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1Department of Ornithology, Aranzadi Sciences Society, Zorroagagaina 11, 20014 Donostia-San Sebastián, Spain; 2Department of
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ABSTRACT

Carrion production is one of the most crucial yet

neglected and understudied processes in food webs

and ecosystems. In this study, we performed a

large-scale estimation of the maximum potential

production and spatial distribution of ungulate

carrion biomass from five major sources in penin-

sular Spain, both anthropogenic (livestock, big

game hunting, roadkills) and natural (predation,

natural mortality). Using standardized ungulate

carrion biomass (kg/year/100km2) estimates, we

evaluated the relationship between ungulate car-

rion production and two ecosystem-level factors:

global human modification (GHM) and primary

productivity (NDVI). We found that anthropogenic

carrion sources supplied about 60 times more

ungulate carrion biomass than natural sources

(mean = 90,172 vs. 1533 kg/year/100km2, respec-

tively). Within anthropogenic carrion sources,

livestock was by far the major carrion provider

(91.1% of the annual production), followed by big

game hunting (7.86%) and roadkills (0.05%).

Within natural carrion sources, predation of

ungulates provided more carrion (0.81%) than

natural mortality (0.13%). Likewise, we found that

the spatial distribution of carrion differed among

carrion sources, with anthropogenic carrion being

more aggregated in space than natural carrion. Our

models showed that GHM was positively related to

carrion production from livestock and roadkills,

and that wild ungulate carrion supplied by natural

sources and big game hunting was more frequently

generated in more productive areas (higher NDVI).

These findings indicate a disconnection between

the main ungulate carrion source (livestock) and

primary productivity. Ongoing socio-economic

changes in developed countries (for example in-
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crease of intensive livestock husbandry and rewil-

ding processes) could lead to additional alteration

of carrion production processes, with potential

negative impacts at the community and ecosystem

levels. Overall, we highlight that carrion biomass

quantification should be considered a crucial tool in

evaluating ecosystem health and delineating effi-

cient ecosystem management guidelines in the

Anthropocene.

Key words: big game hunting; carrion biomass

quantification; global human modification; live-

stock; primary productivity; roadkill; terrestrial

ecosystems; ungulates.

HIGHLIGHTS

� Anthropogenic ungulate carrion sources ex-

ceeded natural carrion production in terrestrial

ecosystems

� Overall, anthropogenic carrion depended mainly

on human activities, while wild ungulate carrion

was linked to ecosystem productivity

� Thus, the supply of the main ungulate carrion

sources was largely disconnected from ecosystem

processes

INTRODUCTION

Understanding detritus production and energy

transfer across food webs has concerned ecologists

for decades, as it is necessary to explain ecological

complexity (that is, community structure) and

ecosystem functioning (Moore and others 2004).

Full recognition of the eco-evolutionary and ap-

plied implications of decomposition and nutrient

cycling among trophic levels within and across

ecosystems requires quantifying the fundamental

ecological processes involved (Rooney and others

2006; Philippe and others 2012). Nevertheless,

major gaps exist in the quantification of detritus

biomass. Importantly, most studies to date have

focused on estimating dead plant biomass (for

example, Shuring and others 2006; Zhou and oth-

ers 2018; Veen and others 2019; Pausas and Bond

2020 and references therein). Although plants

contribute the most to global detritus biomass (Bar-

On and others 2018), animal carcasses (that is,

carrion) are comparatively higher-quality detritus

that exerts disproportionate effects on ecosystem

energetics, structure, and function (Swift and oth-

ers 1979; DeVault and others 2003; Payne and

Moore 2006; Wilson and Wolkovich 2011; Beasley

and others 2012; Barton and others 2013; Moleón

and others 2014). Carrion is rapidly consumed, in

both terrestrial and aquatic systems, by a plethora

of scavengers and decomposers (DeVault and oth-

ers 2003; Wilson and Wolkovich 2011; Beasley and

others 2012; Barton and others 2013). However, it

is precisely this ephemeral nature of carrion that

has probably contributed to its historical underes-

timation in food webs (DeVault and others 2003;

Moleón and Sánchez-Zapata 2015), and also com-

plicates its quantification. Therefore, more detailed

assessments of carrion biomass and its spatial dis-

tribution are needed to model carrion as a distinct

detrital pool, and to acknowledge its manifold

ecological and anthropogenic ramifications (Ben-

bow and others 2015; Barton and others 2019;

Moleón and others 2019).

When quantifying carrion biomass in ecosys-

tems, a distinction should be made between carrion

production, which is the focus of this study, and

carrion availability, which is the result of how the

carrion produced is partitioned among different

consumers and the environment (Moleón and

others 2020). The quantity and quality of carcasses

supplied in a given area and period of time are

strongly dependent on factors such as species

identity and mortality cause (Selva and others

2005; Moleón and others 2019). Two main sources

of carrion can be distinguished depending on

whether it comes from natural processes (for

example, predation, disease, and senescence) or

anthropogenic activities (for example, livestock

husbandry, game hunting, and roadkills; Selva and

others 2005; Moreno-Opo and Margalida 2019;

Moleón and others 2019). In general, naturally

produced carrion is supplied more unpredictably

(that is, sometimes in the form of ‘‘pulses’’; Pereira

and others 2014; Cortés-Avizanda and others 2009,

2012, 2016), and is of higher quality than carrion

from human-caused mortality, which is supplied in

a more regular fashion but may contain toxics such

as lead bullets (in the case of game species, Arrondo

and others 2020) and veterinary drugs (in the case

of livestock; Newsome and others 2015; Cortés-

Avizanda and others 2016; Blanco and others

2019).

The contribution of naturally and artificially

produced carcasses to the overall carrion pool may

vary widely in different areas and seasons. For in-

stance, in some protected and relatively natural

areas, natural mortality causes are predominant

(Wilmers and others 2003; Selva and others 2004),

while the opposite may be true in more anthro-
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pized areas (Margalida and others 2011). In addi-

tion, the provision of carrion from anthropogenic

sources is heavily dependent on livestock and game

management techniques (Olea and Mateo-Tomás

2009) and environmental and sanitary policies that

regulate waste disposal (Donázar and others 2009).

In contrast, natural mortality may depend on bot-

tom-up effects such as primary productivity, which

is usually linked to wild ungulate abundance

(Barbosa and others 2020). Similarly, top-down

forces such as diseases and predation also provide

carrion to ecosystems (Wilson and Wolkovich

2011). In turn, disentangling the factors associated

with ungulate carrion production is essential to

understand the role of carrion in food webs.

Carrion production is increasingly linked to the

main human-related forces of global environmen-

tal change. Humans have modified almost all

ecosystems worldwide in a very short period

(Watson and others 2018; Kennedy and others

2019). The increase in the demand for resources

and/or socio-economic changes have facilitated the

introduction, removal or increase of certain forms

of matter in ecosystems (for example, anthro-

pogenic food subsidies; Oro and others 2013). In

Spain, such changes have involved a large increase

in reactive nitrogen inputs, which has been largely

associated with growing livestock production

(Lassaletta and others 2013). Socio-economic

changes have also led to the abandonment of rural

areas and the urbanization and agricultural inten-

sification in others, especially in developed coun-

tries (Westhoek and others 2006), causing the

colonization of abandoned areas by wild ungulates

and a progressive land-use change in a process

known as ‘‘passive rewilding’’ (Navarro and Pereira

2015). Similarly, some historical activities have

largely been replaced by more productive tech-

niques; for example, the traditional agro-pastoral

practices such as extensive livestock husbandry are

progressively being substituted by intensive farm-

ing (Olea and Mateo-Tomás 2009; Perino and

others 2019). Far beyond the positive and negative

effects that these changes may have on biodiver-

sity, these processes also affect the supply and cycle

of nutrients (for example, carrion) that shape the

productivity, composition, and diversity of terres-

trial ecosystems (Oro and others 2013; Newsome

and others 2021). Thus, estimating the distribution

and abundance of carrion could help to understand

the extent to which humans are impacting crucial

ecosystem-level processes under a global change

scenario.

The goal of this study is twofold. First, we aim to

quantify the amount and spatial distribution of

ungulate carrion from different natural and

anthropogenic sources that is annually produced

throughout peninsular Spain, a hotspot for the

conservation of vertebrate scavengers (Margalida

and others 2010). Second, we aim to explore the

relationship between the amount of ungulate car-

rion supplied from different sources and two factors

operating at the ecosystem level: human pressure

and primary productivity. We hypothesize that, in

a developed country such as Spain, the biomass of

anthropogenic ungulate carrion will exceed the

biomass of naturally produced carrion, and that

human pressure and primary productivity will af-

fect anthropogenic and natural ungulate carrion

production processes differently. In particular, we

expect that the relationship between human pres-

sure and ungulate carrion biomass will be deter-

mined by the degree of dependence of each

particular carrion source on human activities, and

that greater carrion biomass will be found in highly

productive areas (Barton and others 2019). We

discuss how carrion production processes have

been altered in the Anthropocene in the context of

global change and rewilding scenarios, emphasising

the effects at the ecosystem level and for commu-

nities depending on this trophic resource. Finally,

based on this experience, we offer a set of recom-

mendations towards obtaining more accurate car-

rion biomass estimates at the ecosystem level.

MATERIALS AND METHODS

Data Collection

We focused on five major sources of ungulate car-

rion, from both domestic (1. carcasses not used for

commercial purposes) and wild ungulates (2. big

game hunting, 3. roadkills, 4. predation, and 5.

other causes of natural mortality; see Moleón and

others 2019). For some purposes, these sources

were further grouped into two main types: A.

anthropogenic (that is, livestock, big game hunting,

and roadkills) and B. natural (that is, predation and

other natural mortality). For each ungulate carrion

source, we studied the species that are known to

supply most of the carrion biomass in peninsular

Spain. In relation to livestock, we selected the most

abundant species (cattle, pigs, and goats/sheep)

(Morales-Reyes and others 2015). Regarding wild

ungulates, we chose the species most frequently

hunted (namely wild boar Sus scrofa, roe deer

Capreolus capreolus, red deer Cervus elaphus, barbary

sheep Ammotragus lervia, chamois Rupicapra pyre-

naica, fallow deer Dama dama, iberian ibex Capra

pyrenaica and mouflon Ovis orientalis; Mateo-Tomás
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and others 2015; MAGRAMA 2020) and road-kil-

led (namely wild boar, roe deer and red deer;

Zuberogoitia and others 2014; Sáenz-de-Santa-

Marı́a and Tellerı́a 2015). In the case of predation

and other causes of mortality, we focused on the

wild boar, given that it is a main prey species for

wolves Canis lupus (see Blanco and others 1992;

Barja 2009; Lagos and Bárcena 2018) and the most

abundant wild ungulate species in the Iberian

Peninsula (Acevedo and others 2014; Valente and

others 2020).

For each carrion source, we estimated the max-

imum annual biomass of carrion (kg/year) pro-

duced in peninsular Spain, and represented it using

the UTM 10 9 10 km grid. Details on carrion bio-

mass estimation are provided in Supp Mat Appen-

dix S1. In short, carrion biomass from livestock was

obtained by multiplying the number of censused

individuals at the municipality level in 2018 by the

mortality rate and average weight for each species

(Supp Mat Table S1). To estimate carrion from big

game hunting, we gathered data of the average

number of hunted ungulate species between 2005–

2016 at the province level (MAGRAMA 2020; Supp

Mat Table S2) and multiplied them by the average

weight of each species (Table S3). In the case of

roadkills, we multiplied the number of road-killed

individuals for each of the three selected species

between 2006 and 2012 at each municipality (ob-

tained from Sáenz-de-Santa-Marı́a and Tellerı́a

2015; Supp Mat Table S4) by their average weight

(Supp Mat Table S3). Carrion from predation was

calculated by using wolf presence data from the

Spanish national census of 2014 and applying

killing rates (Vucetich and others 2002; Supp Mat

Table S6) for each wild boar abundance grid cell

overlapping the wolf distribution area (Acevedo

and others 2014; MITECO, 2014) and the average

weight of wild boar (Supp Mat Table S3). Finally,

carrion biomass from natural mortality of wild

boars was estimated from spatial data of abundance

(from Acevedo and others 2014), mortality rate and

average weight of this species in peninsular Spain

(Supp Mat Table S3; Table S5).

Statistical Analyses

We first assessed the spatial distribution of each

ungulate carrion source (according to the UTM

10 9 10 km grid) by developing a global Moran’s I

test accounting for spatial autocorrelation by using

‘‘Moran’’ function implemented in the ‘‘raster’’

package in R (Hijmans 2020). Global Moran’s I test

ranges from -1 to + 1, indicating dispersed (values

towards -1), random (values around 0) or clustered

(values towards + 1) resources. Furthermore, to

check how the correlation varies in relation to

distance, we plotted the results of the Moran’s test

by using ‘‘correlogram’’ function implemented in

the ‘‘ELSA’’ package in R (Naimi and others 2019).

Then, we evaluated the relationship between

ungulate carrion biomass production and a) human

pressures, represented by the Global Human

Modification Index (hereafter GHM) (Kennedy and

others 2018), and b) primary productivity, indi-

cated by the Normalized Difference Vegetation In-

dex (hereafter NDVI) (Pettorelli and others 2011).

The GHM map measures the spatial extent of 13

anthropogenic stressors and their estimated inten-

sities of influence, producing a continuous 0–1

metric of the ecological condition of the landscape

at a resolution of 1 km (Kennedy and others 2018).

It accounts for the proportion of each grid cell

covered by the stressor and multiplies it by an

intensity value based on ‘emergy’ measures of

human-induced impacts on biological, chemical,

and physical processes of lands (see Kennedy and

others 2019 for more details). NDVI is a proxy of

primary productivity and resource distribution and

dynamics across different ecological levels (from

population to entire ecosystems) (see Pettorelli and

others 2006, 2011), being closely linked to the

population dynamics of ungulate species (Hurley

and others 2014). NDVI layer is on 1 km resolution

with values ranging from -1 (lowest productivity)

to + 1 (highest productivity; Copernicus Global

Land Service 2020). We used the mean NDVI

monthly values for peninsular Spain between 1997

and 2017. For each carrion source raster dataset,

grid cells were converted into points to match

covariate values to each 1 km pixel at which both

GHM and NDVI were recorded. For each point, the

mean value of GHM and NDVI was calculated.

We performed Generalized Linear Models (GLM,

McCullag and Nelder 1989) with a Gaussian dis-

tribution and identity link function, separately for

each carrion source. Prior to modelling, we ensured

that each carrion biomass source was independent

of each other by performing a matrix correlation

test (see Supp Mat Table S7). Carrion biomass (kg/

year/100km2) was the response variable, while

GHM and NDVI were the explanatory variables.

We used every 1 9 1 km square with data for

carrion biomass, GHM and NDVI as the sample unit

(n = 4979 squares). The two variables were in-

cluded in the models, as they were uncorrelated

(Spearman correlation: -0.15). Model selection was

based on Akaike’s Information Criterion (AIC;

Burnham and Anderson 2002). We considered

models within two AICc units of the best model
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(that is, the model with lowest AIC) as having

similar support (Burnham and Anderson 2002). To

assess the overall explanatory power of the selected

models for each carrion source, we computed their

deviance (D2; Burnham and Anderson 2002) using

the ‘‘modEvA’’ package in R (Barbosa and others

2015). Finally, we visually checked the homo-

geneity of variance and normality of residuals by

using residpannel() function implemented in the

‘‘ggresidpannel’’ package in R (Goode and Rey

2019).

Spatial and statistical analyses were done,

respectively, in ArcGIS 10.5 (ESRI, 2016) and R

version 3.5.1 (R Core Team 2020).

RESULTS

Considering all carrion sources together, we esti-

mated a mean potential annual production of

ungulate carrion in peninsular Spain of c. 31 ton-

nes/100km2 (Table 1). Ungulate carrion came

mostly from anthropogenic sources (c. 99% of the

total carrion biomass estimated; Table 1; Fig-

ure 1A). Carrion from livestock (c. 91%) repre-

sented the majority of total carrion biomass,

compared to wild ungulates (c. 9%; Table 1; Fig-

ure 1B). Within wild ungulates, carrion was

mainly supplied by big game hunting (c. 97% of

total wild ungulate carrion; Table 1). These carrion

resources were unevenly distributed throughout

peninsular Spain (Figure 2A–E), with livestock

carrion being the most widely distributed resource

(Figure 2A) and carrion from predation showing

the most restricted distribution (Figure 2C). Over-

all, the highest amount of carrion biomass was lo-

cated in the central-west part of peninsular Spain,

which is mainly dominated by ‘‘dehesas’’ (that is,

savannah-like Mediterranean landscapes; Fig-

ure 2F) rich in livestock exploitations and big game

hunting activity. When analysed in detail, the

Moran’s I test values showed that, in general, car-

rion from natural processes exhibited lower auto-

correlation values, thus occurring in a more

random and dispersed way (Moran’s I: 0.20 and

0.66 for carrion biomass from predation and natu-

ral mortality, respectively; Supp Mat Figure S1)

compared to anthropogenic carrion sources, which

appeared more spatially clustered (Moran’s I: 0.63,

0.73 and 0.74 for carrion from roadkills, big game

hunting and livestock, respectively; Supp Mat Fig-

ure S1).

Our models showed that both GHM and NDVI

were associated with carrion production in penin-

sular Spain, with the best model including both

variables. In addition, the model including GHM

only was also selected in the case of carrion from

livestock, and the model including NDVI only was

ranked first in the case of carrion from predation

(Table 2 and Supp Mat Table S8). As expected,

GHM was especially relevant to explain anthro-

pogenic sources of carrion, showing a positive but

weak relationship with carrion from livestock and

roadkills (Figures 3A and C) and a clear negative

association otherwise (Figures 3B, D and E). NDVI

showed a more pronounced positive association

with carrion produced from natural sources and big

game hunting (Figures 3D and E) than with carrion

supplied by livestock and roadkills (Figures 3A and

C).

DISCUSSION

In this study, we quantified ungulate carrion

potential production in terrestrial ecosystems of

mainland Spain and showed that, nowadays,

anthropogenic carrion sources (livestock mortality,

big game hunting and roadkills) clearly exceed

those from natural processes, such as natural

Table 1. Ungulate Carrion Biomass (kg/year/100 km2) Supplied by Different Carrion Sources in Peninsular
Spain, and Their Relative Contribution (%)

Category Details Mean ± SD Range Contribution

Type Anthropogenic 90,172 ± 144,765 0–1,783,270 99.1

Natural 1533 ± 763 0–1660 0.865

Wild vs. domestic Livestock 82,796 ± 140,581 0–1,783,270 91.1

Wild ungulates 8909 ± 5225 0–20,466 8.895

Source Livestock 82,796 ± 140,303 0–1,783,270 91.1

Big game hunting 7264 ± 4208 0–20,466 7.91

Roadkills 112 ± 254 0–3451 0.053

Predation 854 ± 394 0–1660 0.812

Natural mortality 679 ± 369 0–1354 0.125

SD = Standard Deviation.
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mortality and predation. Not surprisingly, livestock

stood out as the major source of ungulate carrion.

The increasing demands for meat and derivatives

from a growing human population worldwide (Oro

and others 2013) have led to an exponential rise in

global livestock biomass in recent decades (c. 0.1 Gt

of livestock, mainly cattle and pigs, vs c. 0.007 Gt of

wild mammals; Bar-On and others 2018). For

example, in Spain, pig numbers have increased

from 6 to more than 30 million heads since the

1960s, becoming the main pig producer in Europe

(Lassaletta and others 2014). This, together with

the fact that big game hunting is a common practice

in many regions of the world (Mateo-Tomás and

others 2015; Benı́tez-López and others 2019) and

that the road networks are increasing globally

(Ibisch and others 2016), suggests that humans are

currently the major providers of carrion biomass,

especially in developed countries. Overall, our

findings contribute to the increasing perception

that food subsidies from humans are greatly re-

shaping natural communities and ecosystems at a

global scale (Oro and others 2013).

Our results showed that, in general, the most

productive areas (that is, highest NDVI) were

associated with the highest wild and domestic

ungulate carrion supply, though the models

explaining livestock carrion biomass had very low

explanatory capacity (see Table 1). This may be due

to the contrasting environments that are occupied

by extensive and intensive livestock, with the latter

inhabiting areas of higher human influence than

the former. In relation to human pressure (GHM),

the generally positive association found with

anthropogenic carrion sources indicates a strong

disconnection of livestock mortality and roadkills

from primary productivity (Naylor and others

2005), which still positively correlates with ungu-

late carrion production from natural sources and

big game hunting in Spain. Traditional livestock

husbandry has been largely reduced over the last

twenty years in Europe, as opposed to intensive

farming (Food and Agriculture Organisation of the

United Nations; available at http://faostat.fao.org/).

Intensive farming production often relies on feed

produced far away from the farms, which requires

large-scale transportation (McAulifhe and others

2016). Importantly, these changes in livestock

production systems also mean a redistribution and

homogenization of the carrion supplied by

domestic ungulates. The large-scale input of

nutrients derived from livestock carcass consump-

tion might contribute to anthropogenic nitrogen

enrichment of terrestrial ecosystems potentially

affecting biogenic GHGs (Liu and Greaver 2009).

This fact might be particularly relevant in Spain

where the main scavenger (griffon vulture) is a

highly mobile species breeding in natural areas but

foraging in anthropogenic ecosystems and such

mobile links have a relevant role in ecosystem

functioning (Lundberg and Moberg 2003; Gu-

tiérrez-Cánovas and others 2020). Thus, anthro-

pogenic nitrogen from carcasses mediated by

vulture scavenging might have a key role on

nutrient cycling potentially influencing food webs

at the landscape level (Polis and others 2004).

Our results showing the important role of

anthropogenic sources of ungulate carrion pro-

Figure 1. Estimated ungulate carrion biomass (in a natural log scale) in peninsular Spain, according to (A) carrion type

(natural or anthropogenic) and (B) wild vs. domestic species. Density plots show the distribution of values of each carrion

source.
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duction could be extrapolated to many other re-

gions of the world. Areas devoted to livestock

currently account for up to 26% of the Earth’s

surface (Foley and others 2011). This means that

Figure 2. Spatial distribution of ungulate carrion biomass production (kg/year/100 km2) for (A) livestock, (B) big game

hunting, (C) roadkills, (D) predation, (E) natural mortality and (F) total carrion in peninsular Spain.

Large-Scale Quantification and Correlates of Ungulate Carrion Production in the Anthropocene 389



livestock carrion is available in most terrestrial

ecosystems. Similarly, big game hunting also sub-

sidizes ecosystems with large amounts of carrion

(Mateo-Tomás and others 2015). In Europe and the

USA, game hunting generates about 1.0Æ108 and

about 6.9Æ105 tonnes of carrion every year (Vicente

and others 2011; Oro and others 2013). The rela-

tively high predictability of these carrion resources,

from local (Cortés-Avizanda and others 2016) to

large scales (this study), facilitates their consump-

tion by scavengers (Cortés-Avizanda and others

2012; Mateo-Tomás and others 2015). Moreover,

livestock mainly graze in open areas, which facili-

tates carrion detection, especially to vultures and

other avian scavengers (Arrondo and others 2019).

Roadkills also provide important inputs to ecosys-

tems in certain areas. Grilo and others (2020)

estimated that about 194 million birds and about 29

million mammals might be killed every year on

European roads. This represents a huge reward of

highly detectable carcasses to opportunistic scav-

engers (Lambertucci and others 2009).

Nevertheless, anthropogenic carrion poses sev-

eral risks for scavenger communities. For instance,

Gangoso and others (2021) showed that exploiting

anthropogenic-derived carrion could entail physi-

ological costs in vultures. Also, anti-inflammatory

drugs used for livestock, such as diclofenac, pose

deadly risks for scavengers (see Herrero-Villar and

others 2021; Margalida and others 2021). Another

potential threat for scavengers is the lead from rifle

bullets found in tissues of hunted ungulate car-

casses (Hunt and others 2006). Lead contamination

could have both subclinical and lethal effects on

vultures that regularly feed in areas with frequent

hunting activity (for example, Monclús and others

2020; Arrondo and others 2020). Roadkills may

also pose a threat for avian scavengers due to their

risk of collision with vehicles (De Vault and others

2015). Finally, the predictable nature of anthro-

pogenic carrion sources makes scavengers particu-

larly sensitive to changes in their availability

(López-López and others 2013, 2014), alters evo-

lutionary pressures that shaped specialist scav-

engers’ life history (Oro and others 2013; Cortés-

Avizanda and others 2016), and compromises

species diversity and coexistence in scavenging

guilds (Cortés-Avizanda and others 2012).

Despite the huge quantity of ungulate carrion

annually produced in mainland Spain, not all be-

comes available to scavengers, decomposers, and

the environment. For example, the disposal in the

field of livestock carrion in Europe was subject to

regulation (EC 1774/2002) after the mad cow

Table 2. Results of the Generalized Linear Models to Assess the Relationship Between Ungulate Carrion
Biomass Supplied by Different Sources and a) Human Pressure (GHM) and b) Primary Productivity (NDVI) in
Peninsular Spain

Carrion source Ranking k Model AIC DAIC D2

Livestock 1 3 GHM + NDVI 132,141.5 0.00 0.31

2 2 GHM 132,143.0 1.46 0.20

3 1 Null 132,151.6 10.10

4 2 NDVI 132,151.8 10.26

Big game hunting 1 3 GHM + NDVI 94,975.2 0.00 22.01

2 2 NDVI 95,414.2 438.97

3 2 GHM 95,656.8 681.59

4 1 Null 96,196.0 1220.72

Roadkills 1 3 GHM + NDVI 67,454.1 0.00 10.53

2 2 NDVI 67,486.3 32.17

3 2 GHM 67,990.3 536.22

4 1 Null 67,993.3 539.17

Predation 1 2 NDVI 4064.7 0.00 29.10

2 3 GHM + NDVI 4066.2 1.44 28.95

3 1 GHM 4156.8 92.10

4 2 Null 4158.7 94.01

Natural mortality 1 3 GHM + NDVI 70,601 0.00 28.31

2 2 NDVI 70,951.5 350.51

3 2 GHM 71,771.6 1170.61

4 1 Null 72,237 1636.06

Model AICc values, the relative difference in AIC units compared with the top-ranked model (DAIC), and the variability of the models explained by the predictors (percentage of
explained deviance, D2) are shown. Selected models are highlighted in bold.
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Figure 3. Modelled relationship between ungulate carrion biomass production (kg/year/100 km2) and the selected

covariates GHM and NDVI. Results are shown separately for carrion from livestock (A), big game hunting (B), roadkills

(C), predation (D) and natural mortality (E). Range represents the values (0–1) that covariates GHM and NDVI could take.

Shaded areas represent the 95% confidence intervals.
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outbreak in 2001. This led to the obligation of

removing livestock carrion for many areas until

2012, when a new regulation (EC 142/2011;

Spanish RD 1632/2011) allowed leaving extensive

livestock carcasses in the field in certain areas

which are especially important for the feeding of

necrophagous species. These areas represent a large

part of mainland Spain (> 60%; Morales-Reyes

and others 2017). Moreover, the implementation

of such measures in the Spanish autonomous

communities has been highly uneven (Morales-

Reyes and others 2017; Mateo-Tomás and others

2019). This have led to wide availability of exten-

sive livestock carcasses, even in the period with

most restrictive regulations. Intensive livestock

carcasses are sometimes removed to be transformed

or destroyed in authorized plants (Morales-Reyes

and others 2015), though others are made avail-

able, either intentionally or due to ineffective col-

lection systems, in landfills (Fernández-Gómez and

others 2022). Regarding carrion from big game

hunting, gut piles are often abandoned in the field,

plus whole carcasses that are unrecovered by

hunters (Mateo-Tomás and Olea 2010; Vicente and

others 2011). Road-killed ungulates are usually

removed by road services (sometimes after the ar-

rival of scavengers), but their effectiveness depends

on factors such as the size of the animal or the road

type (pers. observ.; Putman and others 2011).

However, many carcasses are just moved some

meters away (pers. observ.). As opposed to

anthropogenic carrion, carcasses from natural

mortality and predation are readily available in the

landscape (Wilmers and others 2003).

CAVEATS AND FUTURE DIRECTIONS

We identified some potential caveats in the quan-

titative assessment of carrion biomass production

that should be considered when interpreting our

results (see Table S9). First, the official data on

livestock numbers that we assessed do not separate

between extensive and intensive livestock systems.

This prevents quantifying their separate contribu-

tion to the total supply of livestock carrion biomass

and identifying potential differences in their cor-

relates. In addition, a high variability exists in the

extensive/intensive livestock farming spectrum,

which includes semi-intensive or semi-extensive

forms. Second, there were no detailed spatial data

(that is, at 10 9 10 km grid or municipality scale)

in the case of big game hunting, which probably

obscured the relationship between carrion from

this source and GHM and NDVI. Third, the lack of

accurate data on the density/abundance of wild

ungulates prevented us from obtaining predation-

and natural mortality-related carrion biomass esti-

mates for other ungulate species. Fourth, the

available data did not allow us to quantify to which

extent predation and big game were additive or

compensatory to other mortality causes in wild

ungulates (see Sandercock and others 2011). Al-

though improving the abovementioned points

would have allowed us to get more accurate cal-

culations, we think our main conclusions on the

relative carrion biomass supplied by each source

are robust. This is mainly due to the substantial

differences obtained for each carrion source. For

instance, carrion biomass from livestock and big

game hunting was, respectively, about 97 and 9

times higher compared to carrion supplied by pre-

dation. Also, many of the abovementioned con-

straints are shared across different areas, which

allows for spatial comparisons, especially consid-

ering the 10 9 10 km grid scale.

We estimated the maximum ungulate carrion

quantity potentially produced by different sources.

Apart from increasing the accuracy of carrion bio-

mass production, the main challenge for future

research is estimating the proportion of the carrion

produced that enters the ecosystems and is avail-

able to scavengers, decomposers and the environ-

ment. For instance, it is important to account for

how many livestock carcasses are removed from

the field to be transformed or incinerated in

authorized processing plants (Morales-Reyes and

others 2015) and to estimate the proportion of

hunted wild ungulates that is destroyed or used for

human consumption (Sevillano-Morales and oth-

ers 2011; Margalida and Moleón 2016; Sevillano-

Morales and others 2018). In this sense, differences

in sanitary and environmental policies delineation

and implementation among different supra- and

infra-national administrative units should also be

integrated when accounting for spatial availability

of carrion (for example, Morales-Reyes and others

2017). Moreover, estimates of carrion biomass in

ecosystems should integrate the seasonality in

carrion production (Pereira and others 2014; Bar-

ton and others 2019). Future studies should also

recognize the differential ecological roles of differ-

ent types of carrion, in relation to not only mor-

tality cause, but also carcass type and species

(Moleón and others 2020). In this regard, estimates

of carrion biomass from non-ungulate vertebrates

(including herbivorous and carnivorous species)

and invertebrates, which may represent an

important part of the total carrion biomass in an

ecosystem (Barton and others 2019), would be

highly welcome. Finally, further research on car-
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rion biomass quantification should acknowledge

the ongoing global changes in the socioecological

context. For instance, the current scenario of

abandonment of rural areas and traditional prac-

tices in developed countries (Perino and others

2019) is leading to a rewilding process that includes

the drastic reduction of free grazing herds and in-

creased niche availability for wild ungulates

(Apollonio and others 2010; Acevedo and others

2011), with the subsequent expected increase in

wild ungulate carrion biomass.

Addressing all these points could settle steps to

follow in carrion production quantification re-

search. This will undoubtedly improve carrion re-

source management, assessment of the risks linked

to each resource, and accounting for ecosystem

health state.
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