because social acceptability is equally impor-
tant [43]. Implementation of the management considerations discussed above as actual
management actions requires area-specific adjustments that consider the socio-ecological
context, e.g., the carnivore species or guild present in an area and the human-carnivore
conflict and/or sources of human disturbance. For instance, spatial or temporal separation
between carnivores and humans and human property may be an option to reduce conflict
and disturbance in some ecosystems, but not in others, and similar concerns apply to other
potential actions. Management interventions can only be effective if they are actually im-
plemented and used (e.g., to adjust ungulate harvest by hunters in ecosystems where large
carnivores are recovering [199]), and acceptance by involved stakeholders is an important
asset or requisite for that to occur [21].

In conclusion, evidence is accumulating that shows that apex predators can help
restore ecosystems, although an increasing amount of research also shows multiple behav-
ioral reactions of large carnivore communities to human disturbance. Overall, spatial and
temporal separation between humans and our activities (professional and recreational) and
property (livestock, beehives, etc.) and large carnivores reduces conflict and the pervasive
effects of human disturbance on them. Reaching and maintaining ecologically efficient
densities of large carnivores in human-dominated, disturbed areas is a key ecological and
management task, and the ongoing natural recovery of several carnivores provides new
opportunities and challenges to achieve it.
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