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Abstract: We analyzed the two main drivers (climate and land uses) shaping the composition of
small mammal communities at 16 localities situated in the confluence of the Mediterranean and
Eurosiberian regions (Barcelona, Spain). The study area represents a land use and land cover
gradient showing urbanization and crop intensification in the lowlands and forest encroachment
in mountain areas. We identified 2458 small mammal individuals of 12 different species from
barn owl (Tyto alba) pellets. Three open-land species (Microtus duodecimcostatus, Crocidura russula,
and Mus spretus) and one forest/generalist species (Apodemus sylvaticus) were dominant in the
diet, accounting for 93% of prey. In order to disentangle the effects of both main drivers on the
small mammal community, we used partial constrained ordination techniques, which allowed us
to determine the pure effects (and shared effects) of the environmental factors. Land use predictors
explained 33.4% of the variance (mostly crops), followed by 23.4% of the variance explained by
the geo-climatic variables (mostly rainfall), and an additional 24.8% of the variance was shared
by both groups of predictors, totaling 81.6% of environmental variance. The remaining 18.4% of
variance was unexplained by environmental matrices. This pattern was consistent with expected
associations of species and biotic influences at small spatial scales and highlighted that the number of
species increased from the crops in the lowlands towards the highlands covered by deciduous and
coniferous forests.

Keywords: land use; climate; geography; small mammals; environmental gradients; species
responses; diversity

1. Introduction

The number of species and diversity of mammalian communities can be mostly deter-
mined by the characteristics of the sites where the different species appear, such as climate
and habitat features [1,2], but also by other physical characteristics such as topography
and landscape heterogeneity [3,4]. In the Iberian Peninsula, mammal species richness is
concentrated in the north [5], and since this area is colder and wetter than the southern
areas, climatic influences can be supposed to explain the biodiversity patterns [6], but other
historical factors can be shaping the distribution range of the species [7]. The geographic
range of a species reflects the suitability of the environmental conditions matching the
species’ requirements [8], and abiotic factors (e.g., climate) are closely related to the dis-
tribution of species and normally used to predict their presence and forecast patterns of
community change [9,10]. But abiotic gradients can limit distribution ranges directly, by
delimiting in space the range of abiotic conditions in which the physiological requirements
of the involved species can be met, or indirectly, by influencing biotic factors affecting
habitat requirements such as food and shelter [8]. However, the relevance of both kinds
of factors (abiotic vs. biotic) to the distribution of the species depends on the spatial scale
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considered. Indeed, on the global scale, climatic variables have more predictive power for
species diversity than habitat cover features [11]. In contrast, on regional and local scales,
land use and biotic interactions are more important than climate for predicting species
richness [12].

Obtaining precise data on current small mammal distribution and increasing knowl-
edge on vegetation-species associations is required for establishing conservation priorities
and restoration efforts [13]. This information can be critical to understanding what will
happen with species ranges in the face of different threats such as climate change and land
use change. In this vein, future projections of species ranges under different climate change
scenarios highlighted a retreat of several mammals and species richness in Spain [10,14]. In-
deed, there is increasing evidence that the range limits of small mammals are experiencing
significant shifts tracking changes in temperature, at least along altitudinal gradients [15,16].
However, unraveling the effects of climate and land cover on the structure of communities
can be difficult due to their patterns of spatial covariation [11]. In the Mediterranean
Region, this can be particularly evident in transitional areas and along elevation gradients,
where changes in climate will affect the vegetation composition and land uses, and hence
the distribution of species and the composition of small mammal communities [17–19].
The Mediterranean basin is considered a hotspot for small mammal diversity [20], and
it will face bigger changes in climate in the near future [10]. Nonetheless, recent studies
have highlighted the more influential role of landscape change on Mediterranean species
and communities [21], so it is important to disentangle the effects of the two main drivers.
Actually, solid evidence highlighted the importance of human land use changes and as-
sociated pressures as a cause of species declines and extinctions, reducing local terrestrial
biodiversity [22].

In this investigation, we used barn owl (Tyto alba) pellets as an alternative to live
trapping since it is considered a non-invasive sampling technique for detecting changes in
small mammal abundance and community composition [23]. The study area represents
a land use and land cover gradient in a transitional area between the Mediterranean and
Eurosiberian regions, showing urbanization and crop intensification in the lowlands and
forest encroachment in mountain areas [24]. Using a multivariate statistical approach
(canonical ordination [25]), we modeled the response of a matrix of species to the matrices
of both main drivers previously described. Owing to the small spatial scale of the study,
we expected that land use would affect communities in a more relevant way than either
geography or climate.

2. Materials and Methods
2.1. Study Area

The study was performed in Osona (1265 km2, Barcelona province, Catalonia, NE
Spain), one of the 42 Catalan districts. This area is very heterogeneous, in the confluence
of the Mediterranean and Eurosiberian regions (Figure 1), and mostly covered by forests
(54%), scrubland, and natural grasslands (15%), with a quarter of the area devoted to
cropland (26%), and only 4% of urban areas [26]. To study the composition of the small
mammal communities, we selected 24 localities in which barn owl roosts were previously
known, all of them located between 400 and 900 m above sea level and outside protected
areas (Figure 1). These locations were visited and prospected from May to August 2011,
but the collection of owl pellets was partially achieved in 16 of them (67%, Supplementary
Material Table S1). The absence of pellets in eight of these localities confirmed the well-
known decline that the barn owl has experienced in the last decades in Catalonia due to
habitat loss and competition for nesting places with the Tawny owl (Strix aluco) [21,27].
Indeed, we observed the replacement of barn owls by tawny owls in a territory that had
been occupied for decades in a farmhouse, possibly caused by land use changes [27].
Nevertheless, we considered that they were evenly distributed and acceptably represented
the regional environmental gradient. The sample of localities represented the changes that
can be observed throughout the region regarding geography, climate, and land use [24].
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There is a strong climatic gradient from SW to NE, partially caused by changes in elevation
(from 471 to 883 masl), with increasing rainfall (from 700 to 1000 mm) and decreasing
temperatures (from 12.7 ◦C to 10.7 ◦C, Figure 2). Regarding land-uses, the area surrounding
the sampled localities was mostly covered by croplands (x = 54.5% ± 22.6, range 2.5–84%),
followed by forests (x = 23.2% ± 21.5, range 4.3–79%), scrubland (x = 13.1% ± 11.9, range
1–39.5%), and urban areas (x = 5.4% ± 4.2, range 0–14.2%).
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Figure 1. (a) Name and situation of the 16 barn owl roosts sampled in Osona County (Barcelona, NE
Spain) and situation of the county in Catalunya Region (b) and Spain (c). The green colors indicate
protected areas and the Mediterranean (yellow), Eurosiberian (pink), and Alpine (blue) regions.

2.2. Species Determination

First, the 699 pellets corresponding to the 16 locations distributed throughout the
Osona district have been analyzed. The mean number of small mammals identified per
locality (153.6 ± 31.1 SD,) was considered adequate to represent the small mammal com-
munities (i.e., 150 individuals, [28,29]). The method used was “dry”, gradually breaking up
each pellet and separating its contents with the help of tweezers, a lancet, and a brush to
clean the cranial remains to facilitate their later identification [30]. The identification of prey
from the small mammal group was carried out with the help of determination keys [30,31],
and with our own collection held at the Natural Sciences Museum of Granollers. For the
sibling Apodemus flavicollis/sylvaticus determination, we used the molar tubercle number
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9 (t9) criterion (with a secondary support of the t4–t7 criterion) following [32]. A binocu-
lar magnifying glass connected to a monitor has been used to make identification easier.
Species requirements were taken from [30,33].
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Figure 2. Interpolated maps showing mean annual temperature (red), annual total rainfall (blue),
forest cover (green), and crop cover (orange), together with the situation of the localities (black dots)
sampled in Osona County (Barcelona, NE Spain). The intensity of color isoclines indicates increased
values. Numbers and names of localities in Table S1.

2.3. Environmental Variables and Statistical Analyses

The home range of barn owls is generally assumed to be 2.5–3 km in radius and about
20–28 km2 [28,34,35]. This area corresponds to the hunting territory of the raptor, where the
bulk of activity takes place [35]. For each locality, we included all the small mammal species
found in the diet, and a set of representative environmental variables related to geography
(latitude, longitude, elevation), climate (temperature, rainfall), and land uses (cover of
urban, scrubland, crops, and the three main woodlands [32]). Mean climatic variables for
each locality were obtained from the Servei Meteorològic de Catalunya (www.meteo.cat),
and land use information to characterize every locality was taken from the “Land use
classification of Catalonia 2002” (Generalitat de Catalunya, Departament de Territori i
Sostenibilitat: http://www20.gencat.cat/portal/site/territori, accessed on 15 January
2024), and these values were averaged from 5 × 5 km square UTM units centered in that
locality (see [27,32,36] for a similar approach).

A multivariate statistical approach was applied to have an overall estimate of the
associations between small mammal communities and several environmental predictors
by using direct-gradient analyses [37]. First, we performed a Detrended Correspondence
Analysis (DCA) with the 12 species abundance matrix (without predictors) to test whether
the small mammal communities were heterogeneous or not. Owing to the short gradient
lengths obtained (lower than 3.0), we concluded that there was a low degree of species

www.meteo.cat
http://www20.gencat.cat/portal/site/territori
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turnover in community composition; therefore, in the following steps, linear ordination
techniques were applied [38]. We used redundancy analysis (RDA) to assess whether
changes in the composition of the species among barn owl roosts were explained by en-
vironmental variables. Two RDAs were performed, the first in which the small mammal
matrix was constrained by the five geo-climatic predictors and the second with the small
mammal matrix constrained by the six land use predictors [32]. Since both groups of pre-
dictors shared variance (e.g., deciduous woodlands were associated with cold and humid
localities), we performed two partial constrained ordinations by including covariates in the
two RDAs [38,39]. With these analyses, we obtained the four components of variance: the
one explained by geo-climatic factors, the one explained by land uses, the one shared by
both factors, and the unexplained variance [11,25]. The statistical significance of the axes
extracted was tested with the Monte Carlo permutation test (default option of 499 permuta-
tions). Particular associations of the species and the environmental axes (linear or quadratic)
were tested by means of General Linear Models (GLM) with Gaussian distribution, and
the best-fit model (first- or second-order polynomial model) was selected with the Akaike
criterion (AIC) [37].

The number of species, or species richness, can be considered the most used and un-
derstood measure of species diversity [22]. However, changes in species richness between
localities can arise after collecting different numbers of individuals [40]. To avoid sampling
biases, we collected a relatively similar number of individuals per locality, and species
richness and sample size were indeed uncorrelated (r = 0.37, p = 0.15, n = 16). A species
accumulation curve was used to estimate the actual species richness of the small mammal
species detected by barn owls [40]. The expected richness function was calculated with
EstimateS v 9.0.1. [41], accessed on 15 February 2024] after producing 50 randomizations of
the number of species as far as samples were accumulated. To determine the completeness
of the inventory, we fitted the data provided by EstimateS to the Clench equation using the
non-linear estimation module of Statistica v 7.0 (Stat Soft Inc., Tulsa, OK, USA). Detailed
steps for the procedure were outlined by [42]. DCA, RDA and GLMs were performed
with Canoco 4.5 for Windows [38]. Interpolation of climate and land use variables was
performed with the function kriging from the Spatial Analyst module of ArcMap (v 10.1).
Landscape heterogeneity [4], small mammal diversity, and evenness were calculated with
Ecosim software [43].

3. Results

We determined 2458 small mammal individuals of 12 species (Figure 3). The mean
number of individuals per sample was 153.62 ± 31.14 (SD, range 111–199), and the mean
number of species per sample was 6.68 ± 0.87 (SD, range 6–9). The four dominant species in
the barn owl diet accounted for 93% of all small mammalian prey (Figure 3). The three main
preys had a relatively similar contribution to the diet, with about 25% each. Most species
were Mediterranean (four species and 70% of prey), followed by the generalist group
(one species and 24% of prey), Eurosiberian (four species and 4%), and synanthropic
(three species and 2%). The species accumulation curve indicated that the quality of the
inventory was high (96.7% of the species present). Indeed, the coefficient of determination
associating the number of species and the number of samples obtained was high, indicating
that the Clench function fitted well to the data (R2 = 0.957). The expected asymptotic
species richness was 12.41 because of the quotient between the parameters of the fitted
curve: a = 11.35/b = 0.91. So, our results highlighted that the number of species sampled by
the owls was rather similar to the number of species potentially present in the study area.

The first RDA with the small mammal species constrained by the five geo-climatic
variables indicated significant associations between the species and the environmental
axes (first axis: pseudo-F = 2.51, p = 0.012; all axes: pseudo-F = 1.86, p = 0.018). The first
axis represented a gradient from lowland temperate localities to cold and rainy localities
at high elevation. The second axis represented a gradient for longitude. These variables
explained 48% of the variance in the small mammal communities (Figure 4a). However,
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the only variable showing significant associations and a higher explained variance was
rainfall (19%). The second RDA with the small mammal species constrained by the five
six land-use variables indicated significant associations between the species and the envi-
ronmental axes (first axis: pseudo-F = 2.24, p = 0.010; all axes: pseudo-F = 2.08, p = 0.001).
The first axis represented a gradient from croplands and urban localities to wooded locali-
ties (mostly covered by deciduous and coniferous forests). The second axis represented a
gradient for sclerophyllous forests. These variables explained 58% of the variance in the
small mammal matrix (Figure 4b). Three variables showed significant associations with
the small mammal communities: crops (18%), sclerophyllous forests (14%), and coniferous
forests (11%). The first partial constrained ordination extracted the pure variance of the
geo-climatic variables from the shared variance of both environmental matrices, and the
second partial constrained ordination extracted the pure variance of the land use variables
from the shared variance between both environmental matrices (Figure 4c).
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Figure 3. Frequency of occurrence (%) of the 12 small mammal preys in the diet of barn owls in Osona
County (Barcelona, NE Spain). The small figure depicts the species accumulation curve fitting the
observed number of species to the number of samples (blue line) and the Chao 1 richness estimator
(orange line).

Despite the narrow range of species per locality (6 to 9), species richness was affected
by both environmental matrices, but it was more affected by climate, increasing along axis 1
and decreasing along axis 2 (Table 1, Figure 5). This means that the number of species
increased toward the cold and rainy highlands of the west. For land uses, species richness
was positively associated with axis 1 and negatively associated with axis 2, indicating that
the number of species increased from the sclerophyllous forests towards the more humid
deciduous and coniferous forests. Nonetheless, species diversity, evenness, and dominance
were unrelated to the environmental gradients. Regarding the six species showing associa-
tion with the geo-climatic predictors, four showed linear and quadratic responses to both
axes, and one showed a linear response (Table 1, Figure 5). Regarding the eight species
showing associations with land use, five species showed linear and quadratic responses to
both axes, two species showed quadratic associations, and one showed a linear association
(Table 1, Figure 5). The relevance of crops can be depicted in Figure 6, showing three out of
four of the more frequent species displaying positive (M. duodecimcostatus and M. spretus)
and negative (C. russula) associations with croplands. Landscape heterogeneity (e.g., H’
Shannon Diversity) showed a hump-shaped pattern and was higher in localities with an
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intermediate proportion of area covered by the two main land uses (crops and forests) and
was minimum in localities covered by extreme values of forest and crop cover (Figure 7).
A stepwise multiple polynomial regression showed that species richness was linearly as-
sociated with the forest cover (adj. R2 = 0.43, F1,14 = 12.74, p = 0.003) and, in particular,
coniferous forests (adj. R2 = 0.75, F1,14 = 45.27, p < 0.0001, Figure 5). This was mainly
caused by the response of three northern species (S. araneus, S. minutus, and M. lavernedii)
to the cover of coniferous forests (Figure 5). However, species diversity was unrelated to
landscape composition (adj. R2 = 0.14, F1,14 = 1.59, p = 0.24).
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Figure 4. Results of the Redundancy Analysis (RDA) showing the situation of the 12 small mammal
species on the plane defined by the first and second axes, constrained by (a) the five geo-climatic
predictors and (b) the six land use predictors. Red arrows are predictors, and blue dots are species.
The table below each figure indicates the amount of variance explained by each predictor (and the
significant p-level in green) and by all predictors in that group. The figure below the tables (c) shows
the percentage of variance explained and shared by both main predictors. Species acronyms as
in Figure 3.
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Table 1. Simultaneous responses of small mammal species to the environmental axes extracted by the
Redundancy Analyses performed with the two predictor matrices. The model selection (linear versus
quadratic) was carried out according to the Akaike criterion (AIC) through general linear model
analysis (GLMs), and the asterisk indicates the best model when both were significant. Species and
indices that did not fit any model were not included in the table.

Environmental Gradients Model Selection GLM Results
Geography-Climate (Axis 1 + Axis 2) Linear Quadratic F p

Sorex araneus
√ √

* 27.41 <0.0001
Sorex minutus

√
*

√
37.7 <0.0001

Crocidura russula
√

*
√

8.08 0.002
Suncus etruscus

√
14.16 0.0002

Apodemus flavicollis
√

12.49 0.0009
Microtus duodecimcostatus

√ √
* 20.3 <0.0001

Species Richness
√

14.56 0.0004
Land uses (Axis 1 + Axis 2)

Sorex araneus
√ √

* 11.93 0.0005
Sorex minutus

√
*

√
40.55 <0.0001

Crocidura russula
√

*
√

17.03 0.0001
Suncus etruscus

√
4.78 0.017

Apodemus flavicollis
√

*
√

11.05 0.0007
Apodemus sylvaticus

√
5.41 0.01

Microtus duodecimcostatus
√

6.73 0.009
Microtus lavernedii

√
*

√
7.33 0.003

Species Richness
√

*
√

9.49 0.001
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Microtus duodecimcostatus √  6.73 0.009 
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Species Richness √* √ 9.49 0.001 

Figure 5. Small mammal responses to environmental gradients generated by the geoclimatic (upper
row) and land use (second and third rows) matrices. The lower row also shows the response of
species richness to both matrices.
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Figure 6. Association between the frequency of occurrence of C. russula (red dots and line), M. spretus
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linear regression, and their R2 values are shown by the lines (all p < 0.05).
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Figure 7. The relationship between landscape diversity/heterogeneity (Shannon H’) and land cover
of the two main land uses (crops: orange dots; forests: green dots) shows a unimodal pattern revealed
by the association to a polynomial function (p < 0.0001 in both).

4. Discussion

In this study, we analyzed the influence of environmental factors (climate and land
uses) on the structure of the small mammal communities (i.e., species composition and
relative abundance) in an agroecosystem of a transitional area between two biogeographic
regions in NE Spain. In this area, two different small mammal chorotypes were previously
described, one with Eurosiberian preferences and the other with Mediterranean preferences,
but also including generalist and synanthropic taxa [33]. Regarding the small mammal
communities and owing to the reduced spatial scale of the analysis, our results agreed
with an expected higher influence of land uses, rather than climate or geography, in the
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structuring of small mammal assemblages. However, a part of the variance was shared by
both environmental matrices, which highlights their patterns of spatial covariance [11].

We gathered information on 12 out of the 20 species potentially present in the area,
so the composition of the communities studied by us could be partially biased by the
absence of eight species. Nonetheless, the species accumulation curve returned a good
inventory—detecting 96.7% of the species present—so we were confident that the commu-
nity composition was well described, at least considering the extent of the area sampled
and the effort performed [42,44]. However, this relatively small number of species detected
could also be related to the recent rarity of some small mammal species in highly mod-
ified ecosystems regulated by human activities [21]. However, we cannot rule out that
the sampling method used to be spatially biased due to species detectability and habitat
issues, owing to the fact that the diet of barn owls overrepresents the open-land species
and underrepresents the forest species [29,45]. Despite limitations, the diet of barn owls
has had a widespread application for detecting changes in the small mammal communities
in European agricultural ecosystems [28,37,46–51]. Furthermore, this method has also been
applied to depict the patterns of spatial distribution along strong environmental gradients
caused by geographic and climatic factors [18,19,32,35]. However, the absence of some
species in our samples could be well explained by a mismatch between foraging habitats of
either predator and preys (e.g., in the case of forest dwelling species such as Clethrionomys
glareolus, Glis glis, Sciurus vulgaris), but also because of the rarity of some preys in the field
and in the diet (e.g., Talpa aquitania, Eliomys quercinus, Arvicola sp., Neomys sp.), where
extremely large samples are needed to record their presence (e.g., >15,000 small mam-
mals: [19,50]). Even with these limitations, the barn owl diet can yield more information
than conventional sampling methods (e.g., live trapping [23,45,52]), and regarding the
distribution of forest species, it offers equivalent information to that provided by forest
generalist predators (e.g., G. genetta, [32,36]).

The study area showed a strong environmental gradient, as expected, in transitional
areas between biogeographic regions in mountain ranges. This gradient was caused by
abiotic factors (i.e., temperature and rainfall) influenced by the topography, affecting the
composition of the landscape and the small mammal communities. This area represented a
traditional Mediterranean land use and land cover gradient, showing urbanization and
crop intensification in the lowlands and forest encroachment in mountain areas [24], with
landscape changes affecting mostly flat lowland areas with more productive soils, as shown
elsewhere [53]. Despite the patterns of spatial covariation between abiotic and biotic factors,
our analysis was able to disentangle the effects of both factors. The results stressed the
higher relevance of land uses—compared to climate—for structuring the small mammal
communities of the study area. This is consistent with the remarkable effects of land
uses at small spatial scales [12,54], which contrasts with the relevant roles of climate for
mammal diversity at higher spatial scales [6]. Nonetheless, the small mammal communities
displayed low turnover rates along the gradient, which contrasted with other areas with
stronger gradients or richer communities [55].

Some authors observed that small mammal diversity increased in agroecosystems
with high landscape complexity [56], but our results showed a lack of relationship between
these variables. Indeed, positive, negative, and neutral responses to landscape complexity
and heterogeneity were described in small mammals [4]. However, species richness was
minimal in the anthropic lowlands—covered by crops and urban areas—and increased in
the more natural highlands covered by forests [55]. In particular, the cover of deciduous
and coniferous forests increased the number of species, which matches the distribution of
some northern species with Eurosiberian requirements [33]. This was also in agreement
with other studies showing that the proportion of farmland and urban habitats negatively
affected overall mammalian species richness [12,53,56,57], bearing in mind that habitat
disturbance by degradation and simplification of the original vegetation showed harmful
effects on small mammal communities [13]. Indeed, urbanization is accompanied by many
activities that significantly affect the abundance and diversity of species [58], increasing
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the prevalence of synanthropic species without any conservation value (i.e., Rattus sp.,
Mus musculus [21]). Nevertheless, other factors that were not considered, such as agricul-
tural intensification practices [28,48], can affect habitat quality due to increased uses of
pesticides and fertilizers [46], thus decreasing suitability for small mammals. Other diver-
sity indices used to describe the small mammal communities (e.g., Shannon H’, evenness)
did not show association with the environmental gradients analyzed here, which contrasts
with the results obtained with the species richness. Since those indices are a combination of
variables (e.g., diversity combines richness and evenness), using the number of species can
be advised as the most simple and straightforward measure of species diversity [22,40] to
easily uncover environmental patterns.

Concerning the particular species requirements, one northern species with southern
limits of distribution in the area showed land use associations (M. lavernedii), and three other
species showed both responses (either climate and land uses, such as A. flavicollis, S. Araneus,
and S. minutus). In the same way, two southern species with Mediterranean requirements
showed associations with both climate and land uses (S. etruscus and M. duodecimcostatus).
Regarding widely distributed species without distribution limits in the area, C. russula
was influenced by both climate and land uses, and A. sylvaticus was mainly influenced
by land uses. Synanthropic species (i.e., R. rattus, R. norvegicus, and M. musculus) did not
show any environmental influence. Despite the fact that Crocidurinae shrews are considered
thermophilic species (e.g., C. russula and S. etruscus, [18,21]), their abundance decreased
towards warm lowlands covered by crops and urban areas [57]. Owing to the preference for
open habitats such as grassland and scrubland [28,59,60], C. russula could be related to the
distribution of those habitats in the study area (i.e., associated with higher elevations, [26]).
Indeed, this species is mostly linked to vegetation structure rather than to climate along
elevation gradients [61], showing a positive but indirect association with elevation, as de-
scribed in nearby transitional areas of the Spanish Pyrenees [18]. Nonetheless, it cannot
be ruled out that intensively cultivated lowlands have a negatve influence on shrews’
abundance through adverse effects on prey availability [46]. Suncus etruscus was affected
by both gradients, suggesting that the species was constrained not only by elevation and
related abiotic factors but also by habitat features [17–19]. Only two small mammal species
(M. spretus and M. duodecimcostatus) were positively associated with the proportion of
agricultural land, and both are thermophilic open-land rodent species whose abundance
also decreases along the elevation gradient. Mus spretus is associated with agroecosys-
tems [28,62], but it is also present in natural habitats such as scrubland [63]. However, the
species could also be affected by altitude and related variables (e.g., temperature), which is
probably associated with its thermoregulatory capacity and North-African origin [62,64].
This also agrees with the negative association of that species with elevation gradients
described in other mountain ranges [18,19]. Microtus duodecimcostatus is an Iberian endemic
fossorial vole that was dominant in the barn owl diet in the studied area. This species
depends on soil quality [30,65], as many other fossorial species of the genus Microtus [37],
but also on competition with other fossorial voles [65,66]. In the study area, this species
is the only fossorial species with the highest abundance in the owls’ diet. Despite being a
rare species in the diet of barn owls, the frequency of occurrence of A. flavicollis changed
along the environmental gradient as expected, matching the pattern observed in a nearby
mountain range [32]. The species showed positive associations with both climatic and
land use variables, which agreed with its Eurosiberian preferences (i.e., deciduous forests
in cold, wet areas). These results highlighted that the frequencies of occurrence of rare
forest-dwelling species can be interpreted on an ecological basis using the barn owl diet.
A similar pattern was observed in S. minutus and S. araneus, displaying associations with
either climatic or land use variables, as shown elsewhere [18,19]. Microtus lavernedii only
showed association with land use, in particular with areas covered by crops and pinewoods,
in contrast with areas covered by sclerophyllous forests. Some authors highlighted the in-
fluence of geo-climatic variables on this species (e.g., altitude, temperature [18,19]), but the
lack of association in this study agrees with its widespread elevation range, since it can
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be found even at sea level [30]. Apodemus sylvaticus only showed significant influences
of eland uses, being associated with areas covered by humid forests and scrubland and
decreasing towards dry forests, crops, and urban areas. This species can be considered
the most common small mammal in the area [52] and did not show clear habitat prefer-
ences [67]. However, A. sylvaticus was previously thought to be associated with elevation
in other mountain ranges [18,19], but this could well be an artifact caused by considering
the combined abundance of both Apodemus spp. Finally, synanthropic species (i.e., R. rattus,
R. norvegicus, and M. musculus) did not show any environmental influence, which can be
expected according to their particular associations with human habitats [18], but also to the
low representativeness of the barn owl diet.

Obtaining accurate data on the present distribution of small mammals is needed for
establishing present and future conservation policies owing to the retreat of species ranges
under future climate change scenarios [10,14]. Despite none of the small mammal species
identified in this study having any conservation concern, they are considered key elements
of the ecosystems [68], playing a paramount role in the demography of generalist and spe-
cialist predators in the area [69,70]. Indeed, this investigation was based on the information
provided by the analysis of the diet of a generalist predator, the barn owl, which showed
the relevance of small mammals as a food resource. Barn owls are efficient small mammals’
predators worldwide, and their predation rates provided natural control of rodent pests in
agricultural land [71,72]. At the same time, being a generalist, the frequency of occurrence
of the different species in the diet can be interpreted as reflecting relative abundances in the
field, which helped to delineate the spatial distribution of species in transitional areas such
as the one studied. Furthermore, the information offered by owls at the landscape scale
cannot be easily obtained from other, more traditional sampling methods such as live trap-
ping [45]. Summarizing, favoring barn owls’ populations (e.g., by providing nes-boxes) in
agricultural land is a “win-win”, 1/offering natural protection of crop yields and avoiding
the use of rodenticides, and 2/providing indirect information valuable for mammalogists.
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