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Outdoor farming contributes to biodiversity conservation and enhances animal welfare, but also raises biosafety
concerns due to livestock contact with potentially infected wildlife. Thus, there is a need to assess the balance
between vertebrate species richness on farms, visits by wildlife species posing a biosafety risk, and pathogen
circulation in open-air farming systems. We explored these links in a pilot study involving 15 open-air hoofstock
farms (6 cattle, 5 small ruminant, and 4 pig farms), where we conducted interviews and risk point inspections
and used two noninvasive tools: short-term camera trap (CT) deployment and environmental nucleic acid
detection (ENAD). CTs were deployed to assess the richness of birds and mammals, as well as to determine the
percentage of CTs detecting defined risk species. We also collected livestock feces and used sponges to sample
surfaces for environmental DNA (eDNA), testing for nine pathogen markers. Total vertebrate richness ranged
from 18 to 42 species, with waterholes significantly contributing to farm vertebrate richness, since 48.2 % of all
wild vertebrates were detected at waterbodies, and 28.6 % were exclusively detected at waterholes. Pathogen
markers detected at risk points correlated with those detected in livestock samples. Notably, the frequency of
uidA marker detection correlated with the total number of pathogen markers detected per farm. Overall marker
richness, an indicator of pathogen diversity, varied between farms, being higher in small ruminant farms
compared to cattle or pig farms. At the farm level, wild vertebrate richness was negatively correlated with the
richness of pathogen markers detected at risk points. Additionally, risk points with a higher probability of
detecting more pathogen markers had lower vertebrate richness. Although CT-based assessments of vertebrate
richness and ENAD-based pathogen marker detection are only indicators of actual biodiversity and farm health,
respectively, our findings suggest that farmland vertebrate communities provide important ecosystem services
and may help limit the circulation of multi-host pathogens.

1. Introduction

The wildlife-livestock-environment interface is a complex scenario
with significant implications for biodiversity conservation, pathogen
circulation, climate change mitigation, and rural economy [1,2]. There
is a general agreement that increased heterogeneity in agricultural
landscapes benefits both biodiversity and ecosystem services [3].
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However, pathogen circulation can also benefit from these complex
maintenance communities [4] and from increased interactions among
key maintenance hosts at high-risk locations such as waterholes [5,6].
The interplay between biodiversity and pathogens can either enhance
pathogen circulation (amplification effect) or reduce it (dilution effect)
depending on the geographical scale and the pathogens involved, with
generalist pathogens being more likely to be affected by biodiversity
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changes [7]. In this context, one goal of those seeking to protect biodi-
versity and the health and well-being of humans and animals, is iden-
tifying synergies between animal farming and biodiversity conservation
while minimizing the potential detrimental effect posed by the in-
teractions between farmed animals and risk wildlife such as certain
carnivores, ungulates, and birds [8,9].

Outdoor farming involves keeping animals in open-air environments
temporarily or permanently. This practice contributes to biodiversity
conservation and enhances animal welfare but also raises biosafety
concerns [10]. Species such as red deer (Cervus elaphus), Eurasian wild
boar (Sus scrofa), red fox (Vulpes vulpes), and European badger (Meles
meles) are known to share relevant pathogens with domestic hoofstock,
including the members of the Mycobacterium tuberculosis complex [MTC,
[11]]. Synanthropic birds such as starlings, corvids, doves, and pigeons
can serve as bridge hosts facilitating pathogen transfer between farms,
urban areas, and natural habitats [12,13]. In turn, pathogens with a
significant environmental transmission component often display in a
spatially aggregated manner, at risk points [14], and multi-host patho-
gens thrive in host communities where wild and domesticated verte-
brates, as well as the environment (e.g., soil, water) sustain their
circulation [5]. Thus, there is a need to assess the balance between
vertebrate species richness on farms, visits by wildlife species posing a
biosafety risk, and pathogen circulation in open-air farming systems.

We explored these links in a pilot study involving 15 open-air
hoofstock farms (6 cattle, 5 small ruminant, and 4 pig farms). We con-
ducted interviews and risk point inspections [15] and used two nonin-
vasive tools: short-term camera trap (CT) deployment and
environmental nucleic acid detection (ENAD). CTs were deployed at risk
points [16,17] and at random locations to: (1) assess the richness of
medium and large wild vertebrates (birds and mammals) and (2)
determine the percentage of CTs detecting defined risk species. We also
collected livestock feces and used sponges to sample surfaces for envi-
ronmental DNA (eDNA), testing for nine pathogen markers. Our goal
was to implement multilevel noninvasive monitoring and investigate
possible links between vertebrate richness and pathogen marker detec-
tion at both the farm and risk-point levels.

2. Material and methods
2.1. Sampling sites

The study included 15 open-air farms (cattle n = 6; small ruminant n
= 5; and pig n = 4), distributed in five regions of mainland Spain
(Madrid, cattle and small ruminant; Extremadura, pig; Castilla y Ledn,
cattle; Castilla La Mancha, small ruminant, and Murcia, pig). All farms
were open-air, and fences restricted the mobility of livestock, although
wildlife crossings could not be ruled out. Farms participating in this pilot
study were chosen depending on the willingness of owners to participate
and to represent all main hoofstock species as well as a broad
geographical range. Characteristics of the studied farms are shown in
Supplementary file 1, Table S1.

2.2. Farm visit protocol

In Spring 2022, an on-farm risk mitigation protocol adapted from
Martinez-Guijosa et al. [18], was carried out on each study site to gather
information on farm characteristics and husbandry practices and to
characterize the livestock-wildlife-environment interface (Supplemen-
tary file 1, Fig. S1).

2.2.1. Cartography

General information on farm size, perimeter, and land uses of the
farm and its surroundings was requested from each farm owner. Once in
the farm, additional information on potential risk points (feeders, wa-
terers, waterholes) and management practices that could pose a source
of interspecies interactions were identified and recorded on a printed
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map with the help of the farmer.

2.2.2. Questionnaire and risk point visits

Attending to the risk points previously established, a structured
questionnaire was carried out. The survey consisted of 80 open-ended
and closed questions and collected information on livestock manage-
ment, habitat configuration, feed supplementation, availability of water,
wildlife sightings, and hunting activity (Supplementary file 2).

After the interview, all potential risk points were visited, georefer-
enced, and characterized (Supplementary file 2). Risk points were
divided into watering sites (waterers and waterholes) and feeding sites
(straw/hay feeders, concentrate feeders). Additionally, signs of wildlife
presence (tracks, rootings, droppings, etc.) were inspected along the
waterholes and randomly chosen lines (Supplementary file 1, Table S2).
The frequency-based indirect index of abundance (FBII) was calculated
for wild boar, and red deer according to Acevedo et al. [19].

2.2.3. Camera trapping

During the field visit, 16-30 (median 30) CTs (Browning Strike Force
HD ProX, Browning Arms Company®, Morgan, Utah, USA) were
deployed per farm. Twenty were deployed targeting previously char-
acterized risk points and 10 were set up at random sites in the farm
premises (avoiding water and food sites), as control points (Supple-
mentary file 1, Table S3). CTs were programmed to be operative 24 h
(for 2 days), to take 3 shots per motion detected (RPF-3), with one-
minute time lapse between consecutive activations.

2.3. Risk species

Eight main wild vertebrate risk species (four mammals and four
birds) were specifically considered according to their possible role as
bridge hosts, higher abundance, and epidemiological relevance in in-
fections shared between wildlife and livestock: wild boar, red deer, red
fox, European badger, Eurasian collared dove (Streptopelia decaocto),
spotless starling (Sturnus unicolor), Eurasian magpie (Pica pica), and rock
dove (Columba livia) [13,20,21].

2.4. Noninvasive pathogen marker detection

On each of the 15 pilot sites, ENAD sampling was performed taking
surfaces and feces samples, as follows: 20 samples (Supplementary file 1,
Table S4) were taken from environmental/animal surfaces by using
cellulose dry sponges (3 M Dry-Sponge; 3 M, Saint Paul, Minnesota,
EEUU) prehydrated with 15 mL of an isotonic surfactant liquid that
preserves genetic material while inactivating microorganisms [22].
Surface samples were obtained from risk point surfaces and the animals’
hock area. In addition, ten fresh feces samples were collected (10 g/
sample) in containers with 90 mL of the surfactant liquid and 3 mm
diameter glass spheres to homogenize feces in the field.

The extraction and purification of DNA from surfaces and fecal
samples were performed using the QIAamp Fast DNA Stool Mini Kit
(Qiagen Hilden, Germany), starting from the pellet obtained after
centrifuging 900 pL of the sample for 3 min at 13.000 rpm.

On-farm health surveillance focused on pathogens that targeted the 3
livestock groups (cattle, small ruminant, and pig) and were shared with
wildlife species. In each sample, nine bacterial pathogen markers were
evaluated by specific real-time PCR protocols previously described
(Table 1). Any eDNA signal was considered positive.

Results of the annual compulsory tuberculosis skin testing for the 6
participating cattle farms were provided by the Regional Veterinary
Authorities [23]. Data were obtained through the official single intra-
dermal tuberculin test.

2.5. Statistical analysis

Initial data exploration was performed to check for variable
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Table 1
Shared pathogen markers studied in surface samples and feces.

Pathogen Detection/ Real time PCR protocol
marker Characterization*
1S6110 MTC Lorente-Leal et al. [24]
1S900 MAP Kim et al. [25]
18711 Brucella spp. Bounaadja et al. [26]
IS1111 Coxiella burnetii Klee et al. [27]
invA Salmonella enterica Hoorfar et al. [28]
uidA Escherichia coli Cabal et al. [29]; Cabal et al. [30]
st Zhicielli toxin-producing
Shiga toxin-producing Foodproof STEC Screening Lyokit,
stx2 E coli Biotecon diagnosis GmbH, Postdam,
. . . Germany
eae Shlga'toxm-producmg
E. coli

MTC: Mycobacterium tuberculosis complex; MAP: M. avium subspecies para-
tuberculosis; *First 6 pathogen markers were used for pathogen detection; last 3
pathogen markers were used for characterization of Shiga toxin-producing
Escherichia coli.

parametric assumptions and transformation needs. Non-parametric tests
for non-normally distributed explanatory variables were performed to
assess differences between livestock production systems, risk points, and
sample types. These relationships were assessed using Kruskal-Wallis
tests for continuous data and Chi-square tests for categorical data. Dif-
ferences among groups were explored through multiple comparison
post-hoc analyses, with Bonferroni corrections. To check for linear re-
lationships, Spearman’s rank correlation tests were used.

A cumulative link mixed model (CLMM) for ordinal regression with
logit as the link function, was fit to evaluate the relationship between
pathogen richness (0 / 1 / 2 or more) in each sponge sample (taken at
environmental-risk point surfaces) and a set of potential farm manage-
ment and vertebrate related variables (Supplementary file 1, Table S5).
Statistically significant variables at the level of 0.25 (univariable ana-
lyses) were then used as covariates for stepwise regression. The farm was
included as a random factor. Likelihood ratio tests and corrected Akaike
Information Criterion (AICc) were used to establish whether the inclu-
sion of main effects and interaction effects significantly improved the
model. The CLMM was fitted in the library “ordinal” [31]. Tukey’s tests
were used for post-hoc comparisons among means.

Collinearity among explanatory variables was explored by Variance
Inflation Factor (VIF) analysis [32]. Once the best model was selected,
goodness-of-fit and the absence of residual patterns in data variation
were checked. Significance was set at p < 0.05. Results in the model
were expressed as odds ratios (ORs) with 95 % confidence intervals
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(CIs). All statistical analyses were conducted using the computing R
software 4.3.2.

3. Results
3.1. Wild vertebrates in open-air farms

3.1.1. Species richness

On-farm vertebrate species richness, as recorded by CTs, was large as
evidenced by the number of wild vertebrate species recorded per farm
[range 16-37, median 20; Supplementary file 3, Fig. S1]. Wild mammal
richness ranged from 2 to 9 (median 7) and total vertebrate richness
ranged from 18 to 42 (median 24) (Supplementary file 3, Table S1).
Differences between farmed species were not significant (p > 0.05, Chi-
square test).

We found differences between risk point types in the percentage of
CTs detecting wild mammals and birds (Supplementary file 3, Fig. S2).
Wild vertebrate species richness recorded at waterbodies ranged from 9
to 31 (median 13); at feeders from 1 to 11 (median 8); and at random
points from 6 to 19 [median 10, p < 0.001, Kruskal Wallis test, (Fig. 1)].
Waterholes and other waterbodies contributed remarkably to farm
vertebrate richness, since 48.2 % of all wild vertebrates detected on
farms were detected at waterbodies, and 28.6 % were exclusively
detected at waterholes (Fig. 1).

3.1.2. Risk species

The most often detected species at risk points was the red fox
(detected on 32 % of the cameras, n = 81/244), followed by the wild
boar (17.6 %, n = 43/244). Wild boar and badgers were more frequently
detected at cattle farm risk points (Supplementary file 3, Fig. S3),
compared to small ruminant or pig farm risk points (p = 0.005, p =
0.002, Chi-square test, respectively). The most often detected bird at risk
points was the spotless starling (16 %, n = 39/244). The four main bird
species were mostly detected at pig farm risk points, rather than in small
ruminant or cattle farms [Chi-square test, p < 0.001, p = 0.008, p =
0.001, p < 0.01, respectively, (Supplementary file 3, Fig. S3)].

Cameras set up at random points (Supplementary file 3, Fig. S4)
detected most frequently the red fox (25.3 %, n = 44/174), followed by
the wild boar (21.8 %, n = 38/174). The four wild mammal risk species
were mostly detected in cattle farm random points, rather than in small
ruminant or pig farms, although no statistical differences were found (p
> 0.05, Chi-square test). The spotless starling was the most frequently
detected risk bird at cameras set up at random points [(Supplementary
file 3, Fig. S4), 7.5 %, n = 13/174].

Food

Food Random Water Food Random Water

Risk point

Food Random Water

Fig. 1. Wild vertebrate richness recorded at 15 open-air farms, per risk point (water, food, random). (A) Differences between farmed species are shown. From left to
right, small ruminant (n = 5), cattle (n = 6), and pig (n = 4) farms. Boxplots show interquartile range, minimum and maximum data; horizontal lines in the box
represent medians. (B) Number of species detected at each risk point. Darker colors indicate higher number of species recorded by camera traps.
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3.2. Pathogen markers in the farm environment

Pathogen markers detected at risk points were correlated with
pathogen markers detected in samples from livestock (sponges taken on
the animal + feces) (rs = 0.69, p = 0.005, Table 2). Regarding detection
probability, detecting the IS6110 gene was 3 times more likely in
sponges than in feces, with no difference between sponges taken on the
animal, at waterers, or on feeders. Detecting the IS900 gene was 5 times
more likely in sponges than in feces. IS900 gene detection occurred more
often in animal sponges than in environmental ones. IS1111 was only
detected in sponges, never in feces. uidA and invA genes were as
frequently detected in feces as in all kinds of sponges. By contrast, the
virulence markers Stx1, Stx2, and eae were more often detected in feces
than in sponges (5, 4, and 2 times more, respectively). The IS711 gene
was only detected on one occasion. The frequency of uidA marker
detection correlated with the total number of pathogen markers detec-
ted per farm in sponge samples collected at water or food risk points (rs
=0.74, p < 0.05).

By farmed animal species, all six pathogen markers were detected in
small ruminant farms, while only three (IS6110, invA, and uidA) were
also detected in cattle and pig farms (Fig. 2). In small ruminant farms,
we detected the IS6110 gene in 33.7 % of the sponge samples and in all
five farms visited. In one small ruminant farm, and after positive (IS6110
gene) noninvasive sampling, MTC infection was confirmed by direct
PCR and immunohistochemistry in lung and lymph node tissues from
two slaughtered adult sheep (Supplementary file 3, Fig. S5). Five of the 6
cattle farms tested tuberculosis positive in the official single intradermal
tuberculin testing in 2022. Three of these were further positive to PCR
and culture. The only cattle farm that tested negative for the skin test
also resulted negative for the IS6110 gene in animal sponges and feces.

The overall marker richness (number of pathogen and virulence
markers detected in feces and sponges), an indicator of pathogen di-
versity, varied between farms (range 2-8, median 6), being higher in
small ruminant (median 7 range 6-8) than in cattle (median 6, range
4-6) or pig farms (median 4; range 2-5, p = 0.036, Chi-square test).

Table 2
Results of nine genetic markers for environmental nucleic acid detection
(ENAD), by sample type.

Marker  Number of positive samples/sample size (% positive samples)
Feces Sponges
Animal Water Food Total
1S6110 11/145 31/149 12/79 13/62 67/290
(7.59) (20.81) (15.20) (20.97) (23.10)
15900 2/145 15/149 2/79 3/62 20/290
(1.38) (10.07) (2.53) (4.84) (6.87)
11111 0/145 13/149 3/79 3/62 19/290
(0.00) (8.72) (3.80) (4.84) (6.55)
18711 0/145 0/149 1/79 0/62 1/290
(0.00) (0.00) (1.27) (0.00) (0.34)
uidA 125/145 133/149 68/79 47/62 248/290
(86.21) (89.26) (86.08) (75.81) (85.52)
A 13/145 10/149 12/79 5/62 27/290
(8.97) (6.71) (15.19) (8.06) (9.31)
Stxl 47/145 16/149 1/79 2/62 19/290
(32.41) (10.74) 1.27) (3.23) (6.55)
Stx2 36/145 14/149 2/79 2/62 18/290
(24.83) (9.40) (2.53) (3.23) (6.21)
ede 20/145 18/149 1/79 3/62 22/290
(13.79) (12.08) (1.27) (4.84) (7.59)

IS6110: Mycobacterium tuberculosis complex; 1IS900: M. avium subspecies para-
tuberculosis; 1S1111: Coxiella burnetii; 1S711: Brucella spp.; invA: Salmonella
enterica; uidA: Escherichia coli; Stx1, Stx2 and eae: Shiga toxin-producing E. coli;
animal sponges: sampled on the hock’s area; water sponges: sampled on troughs,
waterholes, or other water sites; food sponges: sampled on feeders, hay bundles
or other food sites.
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Fig. 2. Percentage of environmental DNA positive sponge samples by farmed
species. Black silhouettes indicate livestock production type (from left to right,
small ruminant, cattle, and pig). IS711: Brucella spp.; Stx1, Stx2 and eae: Shiga
toxin-producing E. coli; invA: Salmonella enterica; 1S6110: Mycobacterium tuber-
culosis complex; IS1111: Coxiella burnetii; 1S900: M. avium subspecies para-
tuberculosis; uidA: Escherichia coli.

3.3. Links between pathogen markers and vertebrate richness

At the farm level, wild vertebrate richness and the richness of
pathogen markers detected on environmental sponges taken at risk
points were negatively correlated [rs = —0.65, p = 0.008, Fig. 3, (Sup-
plementary file 3, Tables S2 and S3)].

Results of the CLMM model revealed that risk points with a higher
probability of detecting more pathogen markers had lower vertebrate
richness (< 2, OR 0.24, 95 % CI = 0.08-0.74), belonged to small
ruminant farms (OR 4.78, 95 % CI = 1.52-15.01), and had a lower
number of waterholes per plot [OR 0.55, 95 % CI = 0.30-0.99, Table 3,
(Supplementary file 3, Fig. S6)].

4. Discussion

Combining two noninvasive tools, CTs and ENAD, we assessed
vertebrate richness and detected pathogen markers on small ruminant,

35

- - N N [
o (8] o o o

Wild vertebrate richness (n)

(4]

0 1 2 3 4 5 6 7 8 9
Pathogen marker richness (n)

Fig. 3. Overall marker richness against wild vertebrate richness. The dotted
line shows the linear regression. Richness is calculated by the number of species
detected at risk points. Silhouettes and colors indicate farmed species (light
green for small ruminant farms, dark green for cattle farms, and orange for pig
farms). (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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Table 3

Results of the cumulative link mixed model (CLMM) at the risk point level.
Dependent variable used: No pathogen markers/ One pathogen marker/ Two or
more pathogen markers. The farm was included as a random term in the model.
Vertebrate richness is categorized as: low (<2 vertebrate species detected), high
(>2- < 5), very high (>5).

Dependent variable: Pathogen markers

Predictors Odds Ratio 95 % CI p

o011 0.05 0.02-0.18 <0.001
112 3.21 1.12-9.14 0.029
Vertebrate richness (Low) - -

Vertebrate richness (High) 0.24 0.08-0.74 0.012
Vertebrate richness (Very high) 1.20 0.35-4.13 0.777
Number of waterholes per plots 0.55 0.30-0.99 0.047
Livestock (Cattle) - -

Livestock (Pig) 1.65 0.48-5.73 0.430
Livestock (Small ruminant) 4.78 1.52-15.01 0.007

CI: Confidence Interval. In bold significant values.

cattle, and pig open-air farms. Our results revealed a negative correla-
tion between wild vertebrate richness and pathogen marker detection at
the farm level. Additionally, risk points with higher pathogen marker
detection showed lower vertebrate richness.

Waterholes and other lentic waterbodies were found to be particu-
larly relevant for farm vertebrate richness, as seen elsewhere [33]. This
is relevant considering that waterhole characteristics also modulate the
likelihood of pathogen maintenance and transmission. These results
suggest that targeted interventions, e.g., adjusting the number and
placement of waterholes and regulating livestock access, might benefit
both biodiversity conservation and disease control efforts [6].

However, farm biodiversity also comes along with the presence of
species that pose risk. Previous studies have shown that the red fox
carries a wide range of pathogens shared with both, domestic animals
and humans [34]. Wild boar and badgers were most frequently detected
on cattle farms, which raises concern because they are considered part of
the MTC maintenance host community and may hinder bovine TB
control efforts [35,36]. Wild boar were also detected on 2 out of 4 open-
air pig farms, underscoring the need for improved biosafety measures in
light of the emerging threat of African Swine Fever in Europe [37].
Additionally, common farmland birds such as the spotless starling were
more frequently observed at pig farm risk points, which is concerning
due to their potential role as bridge hosts for pathogens and antimi-
crobial resistance genes between different habitats [13].

Environmental nucleic acid detection emerges as a useful tool for
addressing pathogen surveillance challenges posed by complex main-
tenance communities across diverse epidemiological scenarios [38].
Significant progress has been made in the debate on result interpreta-
tion, specifically regarding nucleic acid detection vs. pathogen viability,
at least for certain pathogens [39]. ENAD offers several advantages,
including avoiding direct host sampling, thereby minimizing stress for
hosts and reducing both the sampling costs and effort.

In terms of pathogen and virulence marker detection, we observed
that the markers 1S6110, 1S900, 1S711, 1S1111, invA, and uidA were at
least as detectable in sponge samples as in feces, while Stx1, Stx2, and
eae were more frequently detected in fecal samples. This is a significant
finding as it suggests a convenient noninvasive sampling method for
detecting multiple pathogen markers in extensive farm environments,
similar to previous findings for MTC [38]. Unlike fecal samples, sponge
samples collect genetic material that could stem from a broader portion
of the herd, whereas feces reflect individual contributions. Additionally,
sponges are temperature-resistant and biosafe, as pathogens are fixed in
preserving liquid [22]. The frequency of E. coli marker detection
correlated with the total number of pathogen markers detected per farm,
suggesting that the level of environmental E. coli contamination could
serve as an indicator of pathogen richness. Another relevant finding was
that small ruminant farms exhibited the highest diversity of pathogen
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markers. Markers IS900, 1S711, and IS1111 were exclusively detected on
small ruminant farms, and IS6110 was detected on all five farms. This
underscores the importance of small ruminants in TB epidemiology [40]
and suggests that they warrant increased veterinary surveillance.

Richer farmland vertebrate communities were associated with lower
pathogen richness, a finding that aligns with observations in natural
habitats [41]. However, this overall trend may not apply to all specific
host-pathogen groups, as it can vary depending on host community
composition and environmental factors [5].

Camera trapping methods and ENAD specificity were among the
limitations of this study. Measuring biodiversity is complex and requires
attention to a wide range of organisms and scales, not just on warm-
blooded vertebrates [42]. Additionally, CTs capture only a portion of
the total vertebrate richness [43], and a 48-h sampling period may be
insufficient to completely assess all detectable species, leading to
potentially underestimated richness [44]. However, the consistent effort
applied across all farms allowed controlling this bias. Moreover, the
short setup period was compatible with fieldwork logistics and yielded
valuable data for vertebrate richness and risk assessment purposes,
including the detection of all eight relevant risk species.

Regarding ENAD, nucleic acid detection, especially at lower DNA
signals, does not necessarily indicate the presence of viable organisms at
sufficient concentration to be infective (but see [39]), and we could be
overestimating the results since any eDNA signal was considered posi-
tive. Additionally, finding pathogen eDNA in sponge samples, even in
those collected from animals, does not confirm its presence in the
farmed species but rather in the broader farm ecosystem, including other
farmed species, wildlife, and the environment [38]. A controversy exists
over the association between eDNA signal and pathogen presence
(revised by [45]). In this context, it is important to emphasize that we
used the eDNA signals to study the relationship between vertebrate
richness and the presence of microorganisms of interest, not for diag-
nostic purposes. Nonetheless, our findings are valuable for surveillance
and monitoring. For instance, the low-specific marker 1S6110 for MTC
showed positive results in the farm environments of 5 out of 6 cattle
herds, all of which tested positive during the skin testing rounds in 2022.
We also detected MTC marker positivity in small ruminant farms and
confirmed MTC infection at slaughter, supporting the potential utility of
sponges in TB eradication programs. In the small ruminant farms, MAP
and Coxiella burnetii infection had been previously confirmed [46,47].

5. Conclusion

The relatively small number of study farms limits our ability to infer
associations. However, our findings suggest that sustainably managed
open-air farming systems may contribute to biodiversity conservation by
maintaining vital habitats, including lentic waterbodies. While diverse
host communities inevitably include risk species that pose a threat of
infection entry or maintenance, we found that varied farmland verte-
brate communities, which provide ecosystem services, may help limit
the circulation of multi-host pathogens. Although CT-based assessments
of vertebrate richness and ENAD-based pathogen marker detection are
only indicators of actual biodiversity and farm health, we postulate that
combining both approaches can yield valuable insights for conservation
planning, particularly regarding which production systems, species, or
risk areas require enhanced prevention efforts. We anticipate that this
combination will facilitate farm biosafety monitoring and improve the
effectiveness of future interventions.
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