Research in Veterinary Science 202 (2026) 106064

ofl X
:ifé,;: F oA

ELSEVIER

Research in Veterinary Science

Contents lists available at ScienceDirect il
VETERINARY

journal homepage: www.elsevier.com/locate/rvsc w

Epidemiological factors of Eucoleus aerophilus infection in red foxes (Vulpes
vulpes) from semi-arid Mediterranean environments

I. Arcenillas-Hernandez ', M. Catala-Barrasetas *', P. Pérez-Cutillas ™", M.R. Ruiz de Ybanez?,

C. Martinez-Carrasco *

2 Dpto. de Sanidad Animal, Facultad de Veterinaria, Universidad de Murcia, 30100 Espinardo, Murcia, Spain

b Dpto. de Geografia, Facultad de Letras, Universidad de Murcia, 30001 Murcia, Spain

ARTICLE INFO ABSTRACT

Keywords: Eucoleus aerophilus is a ubiquitous zoonotic nematode found in the tracheobronchial mucosa of the definitive

EUCOI?US aerophilus hosts, described in wild and domestic canids, including the red fox (Vulpes vulpes). To assess E. aerophilus

Eaza‘:lte occurrence and intensity in red foxes, the respiratory system of 126 foxes from Region of Murcia (SE, Spain) were
(& ).

examined. Statistical analyses were performed to investigate the influence of biotic and abiotic factors on the
parasite's occurrence. The occurrence of E. aerophilus was 28.6% (95% CI: 20.6-36.4), with a mean intensity of
3.1 nematodes per parasitised fox. The infection rate and parasite intensity were higher in forested areas, sug-
gesting that earthworm abundance and a longer survival of infective E. aerophilus eggs increase the risk of
transmission and maintenance in the environment. Moreover, an inverse relationship between E. aerophilus
occurrence and temperature (p < 0.05) was observed. Results demonstrated that foxes participate in maintaining
the cycle of E. aerophilus in semi-arid Mediterranean environments. This should be taken into account at the wild-
domestic-human interface. The development of a predictive model of E. aerophilus infection risk in red foxes will
allow the design of future strategies for the prevention of capillariosis, especially in areas where contact between

Respiratory nematodes
Semi-arid area
Environment

foxes, domestic carnivores, and humans exists.

1. Introduction

Eucoleus aerophilus (synonym: Capillaria aerophila) is a nematode
belonging to the family Capillariidae (Nematoda; Trichocephalida; su-
perfamily Trichinelloidea). Capillariidae family contains a diverse group
of genera, including Eucoleus spp., which are parasites that affect the
respiratory system of mammals and, in birds, the esophagus, oral cavity,
and stomach (Tamaru et al., 2025). In the Eucoleus genus, males are
characterised by lateral alae and a pseudobursa, which is formed by two
small, rounded lobes directed towards the posterior. They also have
slender spicules surrounded by a long, spine-covered spicular sheath.
Females possess a vulva with a cuticular appendage, and the eggs they
lay have a porous shell. The life cycle of E. aerophilus is still unclear;
some researchers suggest that it has a direct life cycle (through ingestion
of embryonated eggs), while others propose that it may be indirect, with
earthworms possibly acting as intermediate or paratenic hosts
(Anderson, 2000; Traversa et al., 2010; Di Cesare et al., 2014; Samorek-
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Pierog et al., 2023). This cosmopolitan nematode is associated with
significant respiratory disease in both wild and domestic canids and
felids, including red foxes (Vulpes vulpes) (Di Cesare et al., 2014; Tolnai
et al., 2015; Schug et al., 2018; Samorek-Pierog et al., 2023; Polotzek
et al., 2025). Moreover, cases of pulmonary capillariosis have been re-
ported in humans from different countries worldwide (Aftandelians
et al., 1977; Lalosevic et al., 2008).

The red fox is a wild carnivore known for its adaptability, generalist
behaviour and worldwide distribution, which presence is favored by the
availability and abundance of food, as well as by patchy habitats
(Gortazar, 2007). Foxes feed on a wide variety of resources including
invertebrates, fruits, seeds, small mammals, reptiles, carrion and
anthropogenic refuses (Diaz-Ruiz et al., 2013; Soe et al., 2017). This
dietary plasticity, coupled with the abundant food availability in peri-
urban and urban areas, has led to an increase of fox populations in
these environments (Gloor et al., 2001; Contesse et al., 2004). In this
sense, diet may significantly influence the helminth community in foxes,
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since many of these parasites, including cardiopulmonary nematodes
like E. aerophilus, have indirect life cycle involving trophic transmission
(Eira et al., 2006; Lalosevic et al., 2013; Magi et al., 2015; Hodzic et al.,
2016). On the other hand, environmental heterogeneity, land use vari-
ations and territory fragmentation influence fox population densities
(Garcia et al., 2009; Gortazar, 2007). Given the effective adaptative and
dynamic response of fox populations to these factors, the increasing
presence of foxes in urban, peri-urban and rural areas can heighten the
risk of pathogen transmission at the wild-domestic-human interface
(Otranto and Deplazes, 2019).

In a recent study, a high occurrence of E. aerophilus (26.9%) was
found in the fox population of southeastern Spain (Arcenillas-Hernandez
et al., 2024), though it did not examine the environmental factors that
might be determining the parasite's spread. So, given the limited un-
derstanding of E. aerophilus epidemiology, the factors influencing its
spread and distribution remain largely undetermined (Traversa et al.,
2010). Closing this knowledge gap and preventing future E. aerophilus
spread requires a comprehensive approach that implements surveillance
focused on key host species in the parasite's life cycle (Eira et al., 2006;
Martinez-Carrasco et al., 2007), understanding fox population dynamics
and the environmental conditions affecting parasite transmission. Sus-
tained, long-term monitoring of these factors is crucial for effective
control (Franssen et al., 2014; Tolnai et al., 2015).

Considering the complex interaction of variables in parasite-host
systems, the aims of this study were (i) to elucidate the biotic and
abiotic factors that could influence the distribution, occurrence and
intensity of E. aerophilus in foxes inhabiting semi-arid Mediterranean
areas of the Iberian Peninsula, and (ii) to identify areas with the highest
predicted epidemiological risk of E. aerophilus infection.

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

The study area includes the territorial boundaries of the Region of
Murcia (SE, Spain), an area with semi-arid Mediterranean climate where
annual precipitation is less than 350 mm, and that presents high average
annual temperatures and significant levels of evapotranspiration (Miro
et al., 2018).

From 2015 to 2020, a total of 126 cardiorespiratory system were
obtained from foxes (71 males and 55 females) originated from hunting
programmes, wildlife recovery centres or roadkill incidents. Foxes
included in this study were a subset of those examined in a recent
investigation on the presence of cardiopulmonary and gastrointestinal
nematodes in foxes (Arcenillas-Hernandez et al., 2024). The primary
selection criterion was the availability of complete data on the foxes'
geographical origin. Necropsies were performed at the Animal Health
Department (University of Murcia). Foxes were classified as juveniles (4
individuals, <12 months old), subadults (39 individuals, 12-24 months)
and adults (83 foxes, >24 months), based on Saenz de Buruaga et al.
(1991). To estimate the body condition of foxes, the Kidney Fat Index
(KFI) was calculated according to Riney (1955) and Winstanley et al.
(1998). Following extraction, thoracic viscera of each fox were placed
into labelled plastic bags and frozen at —20 °C until further analysis.

2.2. Isolation and identification of nematodes

Thoracic viscera were analysed according to Arcenillas-Hernandez
et al. (2023). Firstly, each cardiorespiratory system was longitudinally
opened through the tracheobronchial tree and the large pulmonary
vessels. Trachea and heart were washed and filtered using a sieve (mesh
diameter 63 pm); and the opened pulmonary parenchyma was observed
under stereomicroscope. Subsequently, lung parenchyma was cut (3 x 3
cm pieces) and squeezed in water, and the content was filtered and
examined under the stereomicroscope. Finally, due to the possible
presence of nematodes in bronchi of smaller diameter, the pieces of lung
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parenchyma were artificially digested as described by Martinez-Rondan
et al. (2019). Briefly, samples were immersed in a pepsin-chlorohydric
acid (1.5%) solution, subjected to constant agitation at 40 °C for 15
min. Once again, the remaining content was observed under the ste-
reomicroscope. Nematodes recovered from the previously described
phases were washed and preserved in absolute ethanol until morpho-
logical identification according to Anderson et al. (2009) and Lalosevic
et al. (2013).

2.3. Analysis of environmental data

To characterize the habitat of the foxes, environmental variables
were extracted from the home ranges of 116 individuals (10 individuals
were not tracked by coordinates) (Fig. 1). The geographic coordinates of
each fox’ s origin was recorded to create a geospatial database. The
average size of the fox home range was estimated to be 400 ha, based on
a 1.13 km radius, consistent with previous studies such as Deak et al.
(2020).

Environmental data were analysed using the Geographic Information
System (QGIS v.3.28). The ASTER Global Digital Elevation Model
(GDEM) was used, providing a base resolution of 15 m per pixel (ASTER
GDEM V3, 2018). From this data, the mean, maximum and minimum
altitude of each home range were obtained, and based on these data, the
home range of each fox was calculated. Climate data, including mean,
maximum, and minimum temperature, precipitation, and solar radia-
tion, were obtained from the Digital Climate Atlas of the Iberian
Peninsula (Ninyerola et al., 2005).

Both human population densities and the distance from the locations
where foxes were found to the nearest localities with populations
exceeding 3000, 5000 and 10,000 inhabitants/km? were calculated
using Spanish census data (INE, 2020). Land cover data were obtained
from the Fourth National Forest Inventory (MITECO, 2024), which
provides a detailed and standardised classification of land surfaces based
on vegetation type, structure and land use. The classification system is
hierarchical, distinguishing main land cover categories such as forest
areas (45.1% of the study area), agricultural areas (49.4%), artificial
areas (5.1%), water areas (0.3%), and wetlands (0.1%), which are
further subdivided into subcategories and specific subclasses. Specif-
ically, forest areas are particularly well characterised and are of special
relevance in Mediterranean ecosystems. In the semi-arid southeast of the
Iberian Peninsula, the native forest subclass refers to natural stands
dominated by drought-adapted autochthonous species such as Pinus
halepensis, Quercus coccifera and scattered individuals of Tetraclinis
articulata, often forming open woodlands with sparse canopy cover and
a xerophytic understorey. Gallery forests (riparian woodlands),
although scarce and fragmented in this region, are associated with wa-
tercourses and characterised by species such as Populus alba, Tamarix
spp. and Nerium oleander, forming narrow linear formations with high
ecological sensitivity. Plantation forests are generally composed of
monospecific stands of Pinus halepensis or Pinus pinea, occasionally
Eucalyptus spp., primarily established for reforestation, erosion control
or productive purposes, and typically lacking structural heterogeneity.
The inventory further distinguishes residual woodland fragments (<6
ha) and small forest patches (<20 ha), which represent isolated or
discontinuous remnants of forest vegetation, often embedded within
agricultural or degraded landscapes and subject to edge effects. This
level of thematic resolution enables precise ecological characterisation
of forest habitats, facilitating robust spatial analyses in both environ-
mental and epidemiological contexts.

2.4. Statistical analysis

Infection rate, median abundance and median parasite intensity of
E. aerophilus were calculated according to Margolis et al. (1982) and
Bush et al. (1997). To study the statistical relationships between sex, age
or body condition and the occurrence, Fisher test was performed, and in
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Fig. 1. Distribution of the vegetation floors in the Region of Murcia according to Alcaraz et al. (2008). Dots in black correspond to the location where foxes

were collected.

case of parasite intensity, the Kruskal-Wallis test was used. The influence
of KFI, environmental variables, land uses, land cover and the human
density effect were analysed using the Kruskal-Wallis test for the
occurrence, and Kendall rank correlation coefficient for parasite in-
tensity. Spearman correlation coefficient was calculated in case of var-
iables with a p-value <0.1. For carrying out statistical analysis, R
software 4.2.0 (R Core Team, 2024) was used, and significance threshold
was established for p value <0.05. For this purpose, functions from R's
base “stats” package were used to perform linear modeling (Im), cor-
relation analyses (cor.test), and non-parametric tests (kruskal.test, ks.
test). In addition, the MASS package (Venables and Ripley, 2002) was
employed for automatic model selection using the Akaike Information
Criterion (AIC).

The difference between parasite intensity of this study and the
observed by Martinez-Carrasco et al. (2007) was tested with one-sample
t-test. Finally, a predictive model of the infection risk of E. aerophilus
based on the parasite intensity and the mean temperature was carried
out with the program Past v.3. By applying the analysis of environ-
mental variables and the results of the predictive model, a normalized
risk map of infection was created using QGIS V.3.28 (QGIS Development
Team, 2024), which spatially displayed the information.

3. Results

The occurrence of E. aerophilus was 28.6% (36/126 foxes; 95%CI:
20.6-36.4), with infected individuals harbouring a mean intensity of 3.1

nematodes, and a maximum of 15 nematodes in a single host (Table 1).
The distribution of E. aerophilus in infected foxes showed a pattern of
parasite aggregation; specifically, most foxes harboured only 1-2 nem-
atodes (20/36; 55.6%), 13 foxes had 3-6 nematodes (13/36; 36.1%),
and only three individuals (8.3%) were found with 8, 10 and 15 nem-
atodes, respectively.

Spatial variables also influenced parasite occurrence. Occurrence
was higher at lower longitudes, while a positive trend was observed with
increasing latitude and altitude, although these relationships showed
marginal statistical significance (Figs. 2; 3). In addition, parasite
occurrence tended to increase with greater distance from human set-
tlements with population densities exceeding 5000 inhabitants/km?,
suggesting a higher prevalence in less anthropised areas (Fig. 2).

The occurrence of E. aerophilus was significantly associated with
climatic variables, particularly mean and minimum temperature. In
both cases, higher temperatures were linked to a lower probability of
parasite occurrence, indicating a negative relationship between thermal
conditions and the infection exposure risk (Table 2; Fig. 4).

Land-use and land-cover variables showed clear effects on parasite
occurrence. The highest values of presence were associated with
forested areas, including wooded forests, forest plantations, and mosaics
of scrub/grassland with bare soil. These types of land cover consistently
favored the presence of E. aerophilus, particularly with small forest plots
(<20 ha) (Table 3), whereas a negative relationship was observed with
infrastructures linked to the primary sector. Conversely, areas charac-
terised by a greater extent of waste-related infrastructures (e.g. landfills,

Table 1
Infection rate (95% CI), median intensity, and range of E. aerophilus in foxes from southeast Spain (n = 126).
Variables Levels n n positives Occurrence (95% CI) Median intensity Range
12 months 4 0 0 (0-0) 0 0
Age 12-24 months 39 5 12.8% (2.33-23.31) 4.40 2-10
> 24 months 83 26 31.3% (21.35-41.30) 2.85 1-15
Sex Female 55 13 23.6% (12.41-34.86) 2.23 1-8
Male 71 23 32.4% (21.51-43.28) 3.52 1-15
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Fig. 2. Results obtained for the absence (0) and presence (1) of E. aerophilus in relation to mean temperature (a), minimum temperature (b), minimum altitude (c),
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dumps, and treatment plants) showed lower occurrence values, although this relationship was marginally significant. In addition,
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Table 2

Statistical analysis of E. aerophilus occurrence and mean intensity in foxes by
host variables, season and year (n = 126), and environmental variables (n =
116).

Variable p-value p-value
occurrence parasite
intensity
Host age category (<12 months; 12-24 months; > 0.3548 0.4775
24 months)
Host age category (<24 months; >24 months) 0.4577 0.4775
Sex 0.3786 0.103
Body condition 0.3332 0.2094
KFI (%) 0.8443 0.676
Weight 0.346 0.888
Maximum temperature 0.3211 0.4117
Mean temperature 0.02392* 0.01899*
Minimum temperature 0.03159* 0.01966*
Radiation 0.8543 0.4796
Annual precipitation 0.5047 0.2345
Reference evapotranspiration 0.4443 0.5415
Maximum altitude 0.1022 0.718
Mean altitude 0.1075 0.289
Minimum altitude 0.09535** 0.718
Altitude range 0.1976 0.08555**
Season 0.8468 0.309
Year 0.3726 0.04015*
Longitude (X) 0.04216* 0.3192
Latitude (Y) 0.05699** 0.001047*
Human density 0.8725 0.3522
Distance to the nearest human settlement 0.6118 0.3706
Distance to the nearest population with density > 0.1172 0.9232
10,000 inh/km?
Distance to the nearest population with density > 0.08659** 0.4599
5000 inh/km?
Distance to the nearest population with density > 0.1986 0.936
3000 inh/km?
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parasite intensity decreased with increasing extent of discontinuous
urban areas, indicating lower parasite burdens in more urbanised
landscapes (Table 3; Fig. 5).

Parasite intensity was also influenced by the temporary factor,
showing an increase during the study period and revealing a positive
temporal trend in infection load (Table 2). A marginal effect of host sex
was also observed, with males harbouring a higher mean parasite
burden than females (Table 1).

Finally, a spatial prediction model for E. aerophilus intensity was
generated based on the effect of mean temperature, the variable
showing the strongest and most consistent association with parasite
burden. The resulting model, illustrated in Fig. 6, predicts higher
parasite intensities under lower mean temperature conditions. The
predictive relationship is described by the following equation:

Intensity = 10°(— 0.0211" Mean temperature + 3.21)

This model provides a spatially explicit representation of areas with a
higher expected parasite burden and serves as a basis for interpreting the
environmental drivers underlying the observed epidemiological
patterns.

4. Discussion

This study demonstrates that E. aerophilus is a widely spread parasite
in foxes inhabiting semi-arid Mediterranean areas, with a prevalence of
28.6% and a mean intensity of 3.1 nematodes per infected host. Parasite
aggregation was evident in the distribution of E. aerophilus among
infected foxes, aligning with the typical observation for nematodes
where a few hosts carry most of the parasites within a potential host
population (Poulin, 2007; Gourbiere et al., 2015). Moreover, the
occurrence of this multi-host nematode was significantly linked to
environmental and land-use factors, underscoring the strong influence

Intensity
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Fig. 4. Intensities of E. aerophilus obtained as a function of mean temperature (a), minimum temperature (b), altitude range (c), year of death (d) and latitude (e). The
red mark shows the trend line of the analysed series. (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
P-value results for the occurrence and intensity of E. aerophilus for different land-
use types based on the home range of the studied foxes (n = 116).

Land use Main Subclasses p-value p-value
category (occurrence) (intensity)
0.2653 0.6761
Forested 0,02313* 0.2206
woodland
Forest 0,05783** 0.2583
Gallery forest 0.4991 0.4539
Plantation 0,04795* 0.6778
forest
Forest patches
. 1 *
(<20 ha) 0.6555 0,01055
Firebreaks 0.3705 NA
Herbaceous 0.9322 0.8605
vegetation
Herbaceous- 0.9159 0.8605
pasture mix
Pasture with
crops and/or 0.5283 NA
meadow mosaic
Shrubland 0.7479 0.4261
Forest areas Bushy ' 0.9827 0.4427
formations
Shrubland with 0.2706 NA
scattered trees
Shrubland and/
or pasture with 0,03673* 0.3062
bare soil mosaic
Pasture-shrub 0.2795 0.3237
mix
Residual forest
(<6 ha) 0.9199 1
Patches with
sparse or no 0.1514 NA
vegetation
Beaches, dunes 0.2706 NA
and sandy areas
Sea cliffs 0.5283 NA
Rock outcrops 0.5283 NA
Eroded areas 0.5283 NA
0.4156 0.6072
Croplands 0.4553 0.6072
. Crop-artlﬁ.mal 0.6391 NA
Agricultural land mosaic
surfaces Crop with
shrubland and/ 0.2583 NA
or herbaceous
mosaic
0.6391 0.3023
Facilities /
Institutional 0.1636 0.3483
uses
Industrial 0.8194 0.335
Energy 0.8999 0.2544
infrastructure
Waste 0,08679%* NA
infrastructure
g s Water supply
Artificial X 0.85 0.2544
infrastructure
surfaces Transport
_ransp 0.6488 0.493
infrastructure
Primary sector 0.6785 0,02156*
Tertiary sector 0.5592 0.2349
Continuous 0.3543 0.2896
urban fabric
Discontinuous 55, 0,07288%*
urban fabric
Other artificial 0.71 0.5549
surfaces
0.3746 0.609
Water Wetlands:
surfaces Coastal 0.5283 NA
wetlands

*p < 0,05; **p < 0,1.
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of these factors on the E. aerophilus life cycle maintenance and, conse-
quently, its potential spread.

Studies across Europe reveal a wide variability in E. aerophilus
prevalence in red foxes, ranging significantly from 4.7% in Croatia to
97.1% in Lithuania (Table 4).

These differences could be explained by several factors, such as
environmental characteristics, or the diagnostic technique used
(Nevarez et al., 2005; Lalosevic et al., 2013), with coprological tech-
niques and necropsy being the most common (Samorek-Pierog et al.,
2024). In our study, necropsy was used for parasite detection following a
rigorous protocol that reduces the risk of false negatives (Arcenillas-
Hernandez et al., 2023); consequently, we are confident the detected
infection rate is not underestimated, which might have happened if we
had relied solely on coprological techniques to detect E. aerophilus eggs.

The influence of host variables (age and sex) on the presence of
E. aerophilus in foxes has been explored in previous studies, revealing
divergent results (Martinez-Rondan et al., 2019; Deak et al., 2020).
Consistent with other studies (Davidson et al., 2006; Hodzic et al., 2016;
Martinez-Rondan et al., 2019), our study similarly found no relationship
between the prevalence and host variables. On the other hand, while
Lindenfors et al. (2007) indicated a significant correlation between the
body mass and diet of carnivores with parasite species richness, this
study explored a similar premise for foxes in semi-arid Mediterranean
areas. Consequently, this study aimed to determine whether fox body
condition, KFI and weight could serve as reliable proxies for the risk of
being parasitised by E. aerophilus. Nevertheless, our findings did not
provide significant differences in prevalence and parasite intensity
related to these variables.

In terms of host sex, our results indicate that fox males tend to have
higher parasite intensity than females (p = 0.103), as previously noted
Martinez-Rondan et al. (2019) in foxes from the northwest Iberian
Peninsula. It has been suggested by various authors that the greater
susceptibility observed in males might be due to a trade-off mechanism
between sex hormones (testosterone) and the immune response, as
proposed by various authors in different mammalian host species
(Folstad and Karter, 1992; Decristophoris et al., 2007). However, this
hypothesis (referred to as the immunocompetence handicap hypothesis)
remains controversial (Roberts et al., 2004).

Regarding environmental variables, the results of this study showed
that increases in mean temperature and minimum temperature are
related with a decline in both the infection proportion and intensity of
E. aerophilus. In this sense, other authors have also reported this rela-
tionship between occurrence and temperature (Tolnai et al., 2015;
Martinez-Rondan et al., 2019). In addition, the results suggested a rise in
the occurrence with an increasing minimum altitude of the fox home
range. This observation agrees with Tolnai et al. (2015), Martinez-
Rondan et al. (2019) and Deak et al. (2020), who also detected a positive
correlation between E. aerophilus prevalence and altitude. However, it
should be considered that altitude itself might not be the direct cause.
Instead, the decrease in temperature that typically accompanies higher
altitudes is probably the key factor promoting the parasite presence,
particularly in semi-arid Mediterranean areas. In this regard, Segovia
et al. (2004) carried out a study in mountainous areas of the Iberian
Peninsula and attributed the higher E. aerophilus prevalence to a greater
abundance of earthworms in those elevated habitats; this would increase
the probability that these intermediate hosts of E. aerophilus, becoming
part of the diet of foxes. In addition, environmental factors, including
temperature and relative humidity, are crucial for the spread of
E. aerophilus as they directly impact the survival of its eggs in the
environment (Traversa et al., 2011; Arcenillas-Hernandez et al., 2022).
This is supported by Tolnai et al. (2015), who suggested that precipi-
tation and temperature influence the occurrence because E. aerophilus
eggs are highly susceptible to desiccation. However, the resistance of
Eucoleuss spp. eggs in nature is unknown (Traversa et al., 2011),
although studies on the related nematode Eucoleus bohmi have shown
that its eggs can survive and develop at 5-20 °C with 85% RH, but not
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with 45% RH (Perrucci et al., 2014). In our study, precipitation, radia-
tion and evapotranspiration variables were used to check the effect of
environmental dryness on the occurrence and intensity of E. aerophilus,
but no significant differences were found.

In foxes inhabiting semi-arid Mediterranean areas, no seasonal in-
fluence on the occurrence and intensity of E. aerophilus was observed.
These results contrast with those reported by Schug et al. (2018) in
Germany, who observed that the prevalence of this nematode in foxes
was marginally related to season, with higher prevalence in winter. This
difference could be attributed to the climatic contrast between Central
Europe and the semi-arid Mediterranean areas (Twardosz et al., 2021);
furthermore, the availability of intermediate hosts might also play a
role, as their presence largely depends on environmental conditions.

As for the territorial distribution of E. aerophilus, a significant rise in
occurrence was detected towards the west (lower longitude).

Additionally, both infection proportion and intensity increased with
higher latitude (i.e., towards the north of the study area) (Fig. 6). These
relationships could indirectly reflect climatic and orographic conditions,
as northwester areas comprise the region's most mountainous and colder
zones, in contrast to the less elevated and warmer southeast.

The presence of E. aerophilus was clearly influenced by land use. Our
study specifically revealed a positive correlation between E. aerophilus
occurrence and the most common forest areas in the Region of Murcia (i.
e., forests and forest plantations). There was a significant relationship
between the parasite intensity in foxes and the presence of small forest
patches. These results suggest that wooded areas possess specific
microclimate conditions that differ from those typically found in semi-
arid Mediterranean environments. Concretely, the tree canopy pro-
tects from solar radiation and reduces temperature and evapotranspi-
ration, leading to higher soil humidity; these conditions are crucial for
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Table 4
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Prevalence of E. aerophilus in red foxes from European countries, based on respiratory necropsy with morphological identification (MI), molecular confirmation (Mol),

or coproscopic examination (CE) for egg detection.

Country Prevalence (%) Sample size Diagnostic technique Authors

Bosnia and Herzegovina 69.7 221 MI, Mol Hodzi¢ et al. (2016)

Croatia 4.7 85 MI Rajkovic-Janje et al. (2002)
Denmark 36.8 68 CE Willingham et al. (1996)
Denmark 74.1 748 MI Saeed et al. (2006)

Denmark 89.8 118 MI Al-Sabi et al. (2014)

Germany 69.4 569 MI Schug et al. (2018)

Hungary 66.0 100 MI Sréter et al. (2003)

Hungary 61.7 937 MI Tolnai et al. (2015)

Ireland 36.7 79 CE Wolfe et al. (2001)

Italy 14.6 42 MI Manfredi et al. (2003)

Italy 7.0 129 MI Magi et al. (2009)

Italy 41.8 165 MI Magi et al. (2015)

Italy 45.1 51 MI, Mol Nonnis et al. (2023)
Lithuania 97.1 104 MI Bruzinskaite-Schmidhalter et al. (2011)
Netherlands 67.7 136 Mol Franssen et al. (2014)
Norway 88.0 181 MI Davidson et al. (2006)

Poland 76.2 344 CE Karamon et al. (2018)
Romania 72.5 550 MI Deak et al. (2020)

Serbia 84.0 70 MI Lalosevi¢ et al. (2013)

Serbia 72.6 351 MI Cabrilo et al. (2018)

Serbia 53.0 83 MI Gavrilovi¢ et al. (2019)

Spain 59.0 251 MI Manas et al. (2005)

Spain 5.4 55 MI Martinez-Carrasco et al. (2007)
Spain 33.5 257 MI Martinez-Rondan et al. (2019)
United Kingdom 39.0 546 MI Morgan et al. (2008)

two key factors: the survival of infective E. aerophilus eggs and the
maintenance of earthworm populations, which are essential intermedi-
ate hosts for the spread of this pulmonary nematode (Tolnai et al., 2015;
Singh et al., 2019; Arcenillas-Hernandez et al., 2022). Additionally, a
positive correlation was observed between the occurrence and mosaic
landscape of shrubs and pastures; although these areas lack tree cover,
their environmental requirements likely lead them to be situated in
sufficiently humid soils, which in turn provides the appropriate condi-
tions for the presence of earthworms.

The spread of E. aerophilus in sylvatic and peri-urban environments
relies on suitable definitive hosts, with foxes playing a pivotal role
(Samorek-Pierog et al., 2023). Barbosa et al. (2005) found that the
probability of foxes appearing in anthropized areas is influenced by
human population size. Therefore, a larger fox population logically
correlates with higher risks of parasite spread. Based on this, this study
hypothesized that human density and distance to human populations
could influence E. aerophilus occurrence and parasite intensity in foxes.
However, only a marginal significant rise (p = 0.087) in occurrence was
detected with increasing distance to populations of more than 5000
inhabitants/km?. Regarding artificial surfaces of human origin, only a
marginally significant correlation was found between E. aerophilus
occurrence and waste infrastructures. Moreover, parasite intensity was
correlated with rural areas dedicated to the primary sector (i.e., agri-
cultural and livestock areas with discontinuous urban surfaces). All
these findings suggest that foxes in anthropized areas have a lower
probability of being parasitized. These areas are attractive to foxes
because they offer a wide variety of trophic resources (Contesse et al.,
2004), which likely leads to a reduction in earthworm consumption.
Conversely, in areas far from urban centres or with less human activity,
foxes probably must compensate for the absence of abundant and easily
accessible food with other nutritional resources, including prey like
earthworms. This difference in diet could be why the presence of
E. aerophilus in foxes is not associated with highly anthropized areas.

Although co-infections with other cardiopulmonary nematodes such
as Crenosoma vulpis (22.2%; 7/36) and Angiostrongylus vasorum (44.4%;
16/36) were investigated and reported in other publications derived
from the same research project (Arcenillas-Hernandez et al., 2024), they
were not included in the present analysis. The rationale for this exclu-
sion lies in the specific aim of this study, which was to explore the

environmental determinants of E. aerophilus occurrence as an emerging
parasite under semi-arid Mediterranean conditions.

The study on the spatial distribution of E. aerophilus infection risk in
foxes from southeaster areas of the Iberian Peninsula provides a precise
risk map that is highly relevant for other semi-arid Mediterranean areas
and pivotal for understanding the spread of this pulmonary nematode,
which also poses a threat to dogs, cats (Traversa et al., 2009), and even
humans (Lalosevic et al., 2008). For future research, we suggest devel-
oping similar risk maps that incorporate both parasite intensity and the
exact geographical location of studied animals. This will allow a more
robust comparison of environmental risk factors influencing the parasite
spread across bioclimatic areas. Additionally, incorporating fox abun-
dance into future spatial analyses is relevant, despite the inherent
challenges of obtaining such data for wild species. In fact, host density is
known to be a predictor of parasite species richness (Lindenfors et al.,
2007). Therefore, integrating this variable in the study would provide
key information for understanding the epidemiological dynamics of
E. aerophilus and its potential risk to foxes and other susceptible carni-
vore species.

This analysis complements our previous publication (Arcenillas-
Hernandez et al., 2024), which provided a broader parasitological
overview of cardiopulmonary and gastrointestinal nematodes in red
foxes from the same region. In contrast, the present study focuses spe-
cifically on E. aerophilus, integrating environmental variables to identify
the ecological drivers of infection and to develop a parasite-specific risk
model. Finally, this study indicates an increase on the occurrence and
intensity of E. aerophilus in recent years in southeaster areas of the
Iberian Peninsula, compared to the study by Martinez-Carrasco et al.
(2007). This suggests a higher risk of E. aerophilus infection in fox
populations. For this reason, it is advisable to continue monitoring the
epidemiological dynamics of E. aerophilus and implement measures to
prevent the nematode spread, especially in areas where humans, do-
mestic and wild host species interact.

5. Conclusions
The red fox is a wild host that participates in the maintenance of the

sylvatic cycle of E. aerophilus in semi-arid Mediterranean areas, which
should be considered to interpretate the epidemiology of this shared
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nematode at the domestic-wild-human interface. Although our study is
based on a limited number of foxes, it provides novel insights into how
environmental factors influence E. aerophilus distribution. This infor-
mation should be complemented in the future by a larger sample size of
hosts, including dogs. Our findings indicate that occurrence and parasite
intensity are higher in forested areas, offering valuable insights for
guiding future preventive measures. Consequently, foxes should be a key
focus of interest for epidemiological studies carried out in rural and peri-
urban areas.
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