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ABSTRACT

Aim Anthropogenic food subsidies are increasingly present in ecosystems, but

their impacts remain poorly understood. Big game hunting is a growing activity

that annually subsidizes ecosystems with tonnes of carrion world-wide. By feed-

ing on carrion, scavengers support key ecosystem functions and services,

becoming key vectors to transfer the impacts of human-mediated food subsi-

dies across ecosystems. We characterize and compare the structure of vertebrate

communities feeding on these subsidies, namely big game hunting remains, at

a global scale.

Location Global.

Methods We collected data from a countrywide field study in Spain and

broadened it up to nine regions in four continents by reviewing scientific litera-

ture. We analysed the structure of the scavenger communities considering spe-

cies composition, richness and scavenging frequency.

Results Seventy-nine vertebrate species, 19% globally threatened, scavenged

food subsidies from big game hunting world-wide. Scavenger richness (2.0–
11.0% of vertebrates/region) positively correlated with total vertebrate richness.

Although scavenger communities at hunting remains varied among regions, we

describe a general structural pattern. Birds and mammals dominate consump-

tion, with birds scavenging twice more frequently than mammals – but more

mammal species scavenge compared to birds. Generalists dominate scavenging

globally, especially where the presence of obligate scavengers (vultures) and

apex predators (e.g. wolves, hyenas, eagles) is low.

Main conclusions Anthropogenic food from hunting subsidizes many verte-

brate species from different trophic levels and conservation status and thus is

expected to affect from populations to ecosystems. Obligate scavengers and

apex predators seem to play a key role structuring the scavenger community

through top-down mechanisms. The general structure of scavenger communi-

ties we describe here provides a benchmark for comparisons of subsidized and

non-subsidized communities. More data on the spatio-temporal availability of

anthropogenic food subsidies and their consumption by scavengers world-wide

are needed to efficiently preserve biodiversity, and the associated ecological

functions and services, in increasingly subsidized ecosystems.
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INTRODUCTION

Food wasted into ecosystems by human activities such as

livestock farming, fishing or hunting is rapidly increasing

across the planet, but their ecological impacts, although rec-

ognized, remain poorly understood (Oro et al., 2013). A

large part of these anthropogenic food subsidies are provided

as carrion, which is a high-quality resource (i.e. nutrient-rich

food without consumers exerting energy to chase it; Wilson

& Wolkovich, 2011). Thus, carrion predictable availability in

nature is expected to affect different ecological levels from

individuals to ecosystems (DeVault et al., 2003; Oro et al.,

2013). Vertebrate scavengers, which feed at a variable extent

on carrion, are therefore one of the guilds thought to be

more strongly affected by the presence of anthropogenic food

subsidies in ecosystems (Oro et al., 2013). According to their

widespread presence in ecosystems, they become also key

vectors for transferring such impacts across ecological levels

and food webs (Wilson & Wolkovich, 2011).

Carrion consumption, scavenging, is a widespread strategy

with a noticeable contribution to energy transfer. Scavenging

supports key ecosystem services (e.g. accelerating nutrient

recycling, limiting disease spreading; DeVault et al., 2003;

Wenny et al., 2011; Mole�on et al., 2014a). However, its role

in ecosystems is frequently underestimated (e.g. by 16-fold in

food webs; Wilson & Wolkovich, 2011), and thus, detailed

knowledge on most ecological processes related to scavenging

is lacking. To identify key structural attributes of the scaven-

ger community (e.g. species diversity, scavenging frequency,

trophic links) is necessary to advance our understanding of

the ecological processes underlying ecosystem functions and

services (DeVault et al., 2003; Wilson & Wolkovich, 2011;

Mole�on et al., 2014b). This knowledge will facilitate manage-

ment and conservation of ecosystems under global change,

especially regarding previous conservation and socioeco-

nomic conflicts arisen from the mismanagement of some

anthropogenic food subsidies (e.g. livestock carcasses in Asia

and Europe; Tella, 2001; Oaks et al., 2004; Markandya et al.,

2008). In this context, it is urgent to understand better the

role of severely threatened species such as most obligate scav-

engers (i.e. vultures; Ogada et al., 2012a) and apex predators

(Ripple et al., 2014).

Hunting was the first human activity subsidizing natural

ecosystems with food through prey carcasses left by early

human hunters (Oro et al., 2013). The appearance of agri-

culture and domesticated farm animals reduced the relative

importance of food subsidies from hunting (Mole�on et al.,

2014a). Nonetheless, the rapid growth of sport hunting in

modern societies and the recovery of wild ungulate popula-

tions (Lindsey et al., 2007; Gort�azar, 2012; Weinbaum et al.,

2013) has increased again the role of hunting as food subsi-

dizer in ecosystems. In this regard, big game trophy hunting

(i.e. sport hunting of large animals, mainly wild ungulates

and predators; Lindsey et al., 2007) is particularly relevant.

This activity captures millions of animals each year (e.g.

~14.4·106 wild ungulates in USA in 2008; Fig. 1), involving

millions of people and dollars world-wide (e.g. 11.6�106
hunters and $16.9�109 in USA; US Fish & Wildlife Service,

2011). Unlike subsistence hunting (i.e. intended for food

provisioning), in trophy hunting, a sizeable proportion of

the hunted individual is often abandoned in the field (Vicen-

te et al., 2011). Although these trophy hunting remains are

additionally exploited by local communities in some regions

(e.g. Africa; Baldus et al., 2008), tonnes of carrion yearly

subsidize ecosystems world-wide (e.g. ~1.0�108 tonnes per

year in Europe, ~6.9�105 tonnes per year in USA; Vicente

et al., 2011; Oro et al., 2013). Wildlife cropping can also

provide extra food subsidies from selective elimination of

certain classes (e.g. females, juveniles) and handicapped ani-

mals to regulate ungulate populations (Torres-Porras et al.,

2014). Hunting remains are thus likely exerting a noticeable

impact on ecosystems (Wilmers et al., 2003; Selva & Fortuna,

2007; Mateo-Tom�as & Olea, 2010; Oro et al., 2013).

Here we characterize the vertebrate scavenger communities

consuming anthropogenic food subsidies (i.e. big game hunt-

ing remains) world-wide. We present results of a large-scale

field study covering mainland Spain (i.e. ~500.000 km2) and

complement it with scientific works (N = 7) from around

the world (i.e. ~100.000 km2). We examine how the verte-

brate scavenger community consuming hunting remains var-

ies across world regions in terms of species composition and

scavenging frequency, further assessing changes in its struc-

ture and deriving a general structural pattern. We discuss the

possible consequences of scavenging on big game remains

and provide further insights useful to inform conservation

and management and guide future research on the topic.

METHODS

Data recording

We used motion-triggered remote cameras to monitor 361

carcasses consisting of hunting remains of wild ungulate spe-

cies in temperate and Mediterranean ecosystems in mainland

Spain in 2006–2013 (Fig. 1; Table S1 in Supporting Informa-

tion).

We assessed the existing knowledge on vertebrate con-

sumption of hunting remains world-wide by reviewing 113

research works retrieved through a search in Scopus (i.e.

‘scaveng* AND (carcass* OR carrion) AND (hunt* OR har-

vest* OR cull*)’ in ‘Title, Abstract and Keywords’) up to 30

June 2014. We obtained valid data (i.e. systematic monitor-

ing providing a complete list of scavenging species and quan-

tifying their scavenging frequencies) from six locations

world-wide, including Europe (N = 3; Selva, 2004; Killen-

green et al., 2012; Wikenros et al., 2013; Fig. 1), North

America (N = 2; Magoun, 1976; Wilmers et al., 2003) and

Australia (N = 1; Read & Wilson, 2004). We also considered

unpublished data from camera trapping of ungulate carcasses

in South Africa (M. Mole�on, unpublished data; Table S1).

All the hunting remains came from big game herbivores

(Table S1).
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To provide a complete list of vertebrate species scavenging

hunting remains world-wide, we compiled non-systematic

data scattered through the remaining works retrieved by our

Scopus search (Table S2). These data were excluded from

analyses on the structure of the scavenger community.

Data analyses

We calculated scavenger’s species diversity (i.e. Shannon

diversity hereafter) following (Jost, 2007) framework of ‘true’

diversities, equivalent to the exponential of Shannon entropy

(i.e. eH, where H = �Ps
i¼1 pi ln pi). S was the number of

scavenger species within a site (i.e. species richness), and pi
was the scavenging frequency of the ith species in each world
region. The scavenging frequency of each vertebrate species
was the proportion of carcasses at which that species was
recorded scavenging from the total number of carcasses moni-
tored in each region. For works where the sample units were
not the monitored carcasses (N = 3), we estimated scavenging
frequencies using photographs (Killengreen et al., 2012), 10-
day periods (i.e. visits; Wikenros et al., 2013) and kilograms
of hunting remains (Wilmers et al., 2003) as sample units.
We show raw data of scavenger species richness and Shannon
diversity in each ecosystem. Because of the different number
of sample units among ecosystems, we also compared these

two parameters for an equal sampling level. We standardized
all sampling of each ecosystem to an equal completeness (or
coverage). We used the incidence-based data to build cover-
age-based rarefaction and extrapolation curves up to achieve
a base coverage level (i.e. a sampled fraction of the total of
individuals in the community equal for all the study locations
to compare, i.e. 96% for our analysis, Table 1; see Chao
et al., 2014). We used this sample standardization only for
the six regions using monitored carcasses as sample units (see
above).
We used Spearman correlations (i.e. rs; significance level:

P < 0.05) to explore the existence in the scavenger commu-

nity of broad-scale spatial patterns often described for biodi-

versity (Gaston, 2000). We assessed the correlations of

scavenger species richness and Shannon diversity with envi-

ronmental variables (latitude, elevation, precipitation, tem-

perature; Table S3). We also explored the relationships

between these environmental variables and the scavenging

frequencies of the main scavenging groups (i.e. apex preda-

tors, obligate scavengers and generalists; see Table S2 for a

detailed description). To infer possible interspecific relation-

ships, we calculated correlations between the scavenging fre-

quencies of these scavenging groups. We also used chi-square

tests to compare the scavenger communities regarding the

presence of mammals, birds and reptiles (Table 1).

Figure 1 Large ungulates and marsupials hunted world-wide. Hunting bags, that is the number of animals of big game ungulate and

marsupial species hunted each year by country (individuals km�2), are shown. Locations of the study areas (i.e. those with detailed data

on the scavenging community consuming hunting remains) are shown, including our study areas in Temperate and Mediterranean

Spain (i.e. the dotted line in the inset northward and southward, respectively). Photographs show the species accounting for most

captures or emblematic species regarding their distribution, conservation status and/or value as trophies for hunters. See Appendix S1

for the complete list of species, data sources and photograph credits.
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Similar to food web research (Thompson et al., 2012), we

analysed the structure of the scavenger community according

to three different degrees of aggregation of biological species

(hereafter scavenger groups), based on species taxonomy,

body mass and main trophic habits (Table S2). We assessed

the structural similarity of scavenging communities world-

wide using a nonmetric multidimensional scaling (NMDS)

computed over a Bray–Curtis distance matrix. To compute

the distance matrix, we built a group-by-region data matrix

(Mij) with G rows and R columns. G were the different scav-

enger groups (Table S2) and R each of the nine world

regions available (Fig. 1). The value of each element in row

i and column j of this matrix (Mij) was the scavenging

frequency of each scavenger group in each region. We plot-

ted the best two dimensions (axes) from the NMDS.

We performed all the analyses in the statistical program-

ming language R (R Development Core Team, 2014).

RESULTS

Richness and diversity of the scavenger community

Up to 79 vertebrate species were reported scavenging hunting

remains world-wide (Table S2), 69 species at ecosystems with

systematic monitoring (Fig. 2). Vertebrate scavenger richness

varied among ecosystems (6–29 species; Fig. 2; Table 1), rep-

resenting 2–11% of the total terrestrial vertebrate species

richness in each biome (Table 1). Vertebrate scavenger’s

species Shannon diversity widely ranged between regions (i.e.

1.4–12.5; Table 1). When all the ecosystems were posed over

an equal sample coverage, estimated species richness and

Shannon diversity showed similar trends to those of raw data

(Table 1). Extreme biomes (i.e. arid Australia, Alaskan tun-

dra; Fig. 2) exhibited two to three times lower scavenger

richness and diversity than other regions, agreeing with gen-

eral biodiversity patterns (Gaston, 2000). Estimated scavenger

richness positively correlated with total vertebrate and bird

and mammal species richness (rs = 0.89, P = 0.03 for both).

No significant correlations were detected regarding the envi-

ronmental factors considered.

Fifteen scavenging species (19%) – including eight obligate

scavengers and six apex predators – were globally listed as

threatened according to The IUCN Red List of Threatened

Species (Table S2; IUCN, 2014). From none (in arid Austra-

lia) up to 50.0% of the total species recorded in a region

were globally threatened (0–56.3% when considering national

red lists; Fig. 2, Table S2). Locations with a higher presence

of vultures and large felids showed the highest rates of threa-

tened scavengers (i.e. Mediterranean and Tropical regions;

Fig. 2).

Structure of the scavenger community

Only birds and mammals were recorded at hunting remains

in all regions but arid South Australia and Bialowieza Prime-

val forest (where reptiles were detected; Fig. 2 and 3a). The

(a)

(b)

(f)
(g)

(h)

(i)

(c) (d)

(e)

Figure 2 Scavenging frequency of vertebrate species recorded at hunting remains world-wide (a) and at each considered region (b–i).
Capital letters after bars indicate the species’ conservation status according to national/regional legislation. Least concern species have no

letters. Red letters show globally threatened species (Table S2; IUCN 2014). Martes spp. includes M. foina Erxleben and M. martes.

Stercorarius spp. includes S. longicaudus Vieillot and S. parasiticus L. Terrestrial ecoregions are shown. See main text and Appendix S1

for further details.
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number of bird species was slightly higher than that of mam-

mals (52.2%, 36 species, vs. 44.9%, 31 species; v2 = 0.55,

P = 0.46), but this pattern was the opposite in Bialowieza

forest (Table 1). When considering species’ scavenging fre-

quencies, birds dominated the scavenger community in most

regions (Fig. 3a). Nonetheless, the percentage of bird species

consuming hunting remains relative to the total bird richness

was lower than that of mammals in all regions (Table 1).

Obligate (nine vulture species; 13.0%) and facultative (60

bird, mammal and reptile species; 87.0%) scavengers were

recorded consuming hunting remains world-wide (Figs 2

and 3c; Table S2). Facultative scavengers (i.e. mainly general-

ists and apex predators) dominated consumption everywhere

(Fig. 3a). They were the only consumers in most regions

because obligate scavengers were only present in Spanish and

South African ecosystems (Fig. 3a). Vulture presence in these

regions seemed to contribute strongly to the structural simi-

larity of their scavenger communities when compared with

other ecosystems (Fig. 3b).

Where present, vultures scavenged hunting remains at

notable frequencies (i.e. 16.1–32.0%; Fig. 3a), but with

marked differences among species (Fig. 2). Generalist species

(57.2% of the total species recorded; Table S2) dominated

scavenging in all regions (i.e. 71.1–98.1%), but Alaskan Arc-

tic tundra and South African savanna (Fig. 3a). Corvids (i.e.

Corvus spp.) and mesocarnivores (e.g. red fox Vulpes vulpes

L., European pine marten Martes martes L.) were dominant

species in all regions but South Africa (Fig. 2). The presence

of mesocarnivores seemed to be a common structural feature

of European scavenger communities (Fig. 3b). Suids (i.e.

wild boar Sus scrofa L. and bushpig Potamochoerus larvatus

Cuvier) were also noticeable scavengers (i.e. > 20%; Figs 2

and 3a) where present, contributing to the similarity among

South African and European scavenger communities

(Fig. 3b). Apex predators (i.e. eight birds and seven mam-

mals; 24.5%) scavenged hunting remains world-wide, show-

ing highly variable frequencies (i.e. 1.9–48.5%; Fig. 3a).

Large eagles scavenged at noticeable frequencies elsewhere

(Figs 2 and 3). Among mammals, large canids (i.e. wolf

Canis lupus L.) were the apex predators more frequently

scavenging hunting remains (10.9–80.0%) but in South

Africa (Figs 2 and 3). Here, the spotted hyena Crocuta crocu-

ta Erxleben dominated scavenging (i.e. 82.4%; Fig. 3a). Large

felids were frequently recorded in South African savanna

(a)

(b)

(c)

Figure 3 Structure and composition of scavenger communities at hunting remains world-wide. (a) Bar plot showing consumption (as

percentage relative to the sum of all the consumption frequencies at each study location) by each group represented in the two inner

rings of panel ‘c’ in each study location. In the thicker bars, warm colours show mammals and cold colours birds. (b) NMDS showing

the similarity of the scavenger communities considering the groups in the inner ring of panel ‘c’. Group names are placed according to

their contribution for classifying world regions (i.e. different background colours for different continents). See Appendix S1 for

photograph credits. (c) General structure of the scavenger community consuming hunting remains world-wide. Rings show the relative

contribution of each considered group according to the mean frequency of consumption of the species included in that group across all

the regions analysed. Arcs provide mean � standard error (SE, dotted lines) for the groups with the same colour in the two external

rings. See Table S2 for further details on the groups.
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(> 14.7%; Fig. 2h), sharply contrasting with the scarce pres-

ence of felids in other regions (Fig. 3a and b). Other apex

predators scavenged hunting remains at low frequencies else-

where (Fig. 2).

From regional to global scavenger communities: a

general pattern

Although some noticeable differences arise regarding the com-

position and structure of scavenger communities at anthropo-

genic food subsidies from hunting world-wide (Fig. 3a), some

similarities exist, mainly related to their geographic location

(Fig. 3b). Furthermore, the scavenger communities at hunting

remains world-wide seem to share a general structural pattern

(Fig. 3c). This pattern consists almost only of birds and mam-

mals. Birds scavenge more frequently than mammals (i.e.

mean � SE: 65.8 � 7.6% vs. 34.2 � 7.6% respectively) – but

proportionally, more mammal species scavenge compared to

birds. Generalist species (mainly corvids, mesocarnivores and

suids) globally dominate scavenging at hunting remains

(68.1 � 8.3%), with obligate scavengers where present

(7.3 � 3.9%). Apex predators often scavenge these remains

(22.1 � 5.8%), with eagles and large canids being the main

apex species in all regions except Africa. Here, hyenas and

large felids dominate the resource (Fig. 3a and b). The scav-

enging frequency of apex predators negatively correlated with

that of generalists (rs = �0.82, P = 0.01).

DISCUSSION

Anthropogenic food from big game hunting annually subsi-

dizes natural ecosystems with tonnes of carrion (Fig. 1),

feeding a wide range of terrestrial vertebrate species (up to

79, 19% globally threatened; Fig. 2a; Table S2). These are

minimum figures as we have reported a paucity of data on

vertebrate consumption of hunting remains. < 6% of the

scientific literature reviewed on this topic provided detailed

data (i.e. systematic monitoring to identify scavengers and

quantify their presence) on the vertebrate community that

scavenges hunting remains (see Methods). Moreover, the

techniques used to record scavenging (Table S1) could

underestimate it (O’Connell et al., 2010). Nonetheless, the

high monitoring coverage in most regions (i.e. > 94%;

Table 1) indicates that the observed figures are highly repre-

sentative of the actual scavenger communities. Even using

only minimum figures, the vertebrate species subsidized by

hunting remains represent a significant proportion of the ter-

restrial vertebrate species pool (Table 1). Indeed, our results

show that the estimated scavenger richness seems to be func-

tion of the total vertebrate richness in each region, support-

ing the notion that scavenging is a widespread foraging

strategy among vertebrates (DeVault et al., 2003; Selva, 2004;

Wilson & Wolkovich, 2011; Mole�on et al., 2014a).

Anthropogenic food subsidies released into ecosystems can

exert noticeable impacts at individual and population levels

(Oro et al., 2013; Newsome et al., 2015). Hunting remains

are an important food resource for some species with high

scavenging frequencies (e.g. fox, corvids, eagles; Fig. 2), espe-

cially during the breeding period (Read & Wilson, 2004), or

under harsh conditions (e.g. food scarcity, extreme weather;

Wilmers et al., 2003; Read & Wilson, 2004; Selva, 2004; Kil-

lengreen et al., 2012). Although further evidence is lacking

on how hunting subsidies affect species’ demographic param-

eters (but see White, 2006), food availability is expected to

improve individual fitness (e.g. breeding performance, sur-

vival), potentially affecting population dynamics (Wilmers

et al., 2003; Mateo-Tom�as & Olea, 2010; Newsome et al.,

2015). However, consumption of hunting remains can also

limit individual fitness. Lead poisoning through ingestion of

game killed with lead ammunition is a significant hazard to

wildlife (and even to humans; Pain et al., 2010; Kelly et al.,

2011). Our data show that large eagles and vultures, includ-

ing endangered species, often scavenge hunting remains

(Figs 2 and 3), which is a major concern for their conserva-

tion (Kelly et al., 2011; Finkelstein et al., 2012).

The higher spatio-temporal predictability of anthropogenic

food subsidies compared with naturally generated carrion

(e.g. predator kills; Wilmers et al., 2003; Selva, 2004) would

promote consumption by species with a higher ability to

track pulsed food resources (Oro et al., 2013). Social birds

with higher foraging and recruitment abilities (e.g. corvids,

vultures) dominate the consumption of hunting remains at

global scale and/or where present (Fig. 2). The abundance

and distribution of both groups show a strong spatio-tempo-

ral adjustment to big game hunting (White, 2006; Mateo-

Tom�as & Olea, 2010). Abundant generalist species such as

the red fox can also effectively track this pulsed resource

(Oro et al., 2013), becoming the dominant species at hunting

remains (Fig. 2a). Abundant food resources from hunting

would thus play a role in the expansion of species frequently

scavenging anthropogenic food subsidies (e.g. red fox in

Norwegian Arctic tundra; Killengreen et al., 2012). More-

over, frequent scavengers of hunting remains are among the

world’s worst invasive species (i.e. red fox, wild boar; Lowe

et al., 2004). Apex predators such as wolves and hyenas, with

noticeable scavenging frequencies at hunting remains

(Fig. 2a), could also change their distributions in response to

anthropogenic food subsidies (Newsome et al., 2015). Besides

numerical and distributional responses, scavengers could

respond functionally to hunting remains through dietary

shifts (e.g. Andean condors Vultur gryphus L. changed their

diet from native fauna to exotic game species; Lambertucci

et al., 2009). The implications of consuming this predictable

resource on evolutionary processes – as already noticed for

other anthropogenic food subsidies (Oro et al., 2013; New-

some et al., 2015) – should be further considered.

Structure of the scavenger community consuming

hunting remains

By altering species’ abundance and distribution, hunting

remains added into ecosystems could also impact
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communities, mainly by affecting the interspecific interac-

tions (e.g. competition, predation) structuring them

(Mole�on et al., 2014a). Interestingly, despite some variations

in species’ composition and richness among world regions,

scavenger communities at hunting remains share a general

structure (Fig. 3c). This agrees with highly structured patterns

(instead of randomness) found in some scavenger communi-

ties (Selva & Fortuna, 2007) and with ecological theory pre-

dicting similarity of communities consuming the same

resources (Segar et al., 2013). These similarities might respond

to some taxa filling the same niches in each community (i.e.

phylogenetic niche conservatism) but also to ecological con-

vergence (i.e. different lineage species shifting their trophic

niche or with similar pre-adaptations to exploit anthropogenic

food subsidies; see above). Nonetheless, dispersal and anthro-

pogenic constraints on some guilds (e.g. vultures, apex preda-

tors; Ripple et al., 2014) may explain structural differences in

the scavenger communities between regions.

The scavenger community exploiting hunting remains is

dominated globally by generalist species, while apex preda-

tors and obligate scavengers show lower scavenging frequen-

cies (Fig. 3). Bottom-up forces from hunting remains could

trigger a numerical response, especially in species with a

higher ability to track this pulsed resource and in cosmopoli-

tan opportunistic species known to benefit from predictable

anthropogenic food subsidies (e.g. generalists; see above; Oro

et al., 2013; Newsome et al., 2015). This would increase their

relative importance in the community and their associated

cascading effects. High numbers of generalist scavengers could

alter top-down forces, leading to higher levels of predation

(i.e. hyperpredation) on alternative prey once carrion is con-

sumed (Wilmers et al., 2003; Killengreen et al., 2012; Mole�on

et al., 2014a). Human–wildlife conflicts (e.g. illegal poisoning;

Mateo-Tom�as et al., 2012) could arise with increasing preda-

tion pressure on species of human interest (e.g. game,

livestock; Read & Wilson, 2004; Newsome et al., 2015).

Obligate scavengers (i.e. vultures) and apex predators can

limit the presence of generalists at hunting remains (Mole�on

et al., 2014a; Ripple et al., 2014), out-competing them for

food (Ruxton & Houston, 2004; Cort�es-Avizanda et al.,

2012; Ogada et al., 2012b). As keystone species, apex preda-

tors could also exert top-down control through both lethal

Table 2 Structure of scavenger communities at different carrion types. Percentages show the relative scavenging frequencies of each

group (e.g. the proportion of carcasses scavenged by a species based on the total number of carcasses monitored; see main text for

further details). Only studies with detailed datasets are included. Class and main scavenger groups defined according to criteria in Table

S2. Colours as in Table 1. See Appendix S1 for references.

¶ ¶

¶

¶

na, no data available.

*Number of individual carcasses monitored.
†Ungulates dead from other causes than predator kills or hunting (e.g. disease, malnutrition). §Study areas already considered in this work, see

main text and Figs 1 and 2.
–Ungulates and lagomorphs.
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(i.e. predation) and non-lethal (e.g. spatio-temporal exclu-

sion) effects (Ripple et al., 2014). Accordingly, in those areas

with both obligate scavengers and apex predators (e.g. South

African savanna), the already stated dominance of generalist

species at hunting remains is considerably reduced (Fig. 3a

and b; see also Table 2). The global dominance of generalist

species in the scavenger community shown by our data

(Fig. 3c) suggests an alteration of the top-down mechanisms

exerted by obligate scavengers and apex predators likely due

to their general decline across the planet (Ogada et al., 2012a;

Ripple et al., 2014). Although information is lacking on the

mechanisms linking structural and functional alterations in

scavenger communities, the potential role of some overabun-

dant generalist scavengers (e.g. wild board, feral dog) in

spreading or maintaining diseases has been suggested (Pain

et al., 2003; Vicente et al., 2011). This could be so especially

in highly degraded ecosystems with low scavenger diversity

where obligate scavengers that rapidly dispose of carcasses are

absent (Markandya et al., 2008; Ogada et al., 2012a,b). None-

theless, while aggregation and intraspecific contact at carcasses

is often reported as a likely source of horizontal disease trans-

mission for several scavengers (e.g. carnivores; Markandya

et al., 2008; Ogada et al., 2012b; Newsome et al., 2015), the

role of most scavengers in the transmission dynamics of

diseases from carcasses remains widely unknown and even

misunderstood (Bellan et al., 2013).

The general structure of the scavenger community at hunt-

ing remains provides a useful benchmark to which compare

scavenger communities at other carrion types, advancing

knowledge on the impacts of anthropogenic food subsidies

on ecosystems (Oro et al., 2013). Similar to hunting remains,

birds and mammals dominate scavenging at other carrion

types (e.g. predator kills, naturally dead ungulates, small car-

casses, livestock; Table 2). Generalist species and obligate

scavengers are often reported consuming anthropogenic food

subsidies world-wide (Oro et al., 2013), with large canids

being the most prevalent consumers among apex predators

(Newsome et al., 2015). As already described for hunting

remains, the importance of generalists in the scavenger com-

munity decreases considerably when both obligate scavengers

and apex predators are present (e.g. African ecosystems;

Table 2). Further similarities emerge when comparing scav-

enging at different types of ungulate carcasses (Table 2). As

already recorded at hunting remains, generalists dominate

scavenging at predator kills and naturally dead ungulates

while apex predators are present at lower frequencies. The

scavenger communities at these ungulate carcasses (i.e. hunt-

ing remains, predator kills and naturally dead ungulates)

share a similar nested structure (Selva & Fortuna, 2007) –
but opposite to that reported for small-sized carcasses

(Sebasti�an-Gonz�alez et al., 2013). Predator kills are less

aggregated in space and time than hunting remains (Wilmers

et al., 2003; Selva, 2004; Wikenros et al., 2013) and thus

might promote higher species diversity (Wilmers et al., 2003;

Cort�es-Avizanda et al., 2012). This has been noted in areas

where both types of carrion have been monitored (i.e.

Yellowstone and Scandinavian forest, Fig. 2; Wilmers et al.,

2003; Wikenros et al., 2013). Nonetheless, the opposite trend

has also been reported (i.e. Bialowieza forest, Fig. 2e; Selva,

2004), highlighting the need for more research on the topic

to properly deal with other factors that could further explain

such differences in species richness (e.g. sample size, carcass

characteristics; Wilmers et al., 2003). Further analysis should

assess the role of the type of carrion (i.e. entire corpses, guts,

mixed remains, see Table S1) in shaping vertebrate scavenger

communities. For example, carcass openness might affect

species composition and/or richness by excluding/favouring

some species according to their feeding preferences (Selva,

2004).

Additional efforts should be undertaken to get detailed

data on the scavenger communities consuming different car-

rion types world-wide, especially in the current context of

global change (Wilson & Wolkovich, 2011; Beasley et al.,

2012). For example, data on scavenger communities at hunt-

ing remains are lacking for most terrestrial biomes (Fig. 2).

Data on the availability of anthropogenic food subsidies are

also needed for a better assessment of their potential impacts

on scavenging and ecosystems (Weinbaum et al., 2013). Spe-

cial attention should focus on Africa, Asia and South Amer-

ica. These regions harbour several biodiversity hotspots

(Myers et al., 2000) and an increasing presence of food-sub-

sidizing activities such as hunting and livestock rearing (Bal-

dus et al., 2008; Lambertucci et al., 2009). Moreover, similar

to that already described for livestock (Tella, 2001; Oaks

et al., 2004; Don�azar et al., 2009; Mateo-Tom�as, 2009), most

of the negative impacts of anthropogenic food subsidies on

ecosystems could increase under intensification (Vicente

et al., 2011; Oro et al., 2013). Nonetheless, more information

on scavenging is necessary to improve our knowledge on the

impacts of human activities on community and ecosystem

processes, including nutrient and energy flows and provision-

ing of key ecosystem services associated with scavenging (e.g.

disease control). As a first key step, characterizing scavenging

links (as provided here) would allow their inclusion in food

webs, further advancing our understanding of the ecological

processes linking biodiversity, ecosystem functions and ser-

vices (Wilson & Wolkovich, 2011; Thompson et al., 2012).
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