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Abstract

Interactions between large carnivores and othesispenay be responsible for impacts that
are disproportionately large relative to their dgn<ontext-dependent interactions between
species are common but often poorly described.i@autust be expressed in seeing apex
predators as ecological saviours because ecosgstiemices may not universally apply,
particularly if inhibited by anthropogenic activityhis review examines how the impacts of
large carnivores are affected by four major comstéspecies assemblage, environmental
productivity, landscape, predation risk) and theeptal for human interference to affect
these contexts. Humans are the most dominant lapdsand resource user on the planet and
our management intervention affects species composresource availability, demography,
behaviour and interspecific trophic dynamics. Husmean impact large carnivores in much
the same way these apex predators impact mesopredaid prey species - through density-
mediated (consumptive) and trait/behaviourally-raggti (non-consumptive) pathways.
Mesopredator and large herbivore suppression easel intraguild competition and
predation pressure may all be affected by humatezarirhe aim of restoring ‘natural’
systems is somewhat problematic and not alwaysyatg. Interspecific interactions are
influenced by context, and humans are often theimkm driver in forming context. If
management and conservation goals are to be acdhileen it is pivotal to understand how
humans influence trophic interactions and how troptteractions are affected by context.
Trade-offs and management interventions can oniynpeemented successfully if the
intricacies of food webs are properly understood.

1. Introduction
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When understanding and managing trophic dynamibaf v8 deemed a natural or unnatural
interaction must first be considered (Rolston 200hE aim of restoring ‘natural’ systems in
the modern era becomes somewhat problematic. Wilctinservation is still possible in
human dominated landscapes but maintaining top-dmmeiogical processes in such
landscapes is challenging (Chapron et al. 2014dliret al. 2015; Lépez-Bao et al. 2015).
The impacts of world-wide predator decline andréative importance of direct and indirect
species interactions have been highlighted as furdtal ecological questions (Sutherland et
al. 2013). Yet caution has been expressed in segieg predators like the grey wolf
Carnivora Canidae Canis lupus as ecological saviours because ecosystem semiag$ 0t
universally apply, particularly if inhibited by dmwbpogenic activity (Mech 2012).
Furthermore, there is only one intact terrestriabjator guild in the world (Africa), so all
other guilds may reflect the impacts of the Pleistee megafauna extinctions and shifting
baselines to mesopredator-dominated systems (Féeetial. 2012; Valkenburgh et al. 2015).
The question arises as to what the conservatiochpeark or baseline is, was or should be
given a particular ecological context (Berger 2088yward 2009; Hayward 2012).

Species at higher trophic levels are often lostemapidly than those at lower trophic levels
(Dobson et al. 2006). Apex predator decline anghiosimplification is something of great
concern worldwide (Estes et al. 2011; Johnson 2Rifiple et al. 2014). It is imperative to
understand the interactions and potential impdcépex predators because their absence or
decline can have undesired effects (Berger el0@i82Jackson et al. 2001; Terborgh et al.
2001). The consequences of upper trophic leveireaind the loss of ecosystem services
provided by large carnivores could lead to envirental degradation through the release of
top-down control upon herbivores (Beschta and Rif26l12; Hebblewhite et al. 2005; Ripple
and Larsen 2000) and mesopredators (Newsome apteRip14; Prugh et al. 2009; Ritchie
and Johnson 2009). If healthy populations of ta@ptors can be maintained within
ecosystems, they should also contain healthy contimsiand populations of the many
species that perform a diversity of ecosystem sesvat lower trophic levels (Dobson et al.
2006).

As the most dominant landscape user and primaogures consumer on the planet (Paquet
and Darimont 2010), humans greatly modify the laages and communities that apex
predators interact with through a myriad of disturte types (Blanc et al. 2006; Frid and Dill
2002; Sibbald et al. 2011). The positive (Kilgakt1998; Kloppers et al. 2005; Leighton et
al. 2010) or negative (Hebblewhite et al. 2005akagly et al. 2008; Pelletier 2006) nature of
this disturbance however depends entirely on manageperspective (Reimoser 2003).
Humans can impact apex predators in much the sayeas/they impact smaller predators
and prey species, through density-mediated (consue@nd trait/behaviourally-mediated
(non-consumptive) pathways (Ordiz et al. 2013).dwotp can be direct (Packer et al. 2009;
Virgos and Travaini 2005) or indirect through effeon other species or habitat (Rogala et
al. 2011; Sidorovich et al. 2003).

Context-dependent interactions between speciesoanenon but often poorly described
(Chamberlain et al. 2014). This review examinescthrgextual impacts of large carnivores
and the potential for human interference throudéot$ on species assemblage,
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environmental productivity, landscape and predatisk (Fig.1 and Table 1). If we are to
predict the consequences of predator manageméntritical to understand the dynamics of
interspecific relationships between organisms (Elgan et al. 2010; Prugh et al. 2009;
Ripple et al. 2014) and to determine if this cohtzan be manipulated to achieve
management and ecosystem service goals (Kareala2007).

A search of literature was conducted using Webaidr&e and Google Scholar with “OR”
and “AND” search operators and a mixture of keydgofapex predator*, large carnivore*,
carnivore*, mesopredator release, mesopredatorsposnivore*, large herbivore*,
herbivore suppression, grazing, browsing, predair@ssure*, interspecific, interspecific
interaction*, interspecific killing, predation, naiguild predation, competition, competitor*,
trophic cascade*, predation risk*, ecosystem setyidReference trails, recommended
papers or appropriate material already in the ms$se of the authors were also used to
inform this review.

1.1 Predation risk

Predators consume prey but they also provide Bsévwn and Kotler 2007; Fortin et al.
2005). Harassment and the associated energetaslofsesponding to predation risk can
carry costs to overall fitness (Creel 2011). Priedatisk is a powerful motivator that can
affect behaviour and how an animal uses time aadesps well as investment in other
antipredator strategies (Brown et al. 1999; Rigpld Beschta 2004; Willems and Hill 2009).
Predation risk and disturbance create trade-otisd®n avoiding risk or perceived risk and
other fitness enhancing activities (e.g. feeding lareeding), such that risk avoidance carries
energetic costs in the form of missed opportunifBrewn 1992; Brown et al. 1999; Eccard
and Liesenjohann 2014). Human disturbance may isicuitar responses to risk in wildlife
(Erb et al. 2012; Frid and Dill 2002; Leighton &t2010).

Risk-induced interactions between predators aneraitfganisms can have cascading effects
(Miller et al. 2012; Ripple et al. 2014; Ritchiedafiohnson 2009). A forager’s response to its
landscape of fear (Laundré et al. 2014; Launded. €010) may alter the species
composition, behaviour, adaptive evolution or pagioh dynamics of its prey and perhaps its
predators or competitors (Brown and Kotler 2007nMonsumptive behavioural

interactions can be significant ecological drivansl should not be overlooked (Heithaus et
al. 2009; Peckarsky et al. 2008; Ritchie and Jom2€899).

2. Interactions with mesopredators

Larger predators can sometimes limit the impaetsge and densities of smaller predators
(Henke and Bryant 1999; Levi and Wilmers 2012; Bragal. 2009). Soulé et al., (1988)
observed that, in the absence of larger more darhpr@dators, smaller predators and
omnivore populations explode: increasing abundayogp to ten times that before release.
The mesopredator release hypothesis predicts thetraase in abundance of top-order
predators results in an increase in the abundanoesopredators due to a reduction in intra-
guild predation and competitive suppression (Leémd Dworjanyn 2011; Ritchie and
Johnson 2009). Suppression of mesopredators calth iredensity reductions or even
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complete exclusion of these smaller predators fnafvitats or regions in both time and space
(Berger and Gese 2007; Linnell and Strand 2000;9deve and Ripple 2014).

Interspecific competitive killing, intraguild pretian and interspecific interference
competition are common in a whole range of mammadanivores (Lourenco et al. 2014),
particularly between species with elements of nmberlap and species of the same family
having not too dissimilar body mass (Linnell ancaB8tl 2000; Palomares and Caro 1999;
Ritchie and Johnson 2009). Two main mechanisms efplanation for mesopredator
suppression by apex predators, direct lethal erteosirand behavioural responses to risk
(Ritchie and Johnson 2009).

There is great debate about the strength of impage carnivores have upon mesopredators
(Allen et al. 2013; Letnic et al. 2011; Letnic €t2009b). There is some evidence that
predation threat and impacts of mesocarnivores mptine rodents, such &mtomys fuscus,

are lower in the presence of dingoes (Letnic e2@D9a; Letnic and Dworjanyn 2011).
However, some express caution in assigning causalghort-term observations of
correlated, but unvalidated population indices Whitay falsely suggest mesopredator
release (Allen et al. 2013; Fleming et al. 2012\a&rd and Marlow 2014). While there is
little doubt in the value of stable ecosystems detepwith top predators (Estes et al. 2011;
Ripple et al. 2014), untangling the web of ecolaginteractions and clearly identifying
ecosystem services from apex predators will requareful experimental design.

In an extensive review, Ritchie & Johnson (2008gdss a number of trophic assemblages
where mesopredators are suppressed by larger predaid found only 2 studies identifying
scenarios where scent or vocal predator cues ttledinnpact upon mesopredators (Gehrt and
Prange 2007; Prange and Gehrt 2007). Interactietvgden species may vary depending
upon context. Larger predators may competitivelypsess smaller predators but also provide
scavenging opportunities (Khalil et al. 2014). Habcomplexity, resource availability and
the density or complexity of predator communitiessyraffect the outcomes of interactions
between predators (Khalil et al. 2014; Ritchie dadnson 2009). Mesopredator prey species
comprise a vast array of herbivores, detritivosegd dispersers and seed predators (Catling
1988; Panzacchi et al. 2008; Russell and Storcl)2@uch species have variable
interactions with vegetation communities (Wang aatig 2015; Yi and Wang 2015; Zamora
and Matias 2014). Any consequential cascades mgditbom mesopredator release are also
likely to be context-dependent.

2.1 Contexts affecting mesopredator interactions
2.1.1 Species assemblage

Vulnerability and interactions between predatory tmainfluenced by niche overlap and
relatedness (Berger and Gese 2007; Gehrt and P2&03Je Ritchie and Johnson 2009), but
also by species specific factors such as defengeooiping behaviour (Cooper 1991;
Palomares and Caro 1999; Prange and Gehrt 2008ppviedators, such as the bobcat
Carnivora Felidae Lynx rufus (5-15kg), can coexist with larger predators ofikinsize but
different families, like the coyot€arnivora Canidae Canis latrans (8-20kg), even when a
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smaller mesopredator the grey fGarnivora Canidae Urocyon cinereoar genteus (3-5kg) did
not (Fedriani et al. 2000).

In many North American trophic systems lacking é&rgarnivores, coyotes can interact
competitively and suppress mesocarnivores (HenkeBayant 1999; Kamler et al. 2003;
Linnell and Strand 2000). The extent of this suppi@ may be somewhat dependent on the
presence of other predators. Red @axnivora Canidae Vulpes vulpes for example pose

more of a threat to kit fofarnivora Canidae Vulpes macrotis populations because they can
access dens (Cypher et al. 2001; Ralls and Whf&)1€oyotes could have an additive
negative impact (through predation) or benefiféites through interference competition and
suppression of red foxes (Cypher et al. 2001).

In the presence of a larger canid, coyotes wereesapd by wolves and red foxes became
more abundant (Levi and Wilmers 2012). North Amemievolves impact coyote distribution,
abundance (33% lower in wolf abundant sites) asdatsal survival rates (Berger and Gese
2007; Newsome and Ripple 2014). In the presenegfeline apex predator howeyeoyotes
were only killed by mountain lionSarnivora Felidae Puma concolor defending or usurping
food caches during winter when diets overlappenisogntly more (Koehler and Hornocker
1991). The overall impacts of predator communiéied the outcomes of mesopredator
suppression might depend directly on the numbersileand composition of predator
dominance levels (Chakarov and Krueger 2010).

At its most extreme scale, human influence canlr@smesopredator range expansion and
population growth, through the removal of apex pteds (Kamler et al. 2003; Ripple et al.
2013; Selas and Vik 2006) or competing mesopredd@ourchamp et al. 1999; Rayner et al.
2007; Trewby et al. 2008). In some circumstancgsase can result in the increase of a prey
source shared by apex and mesopredators (Henlk@rgadt 1999). Decline in prey species
of mesopredators is however more common (Elmhagah 2010; Sargeant et al. 1984;
Sovada et al. 1995). Caution must be expressed imtenfering with ecological interactions
as mesopredator release can carry economic aral sosts (Prugh et al. 2009).

The introduction of alien predators may also alephic dynamics, complicating intraguild
competition and affecting food webs (Crooks andl&4999; Krauze-Gryz et al. 2012;
Rayner et al. 2007). Wolf-dog interactions in pafar stand out as an anthropogenic
introduction to species assemblage with variableeod-dependent outcomes (Lescureux and
Linnell 2014). Levels of co-existence between reatind alien species may be dependent on
niche flexibility, landscape and resource abundgBomesi et al. 2004; Bonesi and
Macdonald 2004; Brzezinski et al. 2008). The manatee and recovery of native or
naturalised predators may in some contexts hetpitigate the impacts of invasive
mesopredators (Glen et al. 2007; McDonald et @72®itchie et al. 2012). Introduced
predators, although posing their own threat tovegprey species may also suppress the
impacts of smaller alien predators in certain catstéHanna and Cardillo 2014). Predator
eradication can have unforeseen consequences éWeconservation in mind. Invasive
species removal may have undesired effects throvegopredator release, rather than
alleviating predation pressure upon native spesastended (Rayner et al. 2007).
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2.1.2 Environmental productivity

Apex predators can affect food availability to siexapredators through the provision of
carrion (Wilmers and Getz 2005), exploitative cotitfmn (Selds and Vik 2006),
kleptoparasitism (Gorman et al. 1998), landscapésan (Kuijper et al. 2013; Laundré et al.
2010), and possibly through indirect impacts ontaalstructure and provisioning of refuge
for mesopredator prey (Letnic and Dworjanyn 20Bbttom-up factors however influence
population densities of herbivores and consequéndiy predators (East 1984; Hayward et
al. 2007).

The strength of top-down mesopredator control amsequently the strength of cascades
from large carnivores can be determined by ecosypt@ductivity (ElImhagen et al. 2010;
Elmhagen and Rushton 2007; Hollings et al. 20Iigdntexts where bottom up effects are
strongly influential the mesopredator release respdo apex predator control may be
limited. Coyote predation upon kit foxes can acadan75-90% of mortality (Eliason and
Berry 1994; Linnell and Strand 2000; Ralls and WHi®95). Such predation may be most
significant when food availability is low or wheit kox populations are small (Cypher et al.
2001). During a coyote control programme wherddkitrelease did not occur as expected,
food availability (lagomorph abundance) was obsgteebe the primary factor driving
population dynamics of both species (Cypher and/&er 1992).

Humans can influence the type and severity of aptecific competition amongst carnivores
by artificially boosting food availability, and ceaquently mesopredator populations
(Bateman and Fleming 2012; Crooks and Soulé 19@®rell and Strand 2000). Maintaining
mesopredators far above their carrying capaciti wittritional subsidies may particularly
unbalance natural regulation if accompanied bytaafiagmentation (Crooks and Soulé
1999; Dickman 2008). Large carnivores can also aidagapitalize on anthropogenic food
sources (Ciucci et al. 1997; Kusak et al. 2005; dawe et al. 2014). However, humans often
inhibit large carnivore use of space and time (Wfgton et al. 2005). Both direct and
indirect human influence on prey numbers, accdggibind hunting opportunities may cause
prey switching and impact activity patterns witmsequences for competitive interactions
and the resultant impacts of large carnivores (Aflad Leung 2012; Theuerkauf et al. 2003).

2.1.3 Landscape

The interplay between predation risk and habitatuiees can shape foraging decisions and
habitat use (Camacho 2014). Predation risk is aotdgenous across landscapes or species;
habitat features can interact with escape taatishape interspecific interactions (Wirsing et
al. 2010). Predation risk is not always driven bgdator density alone and mesopredator
landscape use can sometimes be more dominantlrdby habitat features (Heithaus et al.
2009).

In many cases humans have drastically reducedad@ihabitat for native fauna (Paquet and
Darimont 2010). The impacts large carnivores havetber species and ecosystems may be
relative to their interactions with anthropogersindscapes. Human landscape modification
may alter species interactions and occupancy bgflieng those species more adaptable to
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anthropogenic disturbance (Cove et al. 2012; E&h. 2012; Ruiz-Capillas et al. 2013).
Urban predators can provide ecosystem serviceghsasvconflicts but human conflict often
dominates management decisions (Dodge and KasQiEs).2

Human presence does not always necessitate exéresidance by large carnivores
(Theuerkauf et al. 2007) and not all human landssayll inhibit ecological interactions
between predators (Berry et al. 1992; Standley. 4982). Landscape modification and the
management of larger predators in fenced reseoresxaimple can also have conservation
benefits for mesopredators (Van Dyk and Slotow 200Bother contexts, human landscape
use may have negligible impact on mesopredatorpaouy (Schuette et al. 2013) or
negative effects through elevated populations afi@ktic competitors (Krauze-Gryz et al.
2012).

2.1.4 Predation risk

As well as direct killing, large carnivores impaetbitat use and foraging effort of smaller
mesopredators (Palomares and Caro 1999; Ritchid@mtson 2009; Thurber et al. 1992).
Interference competition between carnivores thrdumfassment (Berger and Gese 2007,
Linnell and Strand 2000; Mukherjee et al. 2009¢yprompetition (Cypher et al. 2001) and
kleptoparasitism (Cooper 1991; Gorman et al. 1288)generate avoidance of larger
carnivores through spatio-temporal partitioningg@ks and Soulé 1999; Durant 2000;
Hayward and Slotow 2009).

Rarity and inconsistency of agonistic interactiangl/or behavioural avoidance of encounters
may permit co-existence between some predatorsa(@@000; Fedriani et al. 2000).
Distribution of predators over large spatial scal@s however be driven by competitive
interactions (Elmhagen et al. 2010; Newsome anglRip014). Mesopredators sometimes
use peripheries of larger predator territories ¢Berand Gese 2007; Miller et al. 2012;
Thurber et al. 1992), presumably reducing encouatess and increasing fitness. Fearful
interactions between predators may permit the ¢stence of multiple prey species, with
certain species existing where dominant predaimis the spatio-temporal presence of
subordinate predators (Berger et al. 2008; Milteale2012).

As a consequence of interspecific aggression betwamivores (Berger and Gese 2007;
Palomares and Caro 1999; Thurber et al. 1992)gilogadecisions by mesopredators are also
influenced by risk from their own predators (Muljeeret al. 2009; Ritchie and Johnson
2009; Roemer et al. 2009). The extent to which mestators are impacted by larger
predators and the degree to which they have teshattjair foraging efforts, activity patterns,
vigilance and risk taking is likely to vary depenglion predator assemblage, habitat and food
availability (Ritchie and Johnson 2009).

Humans can also influence interspecific interaci@@rooks and Soulé 1999). Additional
anthropogenic landscapes of fear (Frid and Dill2Quld further limit foraging
opportunities for mesopredators. Alternatively aoplogenic interference with larger
predators (Erb et al. 2012; George and Crooks ZDBéuerkauf et al. 2003) could
potentially reduce suppression.
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3. Interactions with large herbivores

Large carnivores can be important mortality driversingulate populationsgdrzejewski et
al. 2002; Melis et al. 2009), maintaining herd He#hrough the removal of unhealthy
individuals (Kusak et al. 2012). Although not urris@, density-driven terrestrial cascades
are common (Schmitz et al. 2000). On Isle RoyalBAlor example, wolves have been
found to regulate moodgeetartiodactyla Cervidae Alces alces population dynamics and in
doing so dampen the effects of climactic changenuprbivore and scavenger communities
(Wilmers et al. 2006).

Both herbivore density and behaviour can be altbyetthe presence and actions of predators
(Beckerman et al. 1997; Montgomery et al. 2013)nany circumstances the role of
“landscapes of fear” (Laundré et al. 2010), prexfatisk and the avoidance of predators are
also believed to be closely linked to how ungulaiss time and space (Brown et al. 1999;
Harmsen et al. 2011; Kronfeld-Schor and Dayan 2@83)ell as how they forage (Altendorf
et al. 2001; Kotler et al. 1994; Laundré et al. POT here is an increasing amount of
literature investigating the impacts that ungufataging patterns may have upon ecosystems
and vegetation community structure (Gill 2000; Reser et al. 1999; Tschope et al. 2011).
Large carnivores may hold influence over pattefnsngulate grazing pressure and its
consequent impacts (Creel et al. 2005; Estes 804all; Ripple and Beschta 2004).

There is a great deal of flexibility in how largarivores such as wolves use time and space
(Kusak and Haswell 2013). The causal factors beaatwity patterns are highly variable
(Ballard et al. 1997; Kolenosky and Johnston 198#&uerkauf 2009). Anthropogenic
influences are often strong drivers (Ciucci etl@B7; Kusak et al. 2005; Theuerkauf et al.
2003). How large carnivores interact with herbiwi®likely to be dependent on this context.
Foraging and space-time use patterns of herbivadghe role of behaviourally-mediated
carnivore impacts may ultimately dictate potendiabsystem services that could benefit local
communities (Hebblewhite et al. 2005; Ripple etall4). However trophic cascades from
large carnivores are not guaranteed in every emabgontext (Ford et al. 2015).

3.1 Context’s affecting interactions with large hebivores
3.1.1 Species assemblage

In Europe, the limiting effects of lynQarnivora Felidae Lynx lynx and wolf upon roe deer
Cetartiodactyla Cervidae Capreolus capreolus density were stronger when both species were
present than by one species alone (Melis et ab20Where one species was present alone
(most commonly the wolf) mean roe deer density 9& per 100krhbut only 167 in the
presence of both predators (Melis et al. 2009)s Fhiggests that predators can have additive
effects on shared prey and that generally lynxaarere dominant predator of roe deer in
Europe. The composition of large carnivores invegiscenario is clearly consequential to
the effects upon herbivore communities.

In south-eastern Norway, roe deer fawns were coadury red foxes (8.6% spring-summer
diet, (Panzacchi et al. 2008). Red foxes had aigiried diet so fawns were not considered
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important to the population dynamics of red foxeglying that there was unlikely to be any
stabilising feedback mechanism between the sp@eawzacchi et al. 2008). Where
mesopredators are released from apex predatoresgipn, mesopredators could have more
pronounced impacts on herbivore recruitment (Beeged. 2008). This may offer some
compensation for a lack of adult ungulate predatiparge carnivores. However, even if
density-driven effects could be compensated by presiators, smaller carnivores are
unlikely to replace the behavioural dynamics betwlaeger carnivores and adult ungulates.

Harvesting of larger trophy individuals or the rerabof larger predators in general due to
human conflicts could have catastrophic effectekPaet al. 2009). Larger wolves >39kg
(usually older and/or male animals) have been obsetio have higher attack and kill rates in
Yellowstone National Park where improvements indtiay success are not counteracted by
a reduction in pursuit ability (MacNulty et al. Z2)0 The association between increased body
weight and prey size in carnivores could be dribgrsize-related energetic costs (Carbone et
al. 1999; Carbone et al. 2007) and size-relatedgboe performance (MacNulty et al. 2009).
Local conditions may affect composition and chasastics (gender, size or age) of predator
social groups (Van Orsdol et al. 1985). Food las$ss from kleptoparasites like ravens are
relative to wolf pack size and can consequentlthiiraffect kill rates (Hayes et al. 2000;
Kaczensky et al. 2005). Temporal success, prefesead social structure can influence
predation rates and consumption of different ppscges (ddrzejewski et al. 2002). Social
dynamics and population demography could also émfte the direction or strength of
cascades due to predation patterns.

Interspecific relationships may also have a vaedabmporal context that is not constant
(Koehler and Hornocker 1991). Herbivores can haassnal habitat preferences and dietary
requirements (Degnd& et al. 2011). Large carnivores can also exhilasenaal or context
driven dietary shifts (Garrott et al. 2007; Lathatral. 2013; Odden et al. 2006) and habitat
use (Alexander et al. 2006). Population structinoely condition, parasite load, climate,
predator density and predation risk may all intetadrive herbivore landscape use
(Montgomery et al. 2013).

Herbivore response to risk may in itself be subjeaompetitive partitioning between
herbivores, particularly around key habitat siteshsas water sources (Hayward and
Hayward 2012). Resource competition between heres/may alter landscape use patterns
(Dolman and Waber 2008; Hibert et al. 2010). WHikplacement is context specific and
likely to be dependent on levels of niche overlagnzo et al. 2013), the potential for
domestic herbivores to outcompete wild herbivosgsrobably high (Latham 1999).

Wild and domestic herbivores forage and interath wegetation communities in different
ways, with domestic stock often causing greateratiggion (Fuller 2001; Hester and Baillie
1998; Hill et al. 1991). Domestic livestock ofteggaegate more, and their limited ranging
behaviour is exacerbated through herding and huditented foraging at convenient
locations (Albon et al. 2007). This type of herlsiwavill likely result in limited impacts from
large carnivores upon domestic grazing/browsingsree, with consequences being
predominantly human driven. When livestock are-fie@eging their response to predation
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risk is still different to that of wild herbivoreas well as being somewhat attenuated (Muhly
et al. 2010).

The introduction of competitive alien herbivoregy(elomestic stock) can also lead to
apparent competition and increased predation ofenapecies by predators (Dolman and
Waber 2008). Poor husbandry practices and higtidak predation rates could potentially
either exacerbate or reduce large carnivore impattsative species depending on context.
Furthermore, livestock guarding dogs that accompiaegtock interact with predators
(Lescureux and Linnell 2014). Livestock guardingslcalong with human presence may add
to landscapes of fear for large carnivores but alay serve to maintain interactions between
predators and native prey.

The traditional role of humans as part of the pr@dguild in communities is often
overlooked. Aboriginal hunters were important apeadators in Australia following their
arrival and the extinction of the megafauna (Flegrenal. 2012). In the absence of its human
hunting partners, the dingo may not truly fulfietrole of an apex predator and its modern
ecological function may differ given vast anthropog habitat modification (Fleming et al.
2012). In a similar fashion, our understanding @ivhindigenous North American’s impacted
the landscape is still developing (Lightfoot et2013). The sustainability of such impacts are
debateable, but it is clear that the removal of &mimegimes from wilderness designations in
the USA will not replicate the ecological conditsopresent since its colonisation by
European settlers (Kay 1994).

The role of humans in the modern food web and #rg different nature of our interactions
and impacts is something worth considering. Modemting practices and regulations vary
dramatically across the globe and the impactsmwildoubt vary too. The attractive re-
wilding concept of re-establishing self-sustaingapsystems with minimal human disruption
may help to maintain large carnivore-herbivoreratéions, but requires careful
consideration of desired outcomes (Brown et al120%uch management intervention may
not always be pragmatic or necessarily a trueatdle of the historicstatus quo. An
understanding of how humans influence trophic dyinamould help to better predict and
steer landscape management to desired outcomes.

3.1.2 Ecosystem productivity

Resource driven landscape use (Owen-Smith 2014pattoim-up effects of environmental
productivity are often a major driving force influgng large herbivore distribution and
abundance (Coe et al. 1976; East 1984; Karanth 2084). For example, roe deer
abundance in Europe was positively correlated asthironmental productivity (Melis et al.
2009). The impacts of large predators were howessik in productive environments and
regions with mild climate but noticeably greateragions with harsher winters and lower
productivity (Melis et al. 2009). Climatic featureisch as temperature or snow depth can also
interact with local complexities, impacting theestgth of predation pressure and trophic
cascades (Post et al. 1999; Sanford 1999). Thegstref impacts from large carnivores may
be dependent on productivity and climatic context.
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A forager in a low energy state has less to losm fpredation and a higher marginal value of
energy to be gained so is more likely to foragaskier habitats, change their forage
selection decisions and reduce food patches teategrextent (Brown and Kotler 2007;
Brown et al. 1992; Hayward et al. 2015). Compatitior game animals between humans and
large carnivores (Virgos and Travaini 2005) mageifforedator energy states and
consequently predation patterns. Conversely, aptigenic food provisioning, such as at
refuse (Ciucci et al. 1997), urban (Rodewald e2@1.1) or hunting sites (Selva et al. 2014)
may alter predation risk trade-offs and interacibetween species, potentially decoupling
interspecific relationships (Rodewald et al. 201¥here anthropogenic foods dominate
predator diet, impacts of large carnivores upomwl \wérbivores could become minimal or
alternatively could increase due to inflated predaumbers, energy or time resources.

3.1.3 Landscape

Landscape-scale or micro-habitat predation pattefrtesrge carnivores can impact upon local
vegetation communities. Wolf predation of deer itapact habitat heterogeneity through the
creation of nutrient pulses at kill sites (Bum@mkt2009). Wolf predation success and prey
vulnerability may be dependent on the amount ohagpassland adjacent to streams
(Kauffman et al. 2007). If large herbivores aredated more successfully and forage less in
high risk areas (Crosmary et al. 2012; Fortin eR@05; Ripple and Beschta 2004), one
might expect woody plant regeneration and vegetaticccession (Berger 1999; Berger et al.
2001a; Hebblewnhite et al. 2005).

In Yellowstone National Park’s northern winter ranglkCetartiodactyla Cervidae Cervus
canadensis movement preference for vegetative cover typesimfgenced by the spatial
distribution of wolves (Fortin et al. 2005). Riskveén habitat preferences may be responsible
for observed reductions in aspiial pighiales Salicaceae Popul us tremul oides browsing
pressure by elk in the presence of wolves (Fottal.€2005; Ripple and Larsen 2000; Ripple
et al. 2001). The extent of the impacts behavidyptrakdiated trophic cascades have on
aspen recruitment in Yellowstone has however bedated (Beschta et al. 2014; Kauffman
et al. 2010; Winnie 2014; Winnie 2012). Trophicaades may be more complicated than the
three tiered systems proposed; in complicated ¥oelos interactions can go up, across and
down the trophic web (Polis et al. 2000; Strong2)9th Yellowstone, interactions between
environmental productivity, habitat features, huraativities outside the park, predators and
herbivores, as well as contributing impacts of eagrs, such as beavé&tadentia Castoridae
Castor canadensis, are likely to contribute and interact to affeegetation communities
through both behaviourally- and density-mediatedtmaisms (Marshall et al. 2013; Painter
et al. 2015).

Anthropogenic landscape alterations such as higlaet densities, fire regimes and housing
developments can have negative impacts on thermmesand activity of large carnivores
(Haskell et al. 2013; Hebblewhite et al. 2009; Tdr&auf et al. 2003). Anthropogenic
disturbance may span further than expected, wiikiaes outside protected areas having
strong effects on species within reserves (Parédstarcourt 2002). Even human landscape
modification intended to conserve (e.g. fencedrkes) may alter natural predator-prey
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dynamics through consequent changes in prey vuilityaand predator behaviour (Davies-

Mostert et al. 2013). Human landscape alterationadso create new landscapes of fear for

large herbivores (Semeniuk et al. 2014). Suchfetences could inhibit desirable ecological
interactions.

3.1.4 Predation risk

Through behavioural mechanisms predators can infi@rey species landscape use
(Laundré et al. 2001; Laundré et al. 2014; Willeand Hill 2009) and consequently the
impacts of herbivores upon habitat structure (Raetial. 2005; Kuijper et al. 2013). How
populations and individuals respond to predatiek i$ unlikely to be consistent across
contexts. Behavioural responses to environments ofi predation risk may be sensitive to
fluctuations in predation pressure (Berger 199%)chm also remain stable in its absence
(Chamaille-Jammes et al. 2014). The strength @iorese to risk and the relative influence of
predation risk to a predator’s overall limiting et is likely to be affected by the
environment as well as predator and prey charatitesi(Creel 2011). It is suggested that
prey species respond to overall risk rather thadgtor abundance alone (Heithaus et al.
2009). In some circumstances, prey species escapalplity, habitat use and consequently
resource exploitation can be higher where predat@snore abundant (Heithaus et al. 2009).
Individual factors such as gender (Laundré et@012 and the presence of offspring (Wolff
and Horn 2003) can also influence investment in@metdatory responses like vigilance.

Risk of predation can cause prey to be more caalfiohow they forage, becoming more
vigilant (Altendorf et al. 2001; Halofsky and Ripp2008; Wolff and Horn 2003), more
mobile, thereby reducing predictability (Fortinakt2009), alter habitat use (Creel et al.
2005; Fortin et al. 2005; Laundré et al. 2001 )poesl to risk cues (Berger 1999; Mella et al.
2014), forage less in risky patches (Andruskiwle2@08; Brown 1988; Koivisto and
Pusenius 2006) or at restricted times (Brown antelik@007), forage in larger groups
diluting risk (Fortin et al. 2009; Hebblewhite &t2002; Isvaran 2007) or in smaller groups
reducing detection (Fortin et al. 2009; Hebblewkital. 2002). In any one circumstance a
myriad and combination of these antipredator taati@ay be implemented.

Behavioural responses by prey also encourage acouedsures in predators such as stealth,
boldness and space-time use selection (Brown atléi<2D07; Hopcraft et al. 2005). Fear
and predation risk create somewhat of a tactiedaior-prey foraging game. “Prey face
different risks from predators with different tasti and their antipredator responses vary
accordingly” (Creel 2011). Predator specific styae in prey may also promote coexistence
among predator species, if employing vigilancevmidance strategies against one sort of
predator causes the forager to be more vulneraldadther (Sih et al. 1998).

Variation in response to predators may be drivetobsl selective pressures. Predator
hunting strategies, foraging behaviour and socighwisation of herbivores alongside
environmental variables will lead to context-depamicherbivore response to predation risk
(Samelius et al. 2013). Prey species responsesttapon risk in turn impacts lower trophic
levels in what is ambiguously known as a trophigceae (Polis et al. 2000).
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Human activities can also impact patch predatisk tandscapes of fear and habitat use by
both predators and large herbivores (Hebblewhitd. 2009; Rogala et al. 2011; Sibbald et
al. 2011). Non-consumptive (Blanc et al. 2006; Fdl Dill 2002; Leighton et al. 2010) and
consumptive (Ciuti et al. 2012; Proffitt et al. 3)Band et al. 2006) human interactions with
large herbivores can affect predation risk respgngéether an elk was harvested by
humans or not in North America was found to ber@sequence of individual response to a
human mediated landscape of fear (Ciuti et al. p0QRler female elk generally adopted
habitat preferences and the use of a running andngtrategy that lead to their survival (Ciuti
et al. 2012).

In the absence of human hunting pressures lardgvbees may adjust their behaviour in
response to large carnivores (Berger et al. 200Himpan interactions with ungulates may
sometimes benefit large carnivores (Kilgo et aB&)9 However, anthropogenic selection can
also impact behavioural evolution and herbivorerse in a different and opposing manner
to that of large carnivores, potentially negatihgitimpacts (Ciuti et al. 2012; Sand et al.
2006).

Individual behaviour, learning and the selectivessures of large carnivores and humans
over time may be important drivers of large herb&vbehaviour and its potential cascading
effects. It is essential to know whether humanrattons yield desired outcomes or interfere
with the impacts of large carnivores through iniged or competing selection pressures.

4. Conclusions

Interactions between species are complicated. 8spjon of one species by another can be
driven by a varying intensity of both density- ds&haviourally-mediated mechanisms.
Impacts from large carnivores will not be homogenaaross contexts. Factors intrinsic to
prey, predators and the given system (species csitigpg environmental productivity,
landscape, and predation risk) will culminate todurce the resultant dynamics in a given
context. The mixture of variables yielding intersifie relationships with large carnivores in
a given context will in turn interact with addit@features at lower trophic levels, dictating
further interspecific interactions, ecosystem s@wiand the presence of trophic cascades
from large carnivores.

Human-induced changes could have cascading effadise entire carnivore community, on
prey communities of both apex and mesopredatorsansequently habitat structure and
biodiversity (Fig.1). The impacts of humans on otgecies, the types and intensity of
human activity in a given context could alter tlreckion or severity of other interspecific
interactions (Table 1). Humans can remove largeivares from systems altogether,
undesirably influence large carnivore activity,rdig foraging, reduce survival success or
breeding capability, suppress habitat use and atéty interfere with trophic interactions.

An understanding of whole ecosystems and the psesgbat maintain them is key to
ensuring sustainability. If we are to understanal@gical systems, it is important for basic
monitoring of common as well as rare species tarimertaken alongside novel experimental
approaches. Whilst managers, politicians and thdigppmight desire standardised answers,
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blanket assumptions of the role of large carniva@®ss contexts and inflexible or
misinformed approaches to their management are giaman order to take appropriate
management and conservation action in any giveteggrinterspecific interactions, the
outcome of human interference and the trade-offiéen ecosystem services and
anthropogenic land uses must be informed by roéxysrimentation and analysis. It is
imperative that the consequences of interventiartjqularly predator control are understood.
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Fig.1. Benefits derived from large carnivores could beeawient on human context. As the
most dominant landscape and resource user ondhetphumans have the potential to
influence ecosystems and the organisms that intiai. The impacts of humans on other
species in a given context could alter the directioseverity of consumptive and non—
consumptive interactions between species. Humamnaffect top down control from large
carnivores which can have trickle down effects tigtotrophic interactions, affecting habitat
use and foraging behaviour with consequences fmsystem services (solid arrows). These
services can in-turn feedback to affect humansh@asarrows). This figure represents a
simplified flow diagram of how context affects timepacts from large carnivores; additional
mechanisms have been excluded for clarity.
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Table.1.Human impacts and their potential consequencesphic systems. Both direct
influences and consequent alterations to interfpeateractions can affect ecological
processes. The positive (+), negative (-) or né(tlampacts of human interventions on a
guild of organisms are likely to vary dramaticadiyd will be dependent on context. Human
interactions with apex predators can alter mes@toedelease (MR), large herbivore release
(LHR), predation (P), competition (C), food availap (F), seed predation (SP) and seed
dispersal (SD). Negative human influences on laagaivores can release those species they
suppress. This could in turn have cascading effpotentially increasingfj or decreasing

(1) pressure on other species further down the fbadhc

Human-wildlife Large Large Mesopredators Small Vegetation
interaction Carnivores | herbivores herbivores
Hunting Large -(1P) - (1 P of +( C) -tP,MR) | -(1 P,LHR)
Carnivores young, MR) | - (| consistency - (1 SD, MR)
+ (adults| P) | of F, scavengint + (| SP)
Hunting large -(IF) -(1P) -(l F, -(1 P,MR) | -(] SD, MR)
herbivores scavenging& | +(l P, C) | -(1 SP, MR)
young +(l P)
herbivores) + (1 SD)
+( C) + (| SP)
Alien predators -(10) -(1P) -(1C) -1P,MR) | -(1 P,LHR)
= = = = - (1 SD, MR)
+ (| P) +(1 C) +(PlC) | -(1SP,MR)
+ (1 P)
+ (1 SD)
+ (| SP)
Alien -(LF) -(16) -(16) -(1C) -(1P)
herbivores = = = = - (1 SD, MR)
+(1F) +(l P) +(] C) +(l P) - (1 SP, MR)
+(1F) =
+(l P)
+ (1 SD)
+ (| SP)
Food +(1F) -(1P) -(1C) -(1P,MR) | -(] SD, MR)
provisioning = +(1F) +(1F) - (1 SP, MR)
(predators) +(1 P) +(C) + (1 P) +(l P)
+ (1 SD)
+ (| SP)
Food +(1F) +(1F) -(1C) -(1P) -(1P)
Provisioning +(1F) +(l P) - (1 SD)
(herbivores) +(1F) - (1 SP)
+(l P)
+ (1 SD)
+ (| SP)
Habitat loss - - - -
Habitat - - - - -
fragmentation +(l P) +(1 C) -(1 P, MR) -(1P)
+(lL P) - (1 SD)
- (1 SP)
+ (1 SD)
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+ (] SP)

Disturbance
(risk)

+(1F)

(1 P)
+(LP)

-(1C)
+( C)

-(1P)
+(LP)

-(1P)
(1 SD)
- (1 SP)

+(LP)
+(1 SD)
+ (] SP)
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