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ARTICLE INFO ABSTRACT

Keywords: Multi-host communities are perfect scenarios for the emergence and spread of pathogens, threatening the re-
Brown bear (Ursus arctos) covery of endangered, isolated, or inbred populations, such as the brown bear (Ursus arctos) in northwestern
Interface Spain. The population recovery in recent years has forced bears to occupy highly anthropized areas, increasing
Canine Adenovirus type 1 (CAdV-1) heir i . ith h d d . imal ith ial f lobal health .
Giardia spp. their interaction wi uman and domestic animals, with potential consequences for global health. During

Salmonella spp. 2022-2023 a survey of parasites, bacteria and viruses shared between wildlife, domestic animals and humans
Non-invasive surveillance was performed in this population using non-invasive surveillance, i.e., bear fecal samples (n = 73) and sponge-
Conservation based sampling of trees (n = 42; 14 rubbed trees and 28 control trees). Pathogen detection rates were defined as
the percentage of qPCR or culture-positive samples. Generalized linear models were fitted to assess their rela-
tionship with environmental variables including dispersion of the human population, and percentage of agri-
cultural and periurban habitats in a 6 km-buffer around each sample. Canine Adenovirus type 1 (45.2%), Giardia
spp. (15.1%), Salmonella spp. (12.3%), and extended-spectrum-beta-lactamases (ESBL) Escherichia coli (1.4%)
were identified in fecal samples. In contrast, only five sponges from three rubbed and two control trees resulted
positive to E. coli (14.3%). The results suggest that several pathogens are common in the Cantabrian brown bear
population and that anthropization of the territory modulates their prevalence and richness.
The effective design of management programs for bear conservation will require a one-health approach, in
which genetic analysis of non-invasive samples can be key tools for the sanitary surveillance at the wildlife-
livestock-human interface.

1. Introduction pathogens can emerge and spread [1]. This is especially relevant in
endangered, isolated, or inbred populations where these pathogens may
Multi-host communities conform perfect scenarios where the hinder individual health, threat population recovery, and ultimately
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promote population declines and/or extinctions at local scales [2]. The
endangered Cantabrian brown bear (Ursus arctos) population is located
in the Cantabrian Range (northwestern Iberian Peninsula), and consti-
tutes the southwestern distribution limit for this species in Europe [3].
The implementation of conservation strategies have allowed an impor-
tant recovery of the Cantabrian brown bear distribution and population
over the last two decades, currently estimated at 324 individuals, 275 in
the western subpopulation and 49 in the eastern subpopulation [4,5].
Consequently, bears have been forced to occupy anthropized areas due
to their growing population trends, the development of urban and
suburban areas, and the ubiquity of human activities [6,7], which also
attract bears looking for food resources of anthropic origin such as crops,
livestock, hives, or garbage [6,8]. This spatial overlap may lead to social
conflicts [7,9] and consequences for global health [9].

Brown bears are especially susceptible to infectious diseases because
of the features of their populations (i.e., small and relatively isolated/
fragmented), as well as their behavior and ecology (i.e., apex consumer
and facultative scavengers) [10]. Recently, infectious diseases have been
identified as an important cause of death in this population (39.7% in
the period 1998-2023) [11,12]. The pathogens reported included
Clostridium spp., verotoxigenic Escherichia coli, Canine Adenovirus type
1 (CAdV-1), and Canine Distemper Virus (CDV) [11-14]. In addition,
parasites such as Dicrocoelium spp., Trichuris spp. and Baylisascaris spp.
have been described [9,15,16]. All those pathogens are shared between
domestic animals, wildlife and in some cases humans, and in most in-
stances are transmitted through indirect contacts (i.e., shared habitats
and resources) at the interface [1,13].

The survey of elusive species, such as the brown bear, has largely
been favored by the development of non-invasive genetic material
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monitoring, such as feces or sponges [17-21], without the need to
capture or disturb them [18]. This sampling approach allows to explore
ecosystem-level processes such as host-pathogen relationships, making
possible the early detection of pathogens and the identification of hot-
spots for disease transmission [19,20,22].

In this study, we present a survey of shared parasites, bacteria, and
viruses — some of them zoonotic - in the Cantabrian brown bear popu-
lation using non-invasive surveillance. Our aims were to: 1) characterize
the richness and detection rate of a set of pathogens in the Cantabrian
brown bear population, 2) discuss the effects of land cover variables,
livestock numbers and anthropization on the detection rate and richness
of microorganisms in the Cantabrian brown bear population, and 3)
evaluate the utility of non-invasive sampling in elusive species such as
the brown bear.

2. Material and methods
2.1. Study area and sample collection

2.1.1. Study area

The Cantabrian brown bear population inhabits an area of approxi-
mately 8600 km? along the Cantabrian Mountains (northwestern Spain)
[23], with an elevation ranging from 100 to 2648 m above sea level (m.
a.s.l.). The study area exhibits an oceanic climate with mild tempera-
tures and moderate precipitation throughout the year (900-1400 mm)
[23].

2.1.2. Fecal samples
From 21st October to 27th November 2022, 73 fresh fecal samples

["] Regions with presence of Cantabrian brown bear
Il Distribution area of brown bear in 2022
4 Fecal samples

Trees (sponges samples)
4 Bear-rubbed and control trees

Fig. 1. Study area and location of non-invasive samples studied in Cantabrian brown bear (Ursus arctos). Territorial divisions in the map refers to administrative units
(locally called “parish™). Upper left image: Feces from brown bear. Upper right image: Rubbed tree.
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were collected during routine itineraries and monitoring tasks con-
ducted by rangers working with the species. All the samples were
located in the western part of the Cantabrian bear range (Fig. 1), mostly
in high-quality areas heavily used by bears during the autumn (i.e.,
hyperphagia period) [10,24], and regularly visited by rangers during
field inspections. Furthermore, sampling during autumn-winter avoids
the cubs’ period (i.e., April-June; [10]). In order to minimize differences
in sampling effort, some areas were reinforced with inspections by re-
searchers and field technicians.

The average distance between the feces collected was 31,713 m
(31.7 km) (range: 1.38-171,752.67; SD = 25,935.14).

Around 300 grams (g) from the core of each fresh feces were taken.
The outer layer was discarded to avoid potential contamination and the
possibility of DNA/RNA being washed out by rain or damaged by sun-
light. Sampled bear feces were georeferenced (Fig. 1), introduced into
sterile bags, and transported to the laboratory, where they were treated
and stored differently depending on their destination: 1) genetic ana-
lyses (20 g): dry stored with silica after ethanol soaking following [25];
2) parasite detection (40 g): stored at —80 °C without any preservative
treatment; 3) bacteria detection (40 g): stored at 4 °C and immediately
processed; and 4) virus detection (300 mg): stored at 4 °C with RNA later
(ThermoFisher Scientific, Madrid, Spain).

To genetically differentiate feces from different individuals, DNA
was extracted according to [25] and genotyped using the six micro-
satellites (MU10, G10L, MU50, MU23, MU59, MU51) most polymorphic
in the Cantabrian brown bear western population [25].

2.1.3. Sponges for environmental DNA detection in trees

Environmental DNA samples from 42 trees — 14 bear-rubbed and 28
control trees (i.e., 2 controls/rubbed tree) — were taken during June
2023 using cellulose dry sponges (3 M™ Dry-Sponge; 3 M-Espana,
Madrid, Spain), prehydrated with 15 ml of an isotonic surfactant liquid,
which preserves genetic material while rendering microorganisms
inactive. June marks the end of the brown bear mating season
(April-June) in the study area; therefore, it is more likely to find rubbed
trees in the field with recent DNA deposition [26]. First, trees with
rubbing signs (i.e., smoothed bark, scratches, bites, lack of vegetation at
the base, or bear hair snagged on the bark [26]) were chosen, surveyed
and sampled (Fig. 1). Then, two control trees within a 20 m-radius
around each rubbed tree were sampled. Control trees were selected,
attempting to ensure identical characteristics between control and
rubbed trees (i.e., slope, altitude, orientation, tree species, size, etc.), but
lacked any evidence of rubbing. All sampled trees were georeferenced
(Fig. 1). On each tree, a sponge was scrubbed ten times on its bark and
stored at 4 °C.

2.2. Shared pathogen identification

Selected shared pathogens (parasites, bacteria and viruses) were
known to be present in the region in both domestic animals and wildlife
[27-32] (Table 1). Selected bacteria and parasites were also of zoonotic
relevance. Parasites were not analyzed in sponge samples, as they are
associated with feces. For each pathogen, the detection rate was calcu-
lated as the percentage of PCR or culture-positive samples (separately
for feces and trees). For this purpose, fecal samples were treated as in-
dividual samples. Detailed information on pathogen detection proced-
ures can be found in Additional file 1.

2.3. Habitat data collection

Land use and vegetation data were obtained from the CORINE land
cover map 2018 and were reclassified into four categories: agricultural-
periurban settings (including arable land, permanent crops, prairies,
heterogeneous agricultural areas, and artificial surfaces), woodlands,
scrubland, and natural grassland (i.e., grasslands under no or moderate
human influence). A 6 km-radius buffer was considered around each
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Table 1
Shared pathogens studied in non-invasive samples in Cantabrian brown bear
(Ursus arctos).

Type and Parasites Bacteria Viruses
number
(n) of
samples
l 1L .
Crypttl)sporidium spp., i(;r,:toor;(igir?iip ’ Canine .
Giardia spp., o . Adenovirus type
. Escherichia coli and
Feces (n = Blastocystis sp., 1 (CAdV-1),
betalactamase (ESBL/ .
73) Enterocytozoon Canine
bieneusi AmpC) and/or Distemper Virus
’ b
Encephalitozoon spp. ;?2 dii?:;?a:li (CDV)
Tree Salmonella spp.,
verotoxigenic E. coli
_ AdV-1, CD
sponges and colistin resistant CAdV-1, CDV
(n=42)

E. coli

environmental sample (feces or tree sponges) and the percentage of each
vegetation type was assigned to each buffer. This radius is similar to the
annual home range, i.e., a minimum convex polygon 95% of ~130 km?,
of an adult male, which is usually larger than the one of an adult female
[33]. Although all the samples were collected during the hyperphagia
period, when brown bears occupy smaller areas, we selected the annual
home range because brown bears are flexible dietary generalists that
rapidly adapt to seasonal differences in food availability, using a broad
variety of habitats in a given year [33].

Mean elevation (m.a.s.l.) of the buffer was calculated from the 2 m
resolution DTM PNOA-IGN (National Geographic Institute). The human
population densities (individuals/km?) of each administrative unit
(locally called “parish”) were obtained from the Spanish National Sta-
tistics Institute (INE) for the year 2023. Demangeon’s index was selected
as a proxy of human spreading across the territory considering a certain
population density, i.e., increasing Demangeon’s values indicate larger
population spreading but not lower population densities. It was calcu-
lated for each parish according to Lizana et al. [34]. The density of
livestock heads (heads/km?) (including cattle, sheep, goats, and horses)
from each parish were calculated from the Asturian Society of
Economical and Industrial Studies (SADEI) for the year 2020 (the most
updated available data; Additional file 2a and 2b). To extrapolate the
information collected at the parish level to each buffer, an average was
calculated including the data from those parishes whose centroid was
located within each buffer.

The qGIS software version 3.22.5 was used to perform these analyses.

2.4. Statistical analysis

Before multivariate analysis, collinearity among predictors was
explored. Numeric variables were scaled, allowing comparisons of their
strength in the models. Since correlation > + 0.60 was detected between
several variables, individual models for each predictor were fitted
(Additional file 3). Finally, the coverage of agricultural-periurban
habitat was selected to be included in the models since it had the
highest predictive strength for most pathogens (differences >2 in the
corrected Akaike’s Information Criterion; AICc) (Additional file 3).

Generalized linear models (GLMs) were fitted to assess the associa-
tion of the positivity to each pathogen (binomial response) with
Demangeon’s index and coverage of agricultural-periurban settings.

An ordinal multinomial regression model was performed to test the
relationship between the pathogen richness (0-2) of each fecal sample
(there were no trees with >1 pathogen) and the aforementioned
variables.

Selection processes for the final models were performed based on the
AlCc (Additional files 4-8). When the function yielded the null model as
the best model, the next one according to the AICc was selected as the



G. Herrero-Garcia et al.

final model, since no >2 AAICc values were observed. When multiple
models were within 2 AAICc threshold, the model with more biological
sense was selected.

Normality and the absence of residual pattern in data variation were
checked for all the models. The libraries Ime4, MASS and MumiIn in R
software 4.0.2 were used.

3. Results
3.1. Shared pathogens detected in feces and trees

3.1.1. Feces

Shared pathogens in fecal samples were found in 60.3% of the
samples. Specifically, Giardia spp. (15.07%), Salmonella enterica subsp.
enterica (Salmonella spp.) (12.33%), ESBL (1.37%) and CAdV-1 (45.21%)
were detected (Additional file 9, Fig. 2). All feces were negative for
Cryptosporidium spp., Blastocystis sp., E. bieneusi, Encephalitozoon spp.,
verotoxigenic E. coli, and CDV. The 22.73% of the fecal samples positive
to any pathogen resulted positive for multiple pathogens (10 positive to
>1 pathogen/44 positive to >1 pathogen). The most frequent co-
occurrence was Salmonella spp./CAdV-1 (40%; 4/10) and Giardia
spp./CAdV-1 (40%; 4/10), followed by Giardia spp./Salmonella spp.
(11.11%; 1/9), and ESBL/CAdV-1 (11.11%; 1/9).

For Salmonella spp., the most common serovar found was Newport
(5.48% of the fecal samples; 4/9 positive samples to Salmonella spp.),
followed by Ndolo (2.74% of the fecal samples; 2/9 positive samples to
Salmonella spp.), whereas a single sample was positive to Enteritidis,
Kottbus and Coeln (Additional file 9). All Salmonella isolates were sus-
ceptible (wild type phenotype) to all the antimicrobials included in the
EUVSECS3 panel except for tigecycline for two isolates. In the case of the

a.

Parasites
O Negative
@ Giardia spp.

0 75 15km

C.

N\ Viruses
O Negative

O CAdv-1

[ 75 15km
)
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E. coli isolate obtained, it was found to be resistant to cefotaxime, cef-
tazidime, ampicillin and cefepime.

Genetic analysis to differentiate feces from different bears obtained
amplification from 47 fecal samples (64%); however, only the 33 sam-
ples (45%) that successfully amplified more than three markers were
included in the analysis. Among them, only four couples of samples gave
the same genotype (12% of redundant sampling, i.e., feces from the
same individuals; sample identifier 23-26, 12-25, 4-42, and 52-59;
Additional file 10), identifying a total of 29 different genotypes. In the
remaining fecal samples, the extracted DNA was of insufficient quality to
perform the genetic analysis.

3.1.2. Trees

Only five trees were positive to E. coli (11.91%), three of them were
bear-rubbed trees (3/14; 21.43%) and two were control trees (2/28;
7.14%) (Fig. 3). All trees were negative to CAdV-1, CDV, and virulence
and resistance genes of E. coli.

3.2. Environmental factors affecting pathogen detection rates

The results revealed that the dispersion of human population
(Demangeon’s index) and the coverage of agricultural-periurban habitat
in a 6 km-buffer explained the positivity of fecal samples to the different
pathogens (Table 2, Additional file 2a and 2b). In this regard, the human
pressure in the surroundings (percentage of agriculture-periurban hab-
itats in the 6 km-buffer) of each environmental sample (feces and
sponges) is displayed in Additional file 2¢c, and positive fecal samples to
any pathogen related to the dispersion of human population (Deman-
geon’s index) is shown in Additional file 2d. According to the models,
the probability of being positive to CAdV-1 was associated with the

b.

Bacteria

O Negative

@ Salmonella spp.

@ E. coli ESBLs/AmpC

Pathogen richness
O Negative

@ One pathogen

@ Two pathogens

0 75 15km

Fig. 2. Pathogens detected in fecal samples of Cantabrian brown bear (Ursus arctos). (a) Parasites, (b) bacteria, (c) viruses, and (d) number of pathogens detected in
73 feces from brown bear. E. coli ESBLs/AmpC: extended-spectrum beta-lactamases (ESBL), AmpC and carbapenemase producing E. coli. CAdV-1: Canine Adenovirus
type 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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a.
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/1N bear-rubbed trees
£\
FAY L o . 5\ ok £\ Negative to any pathogen
# Positive to E. coli
b.
e
2]
8 e
9 S
A Pathogens detected in control
) \\ (unmarked trees)
@ [4) _ . 5 —_— & Negative to any pathogen

8§ Positive to E. coli

Fig. 3. Pathogens detected in trees using sponge-sampling. (a) Bear-rubbed
trees (n = 14) and (b) control trees (n = 28). E. coli: Escherichia coli.

Table 2

Results of the final generalized linear models (GLMs). GLMs - Canine Adenovirus
type 1 (CAdV-1), Giardia spp., Salmonella spp. and Escherichia coli - and ordinal
multinomial regression model (pathogen richness) examining the relationship
between the positivity to several pathogens and the pathogen richness in non-
invasive environmental samples of Cantabrian brown bear (Ursus arctos) and
the dispersion of human population (Demangeon’s index), coverage of
agricultural-periurban habitat in a 6 km-buffer, and type of sampling tree. Sta-
tistically significant values are in bold and marginally significant values are
marked with an asterisk (*).

Predictors Estimates  Confidence p-value
interval 95%

CAdV-1 in fecal samples (n = 72)

(Intercept) -0.29 0.26 0.264

Demangeon’s index (dispersion of 1.05 0.37 0.005
human population)

Coverage of agricultural-periurban —0.58 0.31 0.059*
habitat (%)

Giardia spp. in fecal samples (n = 72)

(Intercept) -1.85 0.35 <0.001

Coverage of agricultural-periurban 0.28 0.35 0.428
habitat (%)

Salmonella spp. in fecal samples (n = 72)

(Intercept) —2.78 0.67 <0.001

Coverage of agricultural-periurban 1.65 0.65 0.010
habitat (%)

Pathogen richness (fecal samples; ordinal) (n = 72)

ol1 -0.41 0.25 0.010

1|2 2.08 0.37 <0.001

Demangeon’s index (dispersion of 0.65 0.26 0.013
human population)

E. coli in sponges from trees (n = 42)

(Intercept) —-2.57 0.73 <0.001

Type: bear-rubbed tree 1.27 0.98 0.197
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Demangeon’s index, being higher in samples collected in areas where
human population is dispersed, i.e., most of the human population live
spread out from the main foundation nucleus (Table 2 and Fig. 4a).
Furthermore, the positivity to CAdV-1 was marginally and negatively
related to the coverage of agricultural-periurban habitat (Fig. 4b).

The risk of Giardia spp. was higher in samples from areas with
increased agricultural-periurban coverage, but these results were not
statistically significant (Table 2). In this sense, the positivity to Salmo-
nella spp. was significantly associated with higher dominance of
agricultural-periurban settings (Table 2 and Fig. 4c).

Finally, the pathogen richness in the fecal samples depended on the
dispersion of human populations in the bear range (Table 2 and Fig. 4d).
The probability of showing the highest pathogen richness occurred
when human populations widely overlap with the bear’s habitats, i.e.,
higher Demangeon’s indexes.

For tree sponges, although bear-rubbed trees presented a higher risk
of being positive, these results were not statistically significant
(Table 2).

Raw data of pathogen detection in feces and tree-sponges can be
found in Additional file 10.

4. Discussion

This study has determined the presence of CAdV-1, Giardia spp.,
Salmonella spp., and ESBL in brown bear feces, as well as E. coli in bear-
rubbed trees using non-invasive sampling, which suggests its potential
usefulness as a tool to monitor the sanitary status of this species. How-
ever, no difference was found in the risk of detecting E. coli in rubbed vs.
unmarked (control) trees, thus the use of trees should be further inves-
tigated in the future.

The high prevalence of CAdV-1 obtained in fecal samples (45%) re-
flects the widespread circulation of the virus in the Cantabrian bear
population. Since 2014 CAdV-1 has caused the death of three brown
bears due to infectious canine hepatitis [12], and it has also been
detected in the sympatric Iberian wolf (Canis lupus) [31,32]. CAdV-1 can
be transmitted through direct contact with infected animals or
contaminated fomites, and is considered stable in the environment,
remaining infective for weeks, thus facilitating its detection by non-
invasive sampling [35]. The source of CAdV-1 infection for bears
might be wolves or domestic dogs, usually not vaccinated in rural areas.
In that regard, GLMs related the CAdV-1 positivity to the dispersion of
human populations and marginally to lower coverage of agricultural and
periurban habitats. The fragmented areas (i.e., those that combine
forested areas with small human settlements) constitute engaging en-
vironments with anthropogenic food resources for brown bears, which
may also favor the interaction between dogs and bears, and thus the
potential interspecies transmission of CAdV-1. Therefore, the study of
CAdV-1 prevalence in rural dogs, as well as their vaccination, are
strongly recommended.

The CDV Morbillivirus, which has caused mortality since 2020 in
several carnivore species in the region including brown bear [12,30],
was not detected in any fecal nor tree samples. However, it should be
noted that RNA viruses are more easily degradable in the environment
than DNA ones, suggesting a short life of CDV in the environment and/or
the importance of direct transmission routes from infected individuals
rather than an absence of circulation of this virus. To the best of our
knowledge, there are no previous studies on CDV and CAdV-1 surveil-
lance with non-invasive methods.

Interestingly, a 15% infection rate of Giardia spp. and an apparent
absence of Cryptosporidium spp., Blastocystis sp., E. bieneusi, and Ence-
phalitozoon spp. parasites were obtained. Giardia spp. was previously
found at a lower infection rate (5%) in sympatric wildlife [29,36]. Un-
fortunately, lack of amplification of genotyping markers (very likely
reflecting the low amount of starting parasite DNA) precluded us from
determining the genetic variants involved in these infections. Never-
theless, assemblage A (unknown sub-assemblage) was previously
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RN TR I T L i
5 10 15 20 25 30
Coverage of agricultural-periurban habitat (%)

Pathogen richness
(1) 2

0.8 r

04 e L

02,

0.0 T : L L
0 1 2 3 4 5 6

Demangeon's index (dispersion of human population)

Predicted pathogen richness in fecal samples

Fig. 4. Predicted probability of detecting several pathogens in fecal samples from Cantabrian brown bear (Ursus arctos) population + confidence interval 95% (error
bars or shaded band). (a) Predicted probability of Canine Adenovirus type 1 (CAdV-1) depending on the dispersion of human population (Demangeon’s index). (b)
Predicted probability of CAdV-1 depending on the coverage of agricultural-periurban habitat (percentage in a 6 km-buffer from each fecal sample). (c) Predicted
probability of Salmonella spp. depending on the coverage of agricultural-periurban habitat (percentage in a 6 km-buffer from each fecal sample). (d) Predicted
pathogen richness (positive to none —0-, a single pathogen —1- or two pathogens —2-) depending on the dispersion of human population (Demangeon’s index). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

identified in a brown bear fecal sample collected in the same region
(GenBank accession number: PP312933), being the first report on the
molecular diversity of Giardia infection in wild bears globally. Giardia
cysts were identified in resident polar bears (Ursus maritimus) in Alaska
[37], but the parasite was not detected in brown bears from Croatia, the
United States, and Spain [15,38,39]. Of note, Cryptosporidium spp.,
E. bieneusi, and Blastocystis sp. have been reported in sympatric wildlife
in northern Spain [27-29,40,41], and the former also in free-ranging
brown bears in Slovakia and Poland [42,43]. In contrast, Blastocystis
sp. and E. bieneusi have only been confirmed in captive wild bears from
Asia [44,45].

Salmonella spp. and ESBL were detected in fecal samples. Salmonella
spp. is a common bacteria isolated from humans and domestic animals
[46,471, which has also been occasionally isolated in American black
bears (Ursus americanus), e.g., [48]. Five serovars of Salmonella spp.
were detected in the Cantabrian bear population, being S. Newport and
Ndolo the two most frequently found. Specifically, S. Newport and S.
Ndolo were reported in badgers from northern Spain and livestock,
respectively, all abundant species in the study area [49,52]. The di-
versity of Salmonella serovars found in this bear population might be a
consequence of its generalist diet and habits, as suggested for other wild
carnivores in northern Spain [49]. On the other hand, ESBL was only
detected in a fecal sample, and although verotoxigenic E. coli was

identified as the cause of death in one Cantabrian brown bear [12], none
of the samples tested resulted positive in this study. ESBL has been
detected in other wild mammals across the globe, including other bear
species, e.g., sloth bear (Melursus ursinus), becoming an increasingly
frequent pathogen of concern with potential human and/or animal
origin [50].

According to our best model, Giardia spp. and Salmonella spp. posi-
tivity tended to be associated with higher coverages of agricultural-
periurban habitat, reflecting that bears may acquire these pathogens
through consumption of contaminated human waste and water, i.e.,
water courses which received run-off from farm buildings, slurry,
human sewage, and feces of wildlife linked to peri-urban habitats [1]. In
this line, an elevated pathogen richness was evidenced in areas with
higher Demangeon’s index.

Sponge sampling gave only E. coli detection on trees. The potential
detection of pathogens on trees might come from urine, saliva, nasal
discharges, scratches, or hair snagged on the tree bark. However, the
detection capacity of sponges in trees may be more susceptible to vari-
ables such as the sampling time, the environmental resistance of path-
ogens, the humidity, and other climatic or habitat factors compared to
feces where pathogens are less exposed to environmental damages (e.g.,
sunlight). Furthermore, finding pathogens in sponge samples or even
feces does not imply viable organisms at sufficient concentration for
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being infective, but pathogen presence in the bear ecosystem [20],
confirming its utility for passive surveillance [20-22].

Overall, in our study environmental non-invasive sampling allowed
detection of pathogens overcoming the main constraints derived from
direct wildlife sampling (i.e., induced stress, increased effort, elusive
species, etc.). It also enhanced the epidemiological understanding of
viral, parasite and bacterial infections shared at the bear-human inter-
face. This is an important finding since it opens an avenue for a non-
invasive sampling of multiple pathogen markers in studies of the
ecosystem sanitary status. Specifically, sponge samples may gather ge-
netic material from a significant portion of animals, whereas feces
represent the contribution of each individual animal. In addition,
sponges used in this study are temperature-resistant and biosafe since
pathogens are fixed in preserving liquid [20,21].

Limitations of this study may have been (i) the potential degradation
of pathogen DNA/RNA in the environment, especially in trees, which
might have prevented its correct detection by diagnostic techniques; and
(ii) the redundant sampling of 12% of feces from the same four animals.
In that regard, feces and tree sponges were studied to deepen in the
knowledge of the presence of pathogens at the interface, not for prev-
alence studies and diagnostic purposes, which can be reached by nec-
ropsies and subsequent analysis, among others.

5. Conclusions

This study reveals that land disturbance and how human population
is distributed throughout the territory drives the positivity against
several pathogens and higher pathogen richness, with varying results
depending on the pathogen. None of the pathogens studied except
CAdV-1 seem to be a health issue for bears; however, the ongoing in-
crease in brown bear population together with its territorial expansion
in human-modified landscapes will undoubtedly bring more bear
exposure to shared pathogens at the interface, some of which might be
potentially pathogenic to bears. The study also highlights the usefulness
of non-invasive sampling as a tool to monitor and survey the sanitary
status of elusive species such as the brown bear, offering new insights
into epidemiological research which can help in conservation programs
of this and other large carnivore populations. For this reason, including
these non-invasive tools in the current integrated wildlife monitoring
official programs is recommended.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.onehlt.2024.100746.
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