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Abstract: Roads have impacts on the fauna arising from habitat fragmentation, roadkill and the
barrier effect. Furthermore, roads lead species to change their activity with repercussions on predator–
prey interactions and trigger indirect effects that are currently unknown. This study analyzes
the effect of a motorway on the trophic behavior of the terrestrial carnivore community of its
surroundings. Monthly scat sampling was conducted over a year at three distances from a motorway
(0–50 m, 500–550 m and 1000–1050 m). We collected 498 scats, these originating from red fox
(39.16%), cat (24.50%), stone marten (24.09%) and badger (12.25%). The relative abundance of the
trophic resources in them was estimated together with the trophic diversity and niche overlap of the
carnivore species. The results showed a distinct effect of distance from the road on trophic behavior
of carnivores, as well as differences between species and seasons. The scats nearest the road had
10–20% more biomass of small mammals, equivalent in relative terms to a 21–48% increase in small
mammals’ biomass when compared with scats collected further from the road. This finding indicates
changes in predator–prey interactions near the road and shows that the human-generated structural
and functional changes to ecosystems spread throughout trophic networks.

Keywords: feeding ecology; predator–prey interactions; road effects; small mammals

1. Introduction

Roads represent a massive environmental perturbation worldwide, having a global
extent of over 64 million kilometers [1,2]. Although about 80% of the Earth’s terrestrial
surface remains roadless, the terrain has been fragmented into some 600,000 fragments,
over half of which are smaller than one square kilometer [3]. The spatial impact of roads
continues to grow, and their global extent is projected to increase by over 60% from 2010 to
2050 [4]. By 2050, an estimated 25 million additional kilometers of new roads will affect
regions that currently sustain exceptional biodiversity and offer vital ecosystem services [5].
The impact of this “giant embracing us”, as so termed by Forman [6], is not restricted to
the surface that the infrastructures physically occupy but instead may extend for hundreds
of meters to either side (see definition of “road effect zone” [7]). Hence, the area affected
ecologically covers a high percentage of the total surface in many regions [8,9]. For example,
half of the nonurbanized European territory lies less than 1.5 km from the nearest road or
railway line, and a quarter is less than 500 m away. In Spain, 99% of the territory is less
than 10 km from a road, railway line or similar infrastructure [9].

The scientific community has made a great effort over recent decades to identify and
analyze the effects of transport infrastructures on the biotic and abiotic components of
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the ecosystems that they traverse (see reviews in [10–12]). Road–wildlife interactions are
one of the most studied aspects, not only because of their impact on biodiversity [9,13]
but also because of the risks to users and the significant economic costs [14]. Most studies
have focused on the direct negative effects of transport infrastructures (such as roadkill,
habitat degradation and fragmentation), while the indirect effects that may cascade through
the faunal community remain largely unknown. Regarding the latter, an important as-
pect is the change that roads bring about in the use of territories, species behavior and
interspecific interactions.

Recent studies have shown how activity patterns close to roads are altered in different
ways among vertebrate species and functional groups [13,15]. Predator and prey species
respond to roads by changing their activity and abundance patterns [15,16] and altering
their predatory behavior or antipredatory responses [17,18]. The structure and dynamics of
prey species, such as small mammals and lagomorphs, have been shown to change in the
presence of a road [19–21], with likely repercussions on the activity patterns, territory use
and behavior of their predators. Indeed, it has also been shown that the activity patterns of
Mediterranean carnivores are similarly modified by road presence [13,21,22], resulting per-
haps from changes in trophic resources caused by the road, from attraction to roadkill [23]
or from changes in the intensity of local interspecific interactions, such as competition or
intraguild predation [16].

Understanding changes in vertebrate trophic webs is especially relevant to unravel
unexpected consequences of human infrastructures, such as possible changes in predation
levels near roads [24,25] and their repercussions on ecosystem structure and dynamics.
There are indications that some of the negative effects of roads may derive from the trophic
behavior of different species and the predator–prey interactions that arise. For example,
some studies have shown a relationship between diet type and the probability of becoming
roadkill [26,27] and how for some carnivores being killed on roads is associated with prey
availability in their vicinity [28,29]. In turn, predator–prey interactions may determine the
use and effectiveness of the wildlife passages that are the most frequent mitigation measure
employed at roads [30–32].

The present study is the first to analyze the diet of the mammalian predator guild in
the vicinity of a road, in a case of a guild dominated by generalist species. Diet analyses
are a useful tool for this purpose because they can reveal the use of trophic resources
by different species and the trophic interactions between them. They also allow trophic
availability and resource distribution in space and time to be analyzed [33]. Given that
within our study area small mammals have been shown to be more abundant near the
road [21] and that local carnivore activity is also altered [34], our starting hypothesis was
that distance from the road will have a significant effect on carnivore trophic behavior.
Specifically, we expected that the local carnivore diet close to the road would be enriched in
small mammals, reflecting the functional responses derived from the changes in predator
and prey density and activity.

2. Materials and Methods
2.1. Study Area

The study took place along a 5 km stretch (UTM 30 T 373259 4510571 to 30 T 368053
4507625) of the four-lane AP-51 motorway in Ávila province, central Spain (Figure S1).
The traffic volume here averages 8396 vehicles per day. The chosen stretch crosses a well-
preserved landscape dominated by Iberian holm oak (Quercus ilex subsp. ballota) woodlands
(c. 40% cover) and expanses of Mediterranean scrub chiefly of giant feather grass Stipa
gigantea Lag., gum cistus Cistus ladanifer L. and holm oak regrowth (40%), mixed with
nonintensive holm oak grazing woodlands (dehesas; 10%) and cereal crops (10%). The local
climate is Mediterranean, with a three-month summer drought period, a mean annual
temperature of 10 ◦C and mean annual precipitation of 364 mm. The topography is relatively
level, ranging in elevation between 1050 and 1250 m.
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2.2. Scat Collection

Three transect lines were surveyed at monthly intervals during the course of a year
(December 2009–November 2010). The lines were parallel to each other and to the carriage-
way, at three distances from the road that typically show differential densities of small
mammals [16] (0–50 m, 500–550 m, 1000–1050 m). Each line was some 3 km long and
chiefly followed dirt roads, with a small proportion (c. 10% in total) cross-country along
trails and paths. The total distance sampled during the study was 127 km.

Two experienced observers recorded and identified carnivore scats encountered dur-
ing the surveys. Identification was based as much on morphological characteristics, such as
size and shape, as on other characteristics such as smell and placement [35]. Scats that could
not be safely identified were excluded from the diet study. Identification was to species
level, with the exception of cats, which were recorded as Felis sp. given the impossibility to
distinguish between scats of the domestic cat (Felis catus) and wildcat (Felis sylvestris).

2.3. Scat Analysis

A total of 498 scats were analyzed out of 1005 found during the surveys. Those in
poorer condition or not safely identifiable were discarded. Those selected were a repre-
sentative sample in terms of species, season and distance from the motorway. The species
analyzed were the red fox (Vulpes vulpes), cat (Felis sp.), stone marten (Martes foina) and
badger (Meles meles). Seasons were grouped into two periods, Autumn–Winter and Spring–
Summer, taking into account the known differences in trophic resource availability between
these periods [21,36]. Table 1 gives the total number of scats analyzed per species, sea-
son and distance from road.

Table 1. Number of scats analyzed (N) to determine carnivore diet per species, season (A–W:
Autumn–Winter; Sp–Su: Spring–Summer) and distance from road (D): D1: 0–50 m; D2: 500–550 m;
D3: 1000–1050 m.

Distance Red fox Cat Stone marten Badger
N

A–W Sp–Su A–W Sp–Su A–W Sp–Su A–W Sp–Su

D1 73 28 31 8 35 23 6 6 210

D2 24 14 21 6 15 7 18 5 110

D3 34 22 38 18 19 21 14 12 178

N 131 64 90 32 69 51 38 23 498

Collected scats were treated with insecticide, to prevent possible attack by coprophagous
insects, before storage in paper bags in a dry place. Subsequent laboratory analysis followed
the procedure described by Reynolds and Aebischer [37]: scats were first disintegrated in a
0.5 mm sieve under a jet of water. Macroscopic components (bones, hairs, feathers, seeds,
arthropods exoskeleton fragments, fruits) were afterward separated and sorted into six cate-
gories: small mammals, lagomorphs (rabbit and hare), fruits and seeds, arthropods (insects
and crayfish), reptiles and birds. Carrion was excluded as a food resource as we consider its
consumption to be incidental. Mammal remains were identified from the cuticular surface
patterning and internal structure of hairs [38]. The dry mass of each of the food categories
present in each scat (wi) was also recorded.

In order to assess the magnitude of possible identification errors, apart from the
total sample, we collected an additional sample of 70 fresh scats not included in the diet
analyses. Observers were required to assign these fresh scats to a species irrespective
of whether or not the scat posed identification problems, and these test samples were
subsequently submitted to genetic analysis. The scats were preserved in plastic vials
with 96% ethanol until DNA extraction. DNA was extracted using the PSP Spin Stool
DNA Kit (Stratec, Birkenfeld, Germany), and the samples were assigned to species using
species-specific mitochondrial DNA markers specifically designed for the identification of
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noninvasive samples from Iberian carnivores [39]. The description and comparison of the
results of the morphological and genetic identifications are shown in Table S1. Under these
conditions, designed to estimate the (potential) maximum level of identification errors
based on morphology, it was found that morphological identification of fox scats incurred
a low rate (10%) of misidentification. Scats of other species incurred higher error rates,
with a bias towards fox scats being identified as coming from these species. This indicates
that the analyzed samples of other species may include a certain proportion of fox scats.
Hence, interspecific comparisons may be partly loaded (and differences blurred) by the
inclusion of incorrectly identified scats.

2.4. Data Analysis

The percentage of fresh biomass ingested per food resource, PBi, was used as a
descriptive index of carnivore diet:

PBi = 100 × CFi × wi/ ∑n
i (CFi × wi), (1)

where wi is the dry mass of remains from a particular food resource i, CFi is a correction
factor and n is the total number of food resource categories considered. The correction
factors used were those most often employed within the literature for each species [40–44]
and are described in Table S2.

The dietary niche breadth for each species employed Levin’s standardized index [45]
using the estimated biomass proportions. The index is given as follows:

B =
(
∑n

i p2
i

)−1
, (2)

where pi is the proportion in biomass terms of i (PBi/100). The following standardized
equation was used to ensure comparability with other studies:

Bs = (B − 1)/(n − 1). (3)

The index values range between near 0 (lowest niche breadth) and 1 (greatest niche
breadth = 1).

Pianka’s index, S [46], was used to estimate trophic niche overlap, as applied to the
proportional intake of fresh biomass. It is calculated as follows:

S = ∑
(

pij × pik
)
/
(
∑ p2

ij × ∑ p2
ik

)0.5
, (4)

where pij is the proportion of food resource i in the diet of predator j and pik is the pro-
portion of i in that of predator k. Index values range between 0 (total separation) and
1 (total overlap).

In addition, certain other indices that are commonly employed in the literature (see
review in [47]), based on the frequency of occurrence (FO) of different food resources
and their relative frequency of occurrence (RF), were calculated. Such indices tend to
overestimate the importance of small food items (e.g., insects, [47]). Hence, they were only
calculated to ensure that the presented data (Table S3) can be compared with those of other
studies but they were not used in the statistical analyses.

2.5. Statistical Analysis

The general carnivore diet patterns were ordinated using multidimensional scaling
(MDS) to compare scats on the basis of the vectors of the PBi values of each. The nonpara-
metric MDS was constructed from the matrix of dissimilarities computed as Manhattan
distances [48]. The number of dimensions used for the ordination of the 498 observations
was established taking account of the Kruskal stress value, a measure of how well the
configuration matches the data [49]. To determine which food categories were contributing
most to differences in carnivore diets, Spearman correlations were performed between the
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location of observations on the dimensions and the PBi of the food resources used in the
input matrix.

A three-way MANOVA was conducted to determine the effect of the analyzed factors
(species, season and distance to motorway and their interactions), with MDS coordinates
as response variables, before we confirmed MANOVA assumptions of multivariate ho-
mogeneity and normality. Differences between groups were determined by testing the
pairwise comparisons between the different factor levels.

To assist the graphical interpretation of results, a direction vector in ordination planes
for each food resource was defined from the Spearman correlation coefficients obtained
between the PBi values and the axis coordinates [50]. In addition, for each level of the
distance from the motorway factor, the direction that it would have on the ordination plane
was represented in accordance with the vector defined by the beta values obtained in the
pairwise comparison MANOVAs.

In addition, the effect of the three analyzed factors and their interactions on the PBi
values of the principal trophic resources in biomass terms for the whole sample (small
mammals and lagomorphs) was also analyzed. For this purpose, a generalized linear model
(GLM) was conducted using arcsine square root transformed proportions and correcting
statistical tests for overdispersion.

The significance level was set at p = 0.05, and a sequential Bonferroni probability
correction [51] was applied for multiple testing. All analyses were carried out with the
STATISTICA 8.0 statistical program [52] using the individual scat as the sampling unit.

3. Results

The analyzed total of 498 scats comprised 39.16% red fox, 24.50% Felis sp., 24.09%
stone marten and 12.25% badger scats. The main descriptors of the diet of each of these
are given in Table S3. The dietary analysis shows the community in general to have a
medium-low niche-breadth (range Bs = 0.23–0.56) with medium-high trophic niche overlap
(S = 0.57–0.88). The most important dietary component of the carnivores in biomass terms
was small mammals (49.34%), followed by lagomorphs (28.76%), fruits and seeds (11.44%),
reptiles (4.58%), arthropods (2.96%) and birds (2.92%). However, the main food sources
varied among carnivores (Table S3), with small mammals and lagomorphs being especially
dominant in cat and red fox diets. Fruits and seeds were rather relevant in the diet of stone
marten and to a lesser extent in that of badger. Arthropods were also relevant for the latter.

The MDS (Figure 1) provided three ordination axes (Stress = 0.087). In accordance
with the correlation coefficients obtained (see Table S4), the first dimension represented
an increase in the proportion of small mammals relative to the other trophic resources.
The second dimension distinguished an increase in the proportion of lagomorphs, fruits and
reptiles at its positive extreme against an increased proportion of birds and arthropods
at the negative extreme. The third dimension represented a proportionate increase in
lagomorphs and arthropods against major consumption of the other food resources.

The MANOVA results demonstrated the existence of significant between-species
differences in diet, season and distances from the motorway, as well as a significant
interaction between the factors “species” and “season” (see Table 2). Regarding the main
focus of our study, the pairwise comparisons showed significant differences in diet between
0 and 1000 m from the road (p < 0.001). However, differences between 0 and 500 m (p = 0.040)
were not significant after applying the Bonferroni correction, and differences between 500
and 1000 m (p = 0.206) were not significant either. The graphical representation of the beta
values obtained (Figure 1) shows that the zone nearest the road saw increased predation on
small mammals, whereas consumption of other trophic resources characterized the more
distant zones.
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Table 2. Factors determining the diet of the carnivore community of the study area. Results of the
MANOVA on the effects of species, season and distance to the road, and their interactions, on the
position on the three axes of the multidimensional scaling that summarize scat contents.

Factors Wilks’ λ F p

Season 0.816 35.498 0.000
Distance 0.956 3.574 0.002
Species 0.868 7.627 0.000
Season × Distance 0.988 0.931 0.471
Season × Species 0.912 4.903 0.000
Distance × Species 0.968 0.860 0.629
Season × Distance × Species 0.953 1.283 0.190

Accordingly, the GLM results showed significant differences associated with the
distance from the motorway in the percentage of small mammal biomass in the scats
(Table 3). In comparison with values obtained at 1000–1050 m, the scats from the zone
nearest the road contained a greater percentage of small mammals (β0–50 = 0.154 ± 0.048,
p = 0.001), with a slightly increased percentage of small mammal biomass in scats from
the intermediate zone (β500–550 = –0.099 ± 0.050, p = 0.047). The percentage increases were
around 10% in the 0–50 m zone relative to the 1000–1500 m zone and 20% relative to the
500–550 m zone, representing in relative terms increases of 21% and 48%, respectively,
in small mammal content (Figure 2). The GLM did not show significant differential
responses of carnivores to the factor distance from the motorway (nonsignificant Distance
x Species interaction in Table 3), but the response is patent in cat, stone marten and badger
while absent in fox (Figure S2). Highly significant differences in small mammal PB were
also found among species and associated with the species by season interaction. Contrary to
the case of small mammals, no significant differences were found in the percentage of
lagomorph biomass in the scats for any of the analyzed factors (Table 3).

Table 3. Factors determining the percentage of fresh biomass (PB) of the main trophic resources
(small mammals and lagomorphs) present in the analyzed scats. Results of the GLM using PBs
of small mammals and lagomorphs as response variables. The variables were arcsine square root
transformed for analysis.

Factors PB Small Mammals PB Lagomorphs
df Wald p Wald p

Season 1 2.31 0.128 2.13 0.144
Distance 2 10.76 0.004 2.17 0.337
Species 3 23.77 < 0.001 5.12 0.163
Season × Distance 2 1.20 0.550 0.14 0.931
Season × Species 3 12.49 0.006 1.93 0.588
Distance × Species 6 4.72 0.579 8.89 0.180
Period × Species × Distance 6 13.06 0.042 3.58 0.733
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4. Discussion

The results show that the road has a significant general effect on carnivore trophic
behavior in its vicinity. In fact, they reveal profound and previously unreported indirect
effects triggered by transport infrastructures in the structural and functional characteristics
of the ecosystems within the road effect zone.

The three analyzed factors (species, season and distance from road) had significant
effects on the diet of the carnivore community, but the effect of proximity to the road is
the most novel and interesting result of this study. The interspecific and phenological
differences have been described in earlier studies and correspond mainly with the bio-
logical and behavioral characteristics of each species and with seasonal fluctuations in
resource availability [53–56]. The present findings now add that distance from a road also
significantly influences the trophic behavior of the carnivore community, leading to an
increased consumption of small mammals close to the infrastructure. This general pattern
needs to be considered with some caution due to two points. First, even though the diets
of all species match those revealed by previous studies and precautions were taken to
prevent identification error, the genetic analyses revealed some degree of contamination
by fox scats of the samples obtained from the other species (Table S1, see also [57–59]).
Secondly, high intraspecific variability precluded the detection of significant differences
among species in the response, but as depicted in Figure S2, fox scats keep a constant
proportion of small mammal biomass along the analyzed distance gradient while cat,
stone marten and badger fit the general pattern.

Carnivore diets near the road, as revealed by scat analyses, show enhanced consump-
tion of small mammals. Earlier studies have shown that roads alter the abundance of
prey species, with zones nearest roads characterized by abundant small mammal popu-
lations [16,19,21,60]. In our study site, small mammals in the area nearest the road are
not only more abundant but also show a moderation of their seasonal and interannual
population cycles [21]. Furthermore, mice near roads may experience physiological stress
that makes them more vulnerable to predation [61]. The roadside vicinity may therefore
offer an important prey source for carnivores, especially at times when trophic resources
in the wider environment are scarce. Furthermore, small mammals are a key dietary
component in our study area because alternative prey such as lagomorphs occur only at
low densities (unpublished data), such that any reduction in small mammal consumption
is compensated for by small increases in all other available food types in areas more distant
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from the road. The results thus suggest that the predator community reacts very locally to
the trophic offer associated with the road both by altering trophic behavior in response to
small mammal abundance nearby and by altering foraging patterns (this study) and use of
space (see below, [34]).

Regarding the use of space, the results suggest that some individual carnivores make
intensive use of the area nearest the road. The study design does not allow knowing
the movement patterns of individuals or knowing which individuals defecated at any
point of the study area. However, given that the mean gut retention time of mid-sized
carnivores is 7–25 h [62–64], were individuals to range systematically through areas more
and less distant from the road within their home ranges (of 300–500 ha, according to
species, [65]) their scats would include a mixture of material ingested throughout their
territories. In such circumstances, the contents of their scats would not show any clear
spatial pattern (as seems to be the case of the fox) and would not reflect the higher small
mammal abundance found nearest the road (seen in the other three species). The simplest
explanation of the increased small mammal content in the scats nearest the motorway
is that individuals that defecate there are those that make disproportionate use of this
zone for hunting, becoming what may be termed “road verge specialists”. Earlier studies
have shown that carnivores most often mark where their main prey lives and thus where
they spend most time hunting [66]. The home ranges of verge-specialized individuals
may partly overlap with those of individuals occupying areas more distant from the road,
resulting in a transitional area (detected in the 500 m samples) where scats reveal a mixed
dietary content intermediate between those of the two extreme locations. Further studies
based on the diet of radio-tagged individuals and/or the genetic individualization of
carnivore scats will be needed to clarify this point.

Few radiotracking studies have analyzed the use of space by carnivores near roads,
and these have often given contradictory results. Some indicate that some individuals
of stone marten may not avoid roads, where habitat is available, and may even show an
increased likelihood of including them in their home ranges [67]. Ascensão et al. [22] also
found that one stone marten included the vicinity of a road in its home range and that
it mainly moved parallel to the motorway when in its proximity. Such use of the motor-
way may be as much determined by its traffic volume as by the availability of roadside
habitat [67]. The intensive use by carnivores of the roadside zone in our study area [34]
may reflect the availability of suitable habitat, the abundance of trophic resources and the
relatively low traffic volume (8,396 vehicles per day, SE 233), which reduces the likelihood
of avoidance behavior or any general negative effect on the predator community (predator
release effect, [15,25,68]). It may also be that juveniles or other subordinate carnivore indi-
viduals are displaced towards roads by dominants, as implied by the nonbreeding status of
coyotes (Canis latrans) and bobcats (Lynx rufus) whose home ranges include motorways [69].

Finally, our results also illustrate potential interspecific interactions triggered within
the carnivore community. They indicate that the roadside community comprises gener-
alist mesocarnivores showing high trophic overlap and narrow trophic niche breadths.
Predation theory predicts a convergence of diets when resources are more abundant and
trophic niche segregation to reduce competition when resource availability varies spatially
and/or temporally [70–72]. The observed dietary convergence among roadside carnivores
indicates an abundance of trophic resources and illustrates the possible role of interference
interactions in shaping their activity patterns [73,74]. The existence of some degree of
segregation in the activity patterns of roadside carnivores [16,34] may reflect avoidance
behaviors between interspecific pairs of individuals with high dietary overlap [73,74].

5. Conclusions

The results obtained show that road presence has indirect effects on carnivores via
their trophic behavior. This adds to changes in the use of space by the different species
and potentially also to variations in the intensity of interactions between them. Such a
combination of effects is especially important given that (i) ecosystems affected by roads
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are ever more frequent and (ii) the results imply that both the structure and function of
the predator community are locally altered from their normal state where roads are absent.
An understanding of this cascade of changes may prove to be key to assess the long-term
effects of roads beyond the direct negative effects, such as roadkill, that they cause.

Finally, it must be pointed out that the present study was carried out with a community
of generalist Mediterranean mesocarnivores inhabiting a well-conserved landscape offering
just one principal group of prey species. Similar studies in other environmental settings
would open a research line of great interest in studying the indirect effects generated
by roads within the faunal communities that surround them. The combination in such
studies of (i) dietary analysis with (ii) the monitoring of individual movements and (iii) the
individualization of scats by genetic techniques, as well as an increase in the study area
size to include individuals living away from the road, would give a full picture of patterns
described here.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13040173/s1: Figure S1: Study area location, Figure S2: Weighted Marginal Means and
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from the four carnivore species collected at the three bands considered (cat, stone marten, red fox
and badger), Table S1: Morphological identification (Morphological Id.) of scats compared with
identifications by genetic analysis (DNA Id.), Table S2: Correction factors (CF) used per species to
convert weight of each food category found in scats into fresh biomass ingested, Table S3: Descriptive
diet indices obtained per species, Table S4: Spearman correlation coefficients (r) between percentage
biomass (PBs) of food categories present in scats and values of coordinates obtained in the three MDS
axes (MDS1, MDS2, MDS3).
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