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ABSTRACT

Scavenging has been profusely studied in the last decades. However, carrion is more than a direct source of food
for scavengers and decomposers, as it may provide many non-scavenging ecological functions. These include the
provision of carrion insects to insectivores and hair to nest-building species. However, the patterns of use of these
resources are greatly unknown. In this context, carnivore carcasses may represent an outstanding study model
because they usually persist in the environment for longer than herbivore carcasses. Here, we used video-
trapping to explore the consumption of carrion insects and hair taking at 99 red fox (Vulpes vulpes) carcasses
in three areas of southeastern Spain. Carcasses were frequently used for consuming insects and taking hair (7.3
events in total on average per carcass). These non-scavenging behaviors were observed over eight weeks for most
carcasses, peaking around the fifth week. Birds were the main users of carcasses, distantly followed by mammals;
reptiles were only recorded feeding occasionally on carrion insects. These behaviors were more frequent during
spring, when the demand for insects for offspring feeding and hair for nest building is maximized by many
vertebrates. Moreover, the community of species exhibiting each of these behaviors was highly organized, as
evidenced from their nested structure. We observed co-occurrence of insect consumption and hair taking in a
quarter of carcasses, with co-occurrence being mostly due to chance and certain individuals and groups that used
some carcasses for both purposes. Overall, non-scavenging uses of fox carcasses by vertebrates in our study area
is more frequent than scavenging, which highlights the broad ecological relevance of carnivore carcasses and

opens exciting future research avenues.

Introduction

Carrion, i.e., dead animal tissue, is a nutrient-rich, ephemeral, and
relatively unpredictable trophic resource that is readily exploited by a
myriad of decomposers and invertebrate and vertebrate scavengers
(DeVault et al., 2003; Wilson & Wolkovich, 2011; Barton et al., 2013).
However, carrion is much more than a direct source of food for de-
composers and scavengers. For instance, humans have obtained bones,
skin, and other raw materials from carcasses since our origins to make
tools and ornaments (Quaggiotto et al., 2022). Also, carrion is
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considered a key element in disease dynamics, as it may carry pathogens
(Markandya et al., 2008; Turner et al., 2014) and favor their trans-
mission among the animals gathering around carcasses (Ogada et al.,
2012). Other less known ecological functions of carcasses include their
role as fecal marking nuclei for mammalian carnivores (Barja & List,
2014; Gonzdlvez et al., 2021a) and in shaping the landscape of fear for
scavenging and non-scavenging animals (Moleon & Sanchez-Zapata,
2021; Redondo Gomez et al., 2023). All these non-scavenging functions
—and others that may remain undiscovered — may be of great importance
for the maintenance of biodiversity and represent a promising research

1439-1791/© 2025 The Authors. Published by Elsevier GmbH on behalf of Gesellschaft fiir (‘5kologieA This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0001-8942-8203
https://orcid.org/0000-0001-8942-8203
https://orcid.org/0000-0002-7052-8332
https://orcid.org/0000-0002-7052-8332
https://orcid.org/0000-0003-0423-3189
https://orcid.org/0000-0003-0423-3189
https://orcid.org/0000-0002-8742-0109
https://orcid.org/0000-0002-8742-0109
https://orcid.org/0000-0001-7229-1845
https://orcid.org/0000-0001-7229-1845
https://orcid.org/0000-0002-3217-3307
https://orcid.org/0000-0002-3217-3307
https://orcid.org/0000-0002-5626-5441
https://orcid.org/0000-0002-5626-5441
mailto:drg@ugr.es
www.sciencedirect.com/science/journal/14391791
https://www.elsevier.com/locate/baae
https://doi.org/10.1016/j.baae.2024.12.008
https://doi.org/10.1016/j.baae.2024.12.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.baae.2024.12.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

D. Redondo-Gdémez et al.

avenue with wide ecological, evolutionary, behavioral, epidemiological,
and anthropological implications.

In this study, we focus on two non-scavenging functions of carrion
that have been largely overlooked in the scientific literature. First,
carcasses may hold an abundant community of necrophagous and nec-
rophilous insects (Barton et al., 2013), which represent a rich and highly
nutritive food that may be exploited by insectivorous animals during the
carcass decomposition process (Mason et al., 2023; Melville et al., 202.3;
Hashizume et al., 2024),). Many studies have investigated the succession
of the carrion insect assemblage in carcasses of domestic animals for
forensic purposes (Wang et al., 2008; Voss et al., 2011; Martin-Vega
et al., 2019; Matuszewski et al., 2020; Matuszewski & Madra-Bielewicz,
2024). However, further entomological studies on carcasses of wild
species in natural conditions are needed (Braack, 1987; Watson &
Carlton, 2005; Anderson, 2019; Von Hoermann et al., 2021; Hashizume
et al., 2024), and very little is known about the role of carrion insects as
a food resource (Moreno-Opo & Margalida, 2013; Mason et al., 2023;
Schwegmann et al., 2023).

Second, in addition to direct and indirect (or secondary) trophic
resources, carcasses provide non-trophic resources, such as hair and
feathers. These materials are widely used for nest building by birds
(Toth, 2008; Ondrusova & Adamik, 2013) and mammals (Gil-Delgado
et al., 2010). Adding hair and feathers to the nests can influence bird
reproductive success through mechanisms that range from nest insu-
lation (Perez et al., 2020) to the prevention of nestlings’ diseases
(Aubretch et al., 2013) and sexual selection processes (Garcia-Lopez de
Hierro et al., 2013). Hair and feathers may come from live animals (the
so-called kleptotrichy and kleptoptily, respectively, from Greek “klep-
to-“=to steal and “trich-’=hair or “ptero-“=feather; Whitney, 2007;
Pollock et al., 2021) or from their carcasses (a phenomenon that could
be termed necrokleptotrichy and necrokleptoptily, from Greek ‘“nec-
ro-“=death). Necrokleptotrichy and necrokleptotily have already been
observed in nature (Toth, 2008; Moreno-Opo & Margalida, 2013;
Moleoén & Sanchez-Zapata, 2016; Harnicarova & Adamik, 2016; Sarlin &
Morris, 2022), but these behaviors are still poorly understood.

These non-scavenging roles of carrion require that the carcass per-
sists over a sufficient period in the environment, to allow its detection by
species potentially using it as well as the development of the carrion
insect community (Munoz-Lozano et al., 2019; Hashizume et al., 2023).
Carcasses of herbivore vertebrates such as lagomorphs and ungulates
may be completely eaten within hours, especially in the presence of
highly efficient scavengers such as vultures and large carnivores
(Sebastian-Gonzdlez et al., 2013; Mateo-Tomas et al., 2017). This largely
prevents the establishment of abundant communities of carrion insects
and could reduce the availability of fur and its detectability. In contrast,
carcasses of carnivorous mammals are usually avoided by other scav-
enging mammals, which generally leads to a longer persistence of these
carcasses in the environment than herbivore carcasses (Moleon et al.,
2017; Gonzalvez et al., 2021a; Peers et al., 2021; Butler-Valverde et al.,
2022; Hashizume et al., 2023). This could allow many species to use
carnivore carcasses for non-scavenging purposes such as insect con-
sumption and/or hair taking (Moleon et al., 2017). In southeastern
Spain, the abundance of insects at carnivore carcasses in mid-winter to
early spring sharply increases from the second week after carcass
placement, and decreases mainly after 1-2 months, with fly larvae
dominating the first stages of carcass decomposition and then being
progressively replaced by beetles. After that, carcass remains, including
fur, are still observable in and around the carcass site (Munoz-Lozano
et al., 2019). Thus, carnivore carrion is a particularly promising study
model to explore non-scavenging functions of carcasses in ecosystems,
as well as potential associations between different non-scavenging
functions. These associations may appear when the same individual
uses the carcass for different purposes, or simply by chance. Also,
co-occurrence of different behaviors in a given carcass may be favored
by facilitative processes among carcass users, as observed in scavenging
assemblages (Moleon et al., 2014).
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Here, we study two non-scavenging behaviors at red fox (Vulpes
vulpes) carcasses: 1) consumption of carrion insects, which represents a
non-scavenging or indirect trophic function, and 2) hair taking or nec-
rokleptotrichy, as an example of a non-trophic function. After describing
the patterns of insect consumption and hair taking and analyzing the
factors influencing them, we explore the potential association between
these two behaviors. We predict that (1) insect-consumption behavior
will be more frequent during the peak phase of carrion insect larvae
biomass availability; (2) hair-taking behavior will extend beyond the
depletion of the insect resource; and (3) both behaviors will (a) be
connected by insectivorous species that construct nests and by species
that may signal carcass location to other species, and (b) be more
frequent during the breeding season, i.e., when the demand for insects
and hair is maximized by carrion-visiting species. Fully acknowledging
these non-scavenging behaviors could notably extend our understanding
of the ecological role of carrion.

Materials and methods
Study areas

The study was conducted in three areas of southeastern Mediterra-
nean Spain: Sierras de Cazorla, Segura y Las Villas Natural Park (here-
after, Cazorla), Sierra Espuna Regional Park (hereafter, Espuna), and the
surroundings of Murcia city (hereafter, Murcia). These areas represent
three different scenarios according to orography, anthropization,
weather conditions, and vertebrate communities. Cazorla (500-2107 m
a.s.l.) is a vast protected mountain range with a relatively low degree of
anthropization. The mean annual temperature is 12-16 °C and the mean
annual precipitation is 300-950 mm. Espuna (200-1583 m a.s.l.) is a
protected mountainous area with a medium level of anthropization. This
area is slightly warmer (13-18 °C), and drier (300-500 mm) than
Cazorla. The third area (100-315 m a.s.l.) is ca. 10 km from the city of
Murcia, so the level of anthropization is high. The climate is the warmest
and driest of the three study areas (17-23 °C, 200-450 mm). Wild
vertebrate richness is highest in Cazorla, and the red fox is the most
abundant wild mammalian carnivore in the three study areas
(Gonzalvez et al., 2021a; b).

Monitoring of carcasses

Between 2017 and 2022, we monitored 99 red fox carcasses during
winter and spring (November-April) through camera trapping in the
three study areas (see Table 1). The carcasses, coming from recent
roadkills or approved hunting, were necropsied and eviscerated for
veterinary examination and immediately stored at —20 °C inside plastic
bags. We analyzed the carcasses in the laboratory to exclude the pres-
ence of Trichinella spp., Sarcoptes scabiei, and the most common viral
diseases affecting carnivores (canine distemper virus and canine
parvovirus). Then, carcasses were defrosted for 12-24 h at laboratory
temperature and placed in areas of natural vegetation (primarily oaks
Quercus ilex and pines Pinus nigra) in both open and closed habitats (<50
% and >50 % tree cover within a radius of 10 m, respectively), with a
minimum distance of 1.5 km between neighboring simultaneous car-
casses. Some of the placement sites were reused in subsequent years.

Table 1
Number of red fox carcasses monitored per study area, habitat, and season
(according to carcass deployment date).

Season Habitat
Area Non-breeding Breeding Open Closed Total
Cazorla 24 13 17 20 37
Espuna 22 10 11 21 32
Murcia 20 10 1 29 30
Total 66 33 28 71 99
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Carcasses were attached to a rock or a tree trunk to avoid displacement
from the camera focus. Cameras (Bushnell Trophy Cam and Bushnell
Aggressor) were placed 3-4 m from the carcass and they were pro-
grammed to record one picture and one 15 s video every minute while
detecting movement (Gonzalvez et al., 2021a; b). Carcass monitoring
lasted until the carcasses were completely consumed/decomposed (i.e.,
only skin, bones, and other hard tissues remained), which was generally
observed approximately after 50 days.

Definition of insect-consumption and hair-taking behaviors

We identified insect-consumption and hair-taking behaviors from the
videos recorded by the cameras. First, we considered consumption of
insects when the recorded images showed: 1) an animal unequivocally
consuming an insect (at any life stage) directly from the carcass or
within a 1.5-m radius around it, 2) an animal carrying insects in its beak,
or 3) an animal taking something directly from the carcass or within a
1.5-m radius around it followed by swallowing (for birds) or chewing
(for mammals), as long as the carcass itself was not consumed (Fig. 1).
Meat consumption was identified because it usually implies a vigorous
action that often includes jerks, as opposed to the more delicate capture
of insects. Although this approach can wrongly include some con-
sumption of food other than insects, the insectivorous habits of most
consuming species and the presence of many insects around the moni-
tored carcasses minimized this potential bias. Moreover, we did not
assign insect-consumption behavior unless we had clear evidence. Sec-
ond, we considered that the hair-taking behavior occurred when the
recorded images showed: 1) an animal taking hair directly from the
carcass or within a 1.5-m radius around it, or 2) an animal holding hair
(compatible with the carcass) in its beak/mouth within a radius of 1.5 m

Insect consumption
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around the carcass (Fig. 1).

General treatment of data

First, we grouped the recorded files into independent events, namely
groups of videos or photos separated by <30 min that show the same
individual or group performing a certain behavior (O’Brien et al., 2003;
Ridout & Linkie, 2009; Gonzalvez et al., 2021a; b). Individuals of the
same species appearing in videos separated <30 min were considered as
the same individual to avoid overestimation of events unless individual
identification was possible. To ensure independence between events,
monospecific groups of individuals consuming insects or taking hair
were considered as a single event.

Second, we defined our response variables. For each carcass and
behavior (insect consumption and hair taking), we calculated the num-
ber of events (sum of all recorded events), species richness (number of
different species observed displaying the behavior), and time of first use
(days elapsed between carcass deployment and the first recorded
behavior). We also calculated the weekly number of events, i.e., the
number of events per week, and the weekly co-occurrence of behaviors, as
a binomial variable indicating whether the two behaviors occurred in
the same carcass within a given week. In addition, we explored co-
occurrence of insect consumption and hair taking at a shorter tempo-
ral scale. In particular, for each carcass with co-occurrence of these two
behaviors, we determined the number of times that a hair-taking event
was immediately preceded by an insect-consumption event (and vice
versa), as well as the time (<1 h vs. >1h) elapsed between these
consecutive events of different behaviors.

Third, using the carcass as sample unit (n = 99), we fitted General-
ized Linear Models (GLMs) to explain the changes in the number of

Fig. 1. Frames of videos showing insect-consumption and hair-taking (i.e., necrokleptotrichy) behaviors performed by several species (a: wild boar Sus scrofa; b:
European robin Erithacus rubecula; c: ocellated lizard Timon lepidus; d: garden dormouse Eliomys quercinus; e: red-billed chough Pyrrhocorax pyrrhocorax; f: great tit
Parus major; g: red-billed chough) in fox carcasses, detected through camera trapping. Mammals, birds, and reptiles are represented by orange, blue, and green,

respectively.
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events, species richness, and time of first use of each behavior (response
variables) according to these explanatory variables: area (Cazorla,
Espuna, or Murcia), season (according to the carcass deployment date:
November-February or March-April; non-breeding and breeding season,
respectively, for most local birds and micromammals; Moreno, 1988;
Catalan & Haeger, 1996; Roldan et al., 2013), and habitat (open or
closed). Number of events and species richness were modeled using Poisson
error distribution and log link function, while we used Gaussian error
distribution and identity link function for time of first use. For each
response variable, we fitted the complete set of uni- and multi-variate
models with >10 observations per parameter (Hardy & Bryman,
2004), including a null model without explanatory variables. We
selected the most parsimonious model based on Akaike’s Information
Criterion for small sample sizes (AICc; using the function AICc of the
package AICcmodavg; Mazerolle, 2019). The model with the lowest
AICc and all other models within delta-AICc<2 were considered equally
supported (Burnham & Anderson, 2002). For these selected models, we
calculated the proportion of explained deviance according to this for-
mula: D?> = (null deviance-residual deviance)/null deviance*100
(Burnham & Anderson, 2002).

Fourth, to study temporal trends in insect-consumption and hair-
taking behaviors, we fitted Generalized Linear Mixed Models (GLMMs)
with carcass as random factor. We assessed the effect of area, season,
habitat, and week (number of week since carcass deployment; both
normal and quadratic functions) in the weekly number of events, sepa-
rately for insect consumption and hair taking, and the weekly co-occur-
rence (response variables). For model construction and selection, we
used a multi-model inference approach like the one described above for
GLMs. Models were built using the optimal random structure, previously
determined by comparing the model with all fixed terms and different
combinations of the random structure (i.e., with and without the
random term; Martin-Diaz et al., 2018). We used Poisson error distri-
bution and log link function for weekly number of events, and binomial
error distribution and logit link function for weekly co-occurrence. To
calculate the variance explained by fixed factors, we computed the
marginal coefficient of determination for generalized mixed-effect
models (R% Nakagawa & Schielzeth, 2013; Johnson, 2014; using the
function r.squaredGLMM from the package MuMIn in R; Barton, 2023).

Network analyses

To further investigate the potential association between insect-
consumption and hair-taking behaviors, we ran network analyses. For
this purpose, we created an interaction network where each row i rep-
resented a carcass and each column j was a species. Each matrix cell aij
was filled with the number of times that each species was detected in
each carcass. We created one matrix for insect consumption and another
for hair taking. Then, we used these two matrices to build a tripartite
network that shows the interactions among carcasses, species that used
them, and types of behavior, using the plotweb2 function from the
bipartite package in R (Dormann et al., 2009).

In addition, we created another matrix including both insect-
consumption and hair-taking behaviors. Thus, species performing both
behaviors appeared twice in the dataset. Then, we evaluated how
different species and behaviors co-occurred in the same carcasses by
using cluster analysis. We calculated the clustering coefficient in R with
the igraph package (Dormann, 2011). To identify if the clustering coef-
ficient was larger than expected by random, we created 100 random
matrices where the proportion of interactions per column and row was
kept constant. Finally, we estimated whether the observed clustering
coefficient fell within 95 % of the clustering values found for the random
matrices.

Finally, we analyzed the nestedness of the community, separately for
each behavior, using the nested function from the bipartite package in R
(Dormann et al., 2009). In our case, the community would be nested if
the species consuming insects (or taking hair) at carcasses visited by few
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insect-consuming (or hair-taking) species are subsets of those species
consuming insects or (taking hair) at carcasses visited by more
insect-consuming (or hair-taking) species. We measured the nestedness
of the network by using the NODF metric (nestedness metric based on
overlap and decreasing fill; Almeida-Neto et al., 2008). Perfectly nested
matrices show an NODF value of 100, but random matrices show in-
termediate NODF values. Thus, to identify if the matrix was more nested
than expected by random, we compared the NODF metric with that
obtained by randomizing the value using a null model that controlled for
the effects of species richness and sample size and maintains the het-
erogeneity in the number of interactions across species and carcasses
(Sebastian-Gonzalez et al., 2015). To identify the most important species
in maintaining the network structure, we calculated the contribution to
nestedness (N) of each species (Saavedra et al., 2011; Silva et al., 2023)
using the nestedncontribution function from the bipartite package in R
(Dormann et al., 2009). The N metric aims to assess how each individual
species affects the community nestedness compared to a random species.
To do so, the nestedcontribution function randomizes the interactions of
the focal species, recalculates nestedness and then compares the
observed and randomized values. Species enhancing overall nestedness
will have positive values, while those with a negative contribution will
have negative values. All analyses were conducted in R 4.0.5 (R Core
Team, 2020).

Results
Insect consumption

In total, we recorded 355 insect-consumption events, performed by
19 different species (16 birds, two mammals, and one reptile species; see
Appendix A: Table 1) at 51 different carcasses (51.5 % of the 99 moni-
tored red fox carcasses; 45.9-59.4 % of total carcasses per area; Table 2).
Corvids (carrion crow Corvus corone, red-billed chough Pyrrhocorax
pyrrhocorax, Eurasian jay Garrulus glandarius, and Eurasian magpie Pica
pica) performed 26.8 % of the recorded insect-consumption events. The
European robin (Erithacus rubecula) and Eurasian stone-curlew (Burhinus
oedicnemus) were also frequently recorded consuming insects (19.2 %
and 14.6 % of events, respectively). Two mammals (wild boar Sus scrofa
and garden dormouse Eliomys quercinus) and one reptile species (ocel-
lated lizard Timon lepidus) were also detected consuming insects at
carcass sites.

The number of events was explained by area, habitat and season
(Tables 3, see Appendix A: Tables 2 and 5), being higher in Murcia, in
open habitats, and during the breeding season (Table 2, see Appendix A:
Table 5). However, the selected model showed a very low explanatory
capacity (D?<7 %; Table 3, see Appendix A: Table 5). There were no
better models than the null model to explain changes in species richness
and the time of first use (Table 3). In relation to the temporal trends, the
weekly number of events was particularly dependent on the time after
carcass deployment, as revealed by the GLMs (though the explained
deviance was low; Table 3, see Appendix A: Table 5), increasing pro-
gressively until the sixth week and sharply decreasing afterwards
(Fig. 2). The richness of the species consuming insects and the per-
centage of carcasses in which this behavior was observed followed a
similar pattern, though less skewed (Fig. 2).

The community performing insect-consumption behavior showed a
nested structure (Z=6.65; p<0.001). The species with higher contribu-
tion to nestedness were the black redstart (Phoenicurus ochruros), the
Eurasian stone-curlew, and the ocellated lizard (N=1, N=0.99, and
N=0.98, respectively)

Hair taking
In total, we recorded 358 hair-taking events, performed by 12

different species (11 birds and one mammal) at 42 different carcasses
(42.4 % of the 99 carcasses monitored; 37.5-48.6 % of total carcasses
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Table 2
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Mean + standard deviation (n: number of carcasses used to calculate the variable) of 1) the “number of events” per carcass, 2) the number of different species per-
forming the behavior per carcass (“species richness™), and 3) the time of the first recorded event per carcass (“time of first use”, in hours). Data are shown separately by

behavior (insect consumption or hair taking), season, and area.

Behavior Variable Area

Season

Non-breeding

Breeding

Total

Number of events Cazorla
Espuna
Murcia
Total
Species richness Cazorla
Espuna
Murcia
Total
Time of first use Cazorla
Espuna
Murcia
Total
Number of events Cazorla
Espuna
Murcia
Total
Species richness Cazorla
Espuna
Murcia
Total
Time of first use Cazorla
Espuna
Murcia
Total

Insect consumption

Hair taking

0.88 + 2.09 (24)
1.14 £+ 2.03 (22)
1.40 £ 5.58 (20)
1.12 + 3.47 (66)
0.38 + 0.58 (24)
0.45 + 0.74 (22)
0.15 + 0.37 (20)
0.33 + 0.59 (66)
31.67 + 15.68 (8)
36.43 + 22.15 (7)
37.00 £ 10.00 (3)
34.75 + 17.25 (18)
2.46 + 4.33 (24)
4.68 + 7.92 (22)
1.35 £ 2.94 (20)
2.86 + 5.6 (66)
0.71 + 0.91 (24)
0.95 + 0.90 (22)
0.40 + 0.68 (20)
0.70 + 0.86 (66)
15.75 + 14.05 (11)
15.60 + 11.08 (15)
15.80 + 2.17 (6)
15.68 + 10.75 (32)

12.46 + 25.37 (13)
2.60 + 4.27 (10)
9.90 +9.10 (10)
8.70 + 16.96 (33)
1.08 +1.04 (13)
0.80 + 1.03 (10)
1.70 + 1.16 (10)
1.18 + 1.10 (33)
16.20 + 13.91 (10)
22.75 £16.7 (5)
20.78 +10.44 (9)
19.13 + 12.81 (24)
3.46 + 6.63 (13)
1.10 &+ 1.73 (10)
11.60 + 15.18 (10)
5.21 + 10.07 (33)
0.62 + 0.77 (13)
0.40 £ 0.52 (10)
1.70 + 0.48 (10)
0.88 + 0.82 (33)
12.33 + 7.06 (6)
14.67 +£5.77 (4)
18.56 + 12.81 (9)
15.83 + 10.21 (19)

4.95 + 15.77 (37)
1.59 4 2.93 (32)
4.23 +7.92 (30)
3.65 + 10.71 (99)
0.62 + 0.83 (37)
0.56 + 0.84 (32)
0.67 + 1.03 (30)
0.62 + 0.89 (99)
22.00 + 16.06 (18)
31.45 + 20.63 (12)
24.83 +£12.30 (12)
25.54 + 16.53 (42)
2.81 +5.18 (37)
3.56 + 6.80 (32)
4.77 +10.07 (30)
3.65 + 7.42 (99)
0.68 + 0.85 (37)
0.78 + 0.83 (32)
0.83 + 0.87 (30)
0.76 + 0.85 (99)
14.29 +11.34 (17)
15.44 +10.26 (19)
17.57 +£10.21 (15)
15.74 + 10.43 (51)

Table 3

AlCc-based selected models for insect-consumption and hair-taking behaviors to assess the effect of area (Cazorla, Espuna, and Murcia), season (breeding and non-
breeding), and habitat (open, closed) on the number of events per carcass, the number of different species performing the behavior per carcass (species richness)
and the time of first recorded behavior per carcass (in hours); and the effect of area (Cazorla, Espuna, and Murcia), season (breeding and non-breeding), habitat (open,
closed), and time (weeks) on the number of weekly events, and the co-occurrence of hair-taking and insect consumption behaviors. The number of estimated pa-
rameters (k), AICc values, AICc differences (AAICc) with the highest-ranked model (i.e. the one with the lowest AICc), and the variability of the models explained by
the predictors (deviance D? for GLMs and marginal R? for GLMMs) are shown. Only selected models are shown (see Appendix A: Tables 2, 3 and 4 for all models). N =

99 carcasses in all models.

Behavior Response variable Model k AlCc AAICc D%*/R?
Insect consumption Number of events area + season + habitat 4 1001.30 0 6.9
Richness 1 (null model) 1 228.00 0 0.0
season 1 229.15 1.15 0.9
habitat 1 229.83 1.82 0.2
Time of first use 1 (null model) 1 349.50 0 0.0
Weekly number of events week + week? + (1|carcass) 2 526.52 0 <0.4
week + (1|carcass) 1 527.01 0.49 <0.1
week + week? + habitat + (1|carcass) 3 528.18 1.66 <0.5
Hair taking Number of events area + season + habitat 4 902.45 0 35.3
Richness season 1 193.79 0 19.9
season + habitat 2 195.74 1.95 20.1
Time of first use season 1 325.36 0 22.2
season + habitat 2 325.54 0.18 26.7
Weekly number of events week + week? + (1 |carcass) 2 519.84 0 0.2
week + week? + season + (1|carcass) 3 521.38 1.54 0.2
Both Weekly co-occurrence week + week? + season + (1 |carcass) 3 231.12 0 0.13
week + week? + area + season + (1 |carcass) 5 233.03 1.91 0.14
week -+ week? + season + habitat + (1|carcass) 4 233.04 1.91 0.13

per area; Table 2). Tits (great tit Parus major, European crested tit
Lophophanes cristatus, and coal tit Periparus ater) performed 57.5 % of the
total recorded hair-taking events. The garden dormouse (Eliomys quer-
cinus) and carrion crow (Corvus corone) were also frequently recorded
taking hair (19.6 % and 9.8 % of events, respectively).

As revealed by the selected GLMs, which showed a moderate
explanatory capacity (D?> = c. 20-35 %), the number of events, the
species richness, and the time of first use were mostly dependent on
season (Table 3, see Appendix A: Tables 3 and 5). Importantly, differ-
ences due to season were always higher than differences among areas
and habitat types (Table 2). The number of events and species richness
were higher in the breeding season; accordingly, the time of first use was
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lower in the breeding season (Table 3, see Appendix A: Tables 3 and 5).
In relation to the temporal trends, the weekly number of events was
highly dependent on the time after carcass deployment, as revealed by
the GLMs (Table 3, see Appendix A: Tables 3 and 5), substantially
increasing from the second week and decreasing after the sixth week
(Fig. 2). The richness of the species taking hair and the percentage of
carcasses in which this behavior was observed followed a similar
pattern, though less pronounced for richness. Interestingly, when cor-
recting for the number of available carcasses, the percentage of carcasses
used as a source of hair and, especially, the number of species per-
forming this behavior, showed an increasing trend, with maximum
values toward the final stages of carcass decomposition. Similarly, the
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Fig. 2. Weekly development since carcass deployment of the number of events, the number of different species performing the behavior, and the percentage of
carcasses showing insect-consumption (upper row) and hair-taking (lower row) behaviors. The right axis and the black horizontal lines represent the weekly
development of the number of monitored carcasses. The curves above the graphs show the trend line of the ratio between the variables (number of events, species
richness, or percentage of carcasses) and the number of monitored carcasses in that week. The red line inside the graphs for the number of events represents co-
occurrence, i.e., the number of carcasses showing both insect-consumption and hair-taking behaviors each week. Mammals, birds, and reptiles are represented by
orange, blue, and green, respectively, and the darkness of the color is proportional to the average weight of the species (darker color: higher weight). Note that
temporal changes in the studied variables are not exclusively due to changes in the number of monitored carcasses. There was one hair-taking event in week 12 that is

not represented in the graphs for better visualization.

number of hair-taking events at this final stage decreased less sharply
than insect-consumption events (Fig. 2).

As for insect consumption, the community of species taking hair from
carcasses also showed a nested structure (Z = 2.07; p = 0.02). The two
species of corvids detected taking hair, the red-billed chough and the
carrion crow, contributed the most to the nested structure of the
network (N = 1, and N = 0.98, respectively).

Co-occurrence and interaction between behaviors

Overall, we detected both insect consumption and hair taking in 26.2
% of carcasses, and co-occurrence within a given week was recorded at
19.2 % of carcasses. As found for each behavior separately, the weekly
co-occurrence of both behaviors followed a bell-shaped distribution,
with a maximum 3-6 weeks after carcass deployment (Fig. 2), as shown
by the GLMMs; moreover, co-occurrence was higher during the breeding
season, in open habitats, and in Cazorla (R2:0.13—0.14; Tables 3, see
Appendix A: Tables 4 and 5). We detected only eight hair-taking events
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within 1 h after the last insect-consumption event (total number of
consecutive events of different behaviors: 54), and six insect-
consumption events within 1 h after the last hair-taking event (total
number of consecutive events of different behaviors: 52). Nine (five
insect-consumption events preceded by hair-taking events and four hair-
taking events preceded by insect-consumption events) of these 14 co-
occurrences of different behaviors within a 1h-interval corresponded
to the same individual (one co-occurrence by garden dormouse) or
group (eight co-occurrences by corvids) that performed the two be-
haviors in the same carcass. The other five co-occurrences within a 1h-
interval (one insect-consumption event preceded by hair-taking event
and four hair-taking events preceded by insect-consumption events)
occurred between different species of birds.

The tripartite network (Fig. 3) revealed differences in the number of
events of each behavior recorded in every carcass: some carcasses were
used very intensely as a source of hair but not as an insect supply, and
vice versa. In addition, the tripartite representation suggests different
strategies adopted by the species exploiting the monitored carcasses. In
particular, while some species concentrated most of their events on a
few carcasses and used intensively these carcasses upon detection (this
was the case of the insect consumption by the Eurasian stone-curlew),
other species distributed their events across a greater number of car-
casses and used them less frequently (this was the case of insect con-
sumption by thrushes Turdus sp.; Fig. 3). Besides, other species, such as
the great tit, appeared to use both strategies (Fig. 3).

The observed clustering coefficient (0.292) was significantly larger
than the clustering coefficients calculated for the null matrices (mean
coefficient of the null matrices = 0.052, SD = 0.056, p = 0.01). The
clustering analysis identified six different modules, three of them being
mono-specific and the other three including 5-13 species (Fig. 4).
Within the multi-species groups, one of them only included species
consuming insects, while the other two included the two behaviors.

Athene noctua (1)
Burhinus oedicnemus (52) —
Columba palumbus (1)

Corvus corone (49) —

Eliomys quercinus (15)
Emberiza cia (8)

Erithacus rubecula (68) —

Garrulus glandarius (26)
Lanius senator (3)
Phoenicurus ochruros (7)
Phoenicurus phoenicurus (1)
Pica pica (9)

Pyrrhocorax pyrrhocorax (11)
Saxicola rubicola (1)

Sus scrofa (29)

Timon lepidus (17)

Turdus merula (10)

Turdus sp.( (44)
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Discussion

Around two decades after the scientific community started to
recognize that the scavenging community is not randomly assembled (e.
g. Selva & Fortuna, 2007), our findings strongly indicate that
non-scavenging uses of carnivore carcasses may also be common and
structured (i.e., nested) behaviors, rather than occasional and random.
In our study, an important proportion of the monitored carcasses were
used as a source of insects (52 %), hair (42 %), and both resources
simultaneously (26 %), and we recorded an average of 7.3
non-scavenging carrion use events per carcass throughout the c. 50 days
in which their decomposition process was monitored (Table 2; note that
this does not include other non-scavenging uses of carrion, such as
marking). These results indicate that the non-scavenging use by verte-
brate species of red fox carcasses in our study area is more frequent than
the consumption of meat (2.6 scavenging events per carcass on average
for carcasses monitored in 2016-2018, n = 56; Gonzalvez et al., 2021a).
Moreover, most of the species exhibiting these non-scavenger behaviors
were non-scavengers, suggesting that carrion may serve important
ecological functions for a broader range of species beyond the scavenger
guild.

Insect consumption

The number of insect-consumption events and the richness of species
performing this behavior roughly followed the pattern of temporal
variation in insect abundance in fox carcasses previously described in
southeastern Spain (Munoz-Lozano et al., 2019). These authors observed
a decrease in the number of blow fly larvae after the first month,
whereas the number of Coleoptera larvae (mainly from the family
Dermestidae) gradually increased (Munoz-Lozano et al., 2019), as the
later are specialized in the consumption of dry tissues that are commonly
associated with carcasses in advanced stages of decomposition
(Matuszewski et al., 2008; Magni et al., 2019). After the sixth week, we
detected a sharp decrease in the number of insect-consumption events

Carduelis carduelis (6)

Corvus corone (35)

Eliomys quercinus (70)

Emberiza cia (3)
Fringilia coelebs (14)

Lophophanes cristatus (18)
Paridae (2)

Parus major (155)

Periparus ater (33)

Pyrrhocorax pyrrhocorax (13)

Serinus serinus (8)

Fig. 3. Graphical representation of a tripartite network showing species performing insect-consumption (left column), hair-taking (right column) behavior and
carcasses in which these behaviors have been performed (center column). Lines connect each species with the specific carcass where they were detected consuming
invertebrates or taking hair. The number of events of each species for each behavior is indicated in brackets and the width of the boxes (only the black section in the
central column) and lines is proportional to the number of interactions. Reptiles, mammals, and birds are represented by green, orange, and blue respectively.
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Fig. 4. Clustering structure of the co-occurrence patterns of species performing insect-consumption (represented by circles) and hair-taking behavior (represented by
squares). Species co-occurring in the same carcass are connected by a line. Species are colored according to the cluster to which they belong.

and the richness of species performing this behavior (see Fig. 2). This
pattern cannot be entirely explained by the decrease in available insect
larvae, which are still abundant during these stages (especially beetle
larvae; Munoz-Lozano et al., 2019). The preference of birds for Diptera
larvae against the heavily fuzzy and strongly sclerotized carrion beetle
larvae could explain this decline, though this possibility needs to be
tested.

These insect pulses might play an essential role in the trophic ecology
of many species (Hashizume et al. 2024), similar to locust outbreaks
(Goriup & Schulz, 1991; Sanchez-Zapata et al., 2007) or the bark beetle
infestation spots (Przepiora et al., 2020), but at a more local spatial
scale, i.e., within the home range of a few insectivorous animals. In our
case, several recorded videos showed birds from the same species (e.g.,
Turdus spp.) repeatedly visiting carcasses in April and collecting and
accumulating larvae in the beak, which could be indicative of the use of
carcasses as an insect source to feed nestlings during the breeding sea-
son. The number of insect-consumption events does not seem to be
greatly affected by the degree of human impact, as it was higher in the
most anthropized area (Murcia), especially in open habitats.

Hair taking

The weekly evolution of the number of hair-taking or necroklepto-
trichy events was similar to that described above for the insect-
consumption behavior, although hair was exploited more than insects
in the last stages of carcass decomposition, due to the longer persistence
of hair compared to insects. Indeed, a longer monitoring time could have
detected new species exploiting this resource (Fig. 2). The low number
of events during the first week may be due to a) the progressive detec-
tion of the carcass by the animals in the area (Gonzalvez et al., 2021a)
and/or b) the reluctance to approach a fresh carnivore carcass due to
uncertainty about its death (Redondo-Gomez et al., 2023). In addition,
visitors could find greater facility to pull out the hair a few days after the
death of the animal (due to the autolytic process occurring in the
dermis). However, our observations indicate that even small birds are
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able to take hair from fresh carcasses. Finally, necrokleptotrichy started
earlier in carcasses in open habitats, probably because they were more
easily located than carcasses in more vegetated habitats.

There was a large proportion of recorded hair-collection events by
species that frequently incorporate hair into their nests, especially Par-
idae species (Ondrusova & Adamik, 2013; Harnicarova & Adamik, 2016;
Pollock et al., 2021), Corvidae (the carrion crow; Bolopo et al., 2015;
and the red-billed chough; McKay, 1996), and the garden dormouse
(Gil-Delgado et al., 2010; see Fig. 3). Although hair and other
animal-derived materials seem to be rare in mammal nests (Deeming,
2023), such a behavior is mostly found in small species (i.e., <1 kg),
which agrees with our dormouse findings, as well as the occasional
observation by our team of red squirrels (Sciurus vulgaris) taking hair
from fox carcasses in our study areas. Most events were observed during
the breeding season of these avian and mammalian species (March--
April; Moreno, 1988; Catalan & Haeger, 1996; Roldan et al., 2013; see
Table 2), suggesting that the hair collected from fox carcasses might
have been used for nest construction or decoration. The specific use of
mammalian carnivore hair in nests may not be arbitrary, as some studies
suggest that predator odors could act as an olfactory deterrent to other
predators (Schuetz, 2005; Adamik & Kral, 2008; Liu & Liang, 2021).
Irrespective of the confirmation of this hypothesis by further research,
given the risk of taking hair from live carnivores (Pollock et al., 2021),
carrion must be a prominent and long-lasting source of hair.

Co-occurrence and interaction between behaviors

We found co-occurrence of insect consumption and necrokleptotrichy
in one quarter of the monitored carcasses. As could be expected, both
behaviors co-occurred more frequently 3-6 weeks after carcass
deployment, during the breeding season, in Murcia, and in open habi-
tats, i.e., when and where the number of events of each behavior was
higher (Fig. 2). Weekly co-occurrences could be the result of 1) the same
individual or group using the carcass for both insect consumption and
hair taking, 2) some facilitation process between visiting species (e.g.
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signaling carcass location; see Moleon et al., 2014 for carcass signaling
among scavengers), or 3) chance. According to our findings at the
shorter temporal scale, co-occurrences are more likely to result mostly
by chance, though also from insectivorous species that use hair in their
nests, performing both behaviors once they have detected the carcass.

The results of the cluster analysis also suggest that insect-
consumption and hair-taking events are somehow related, since they
are frequently performed in the same group of carcasses by the same
species (core set in Fig. 4). However, the existence of a module exclu-
sively containing insect-consumption events (Fig. 4), as well as the dif-
ferences found between the number of insect-consumption and hair-
taking events in some carcasses (Fig. 3), shows that these behaviors
can also occur independently. The grouping of some species consuming
insects in the same set of carcasses may reflect large insect concentra-
tions in those carcasses, although this could not be confirmed because it
is not always possible to see the insect larvae availability at the carcasses
from the camera trap images. Moreover, the clustering of insect-
consumption and hair-taking events performed by the same species in
different modules (e.g., the black redstart; Fig. 4) suggests that many
species that detect carcasses use them exclusively either as a source of
hair or to feed on insects.

Conclusion and further directions

Analyzing in more detail the wide variety of unexplored and un-
known roles that carrion plays in ecosystems can improve our under-
standing of ecosystems and lead to great advances in carrion ecology and
other related disciplines. Our findings support the importance of
carnivore carrion, which has traditionally been neglected in carrion
ecology research (Moleon et al., 2017), as a source of both insects and
hair, with potential implications for the trophic and reproductive ecol-
ogy of many vertebrate species. Moreover, these two behaviors seem to
be mostly independent of each other. The growing number of papers on
non-scavenging uses of wild carcasses highlight the ecological relevance
of these unexplored facets of carrion (Toth, 2008; Moleon &
Sanchez-Zapata, 2016; Harnicarova & Adamik, 2016; Sarlin & Morris,
2022). Our results provide additional support against regulations pro-
hibiting the leaving of wildlife carcasses in the field (e.g., Margalida &
Moledn, 2016), as many species, including endangered ones (e.g., the
red-billed chough in our case), could benefit from the supply of re-
sources such as insects and hair. Further research on other carcass spe-
cies — both carnivorous and herbivorous —, seasons, and systems is
needed to understand the ultimate ecological, evolutionary, and prac-
tical consequences of these non-scavenging uses of carcasses. More
broadly, a more comprehensive view of the multiple non-scavenging
functions of carrion would represent a significant step forward in car-
rion ecology.
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