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ARTICLE INFO ABSTRACT

Keywords: Understanding parasite epidemiology is essential for managing endoparasite infections in free-ranging animals.
Anthropogenic provisioning However, such epidemiological knowledge is limited for feral cattle and is usually derived from farmed pop-
Bos taurus

ulations. We assessed endoparasite infection in a feral cattle population in Hong Kong. This population does not
receive any routine care or anthelminthic treatment, although some cattle are provisioned with water and hay by
local citizens. We assessed three indices of endoparasite infection (parasite richness, prevalence and fecal egg/
oocyst count) and their associated risk factors (season, provisioning, marshland access, group size, sex and body
condition) in adult cattle.

We conducted sedimentation, McMaster and coproculture techniques on 262 samples collected from 177
cattle. We identified eleven taxa of nematodes, two taxa of trematodes, one taxon of protozoan and one taxon of
cestode. Median parasite richness was two parasite taxa per individual. Trematode infections were the most
prevalent (91.22 %), followed by protozoan (67.17 %), nematode (23.22 %) and cestode (12.97 %) infections.
Counts averaged 144.85 oocysts per gram for Eimeria oocysts, 20.61 eggs per gram (EPG) for strongyle-type eggs,
11.83 EPG for Moniezia and 1.91 EPG for Trichuris. Provisioned herds were more likely to be infected with
Eimeria, but had lower prevalence of Trichostrongylus. Eimeria prevalence and strongyle-type egg counts were
higher in the wet season, while Fasciola eggs, Cooperia and Trichostrongylus larvae were more prevalent in the dry
season. Larger herds had higher Eimeria oocyst prevalence but lower Fasciola egg prevalence. Marshland access
decreased Fasciola egg prevalence while it increased prevalence of Cooperia larvae. Males were more infected
with strongyle-type eggs than female cattle.

We show that the seasonal dynamics of infection and consequences of provisioning differ between endopar-
asite taxa. Our findings highlight complex interactions between endoparasites and their hosts, providing new
insights into wild ruminants’ health and the impacts of anthropogenic provisioning.

Free-ranging
Seasonality
Ungulate

1. Introduction Worsley-Tonks, 2018; Ezenwa, 2003), with less known about Asian wild
ruminants. For domestic ruminants returned to natural settings (i.e.,

In wild tropical and subtropical ruminant populations, knowledge of feral), knowledge of endoparasites is usually generalized from farmed or
endoparasite infections has focused on African fauna (Ezenwa and wild populations, with few studies specifically addressing this topic (e.g,
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Thapa et al., 2022). The main endoparasites infecting ruminants are
protozoa, cestodes, trematodes and nematodes (Loginova et al., 2023;
Patra et al., 2022) and co-infections with these are the norm (Cattadori
et al., 2008; Thumbi et al., 2014). Many endoparasite infections in ru-
minants are subclinical with few to no clinical signs (Koltz et al., 2022).
However, endoparasites can increase mortality and cause population
decline in wild ruminants (MacPhee and Greenwood, 2013; Thompson,
2013), altering population dynamics which can detrimentally affect
ecosystem biodiversity and stability (Sanchez et al., 2018; Thompson
et al., 2010). In addition, wild animals may act as a source of infection
for domesticated animals or zoonotic infections for people (Colston and
Mearns, 2023; Thompson, 2013). Wild populations can also become
infected due to their proximity to human settlements and domestic
livestock (Allwin, 2015). Understanding parasite epidemiology is crit-
ical for managing endoparasite infection in such populations.

Variation in individual infection risk, defined as the probability that
an individual host acquires an infection, is reflected in population level
infection patterns (Akinyi et al., 2019). Host exposure and susceptibility
contribute to this variability (Sweeny and Albery, 2022). Exposure is the
likelihood that an individual host will encounter infectious material,
while susceptibility refers to the likelihood of an individual developing
an infection upon contact with infectious material (Miiller-Klein et al.,
2019). Risk factors are variables that impact individual infection risk, at
both exposure and susceptibility levels. In ruminants, the main risk
factors for endoparasite infections are related to ecological (e.g., climate,
weather, land type, population density, food availability, group size and
production system) and biological (e.g., age, sex, reproductive status,
body condition, nutritional state and immunocompetency) factors
(Kotodziej-Sobocinska, 2019). The role of anthropogenic factors,
notably provisioning in wild populations of ungulates, has also been
extensively studied in temperate systems (Milner et al., 2014; Murray
et al., 2016), although information is lacking in tropical and subtropical
populations. In wild and feral populations, the evaluation of risk factors
is limited by feasibly obtainable data.

While cattle (Bos taurus) are estimated to be the second main
contributor to mammal biomass after humans (Greenspoon et al., 2023)
with about 1.5 billion cattle worldwide (FAO, 2021), research primarily
focuses on farmed livestock. There are very few remaining feral pop-
ulations (e.g., Berteaux and Micol, 1992; Hall et al., 2021; Thapa et al.,
2022), and no wild cattle (Bos primigenius) population has existed since
the 16th century (Van Vuure, 2002; Vukovic, 2021). There is a notable
research bias towards cattle in temperate areas and production systems.
In subtropical livestock systems, endoparasite infections occur
frequently in cattle, in particular protozoan infections (e.g., Taiwan:
Huang et al., 2014; Tung et al., 2012; Vietnam: Geurden et al., 2008). In
these systems, several risk factors have been identified, with males
having higher infection rates of the protozoan Eimeria than females
(Singh et al., 2012) and marked seasonal variation in infection risk
(Rahman et al., 2012). Further understanding can be drawn from closely
related bovids in subtropical areas. For instance, research into endo-
parasites of Gaur (Bos gaurus) highlights co-occurring infections with
protozoa, cestodes, trematodes and nematodes (Allwin, 2015). Simi-
larly, banteng (Bos javanicus) are infected with a wide range of endo-
parasites, most of which are shared with nearby cattle, further
highlighting similarities between wild and domestic bovids
(Watwiengkam et al., 2024). Nepalese feral cattle were found to carry
high infection rates of endoparasites (72 %) but low counts of eggs and
oocysts were found in fecal samples, with no sex differences (Thapa
et al., 2022). Understanding epidemiology of endoparasites in subtrop-
ical climates and identifying risk factors is essential to enhance our
knowledge of bovid adaptations to parasite pressures and to ensure
efficient and appropriately targeted interventions.

The Hong Kong (HK) feral cattle are unique in their genetic profile
and origin; a cross-breed of Bos taurus taurus and Bos taurus indicus that
share genetic similarities with South Asian wild bovids (Barbato et al.,
2020). These cattle were used as draught animals until they were
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released to the wild when agricultural activities declined in HK during
the 1950s-1970s. No veterinary care or anthelminthic treatments were
documented before their release, with parasite control relying on
elimination of intermediate hosts and treatment of humans at risk of
transmission (Cockrill, 1976). Nowadays, the HK feral cattle are regar-
ded as part of the local heritage and have been characterized as both
wild and feral (Pei et al., 2010; Zhang, 2025). Knowledge on their
behavior, ecology and welfare is limited (Hodgson et al., 2024; LegCo,
2017; Pinkham et al., 2022; So and Dudgeon, 2020). The cattle have
year-round access to water bodies, although seasonal variations (e.g,
rainfall and flooding events) influence water availability. Some herds
are provisioned with commercial hay, fresh-cut grass and tap water from
local citizen groups. The HK feral cattle are overseen by the Agriculture,
Fisheries and Conservation Department (AFCD) of the Government of
the Hong Kong Special Administrative Region (HKSAR) (AFCD, 2018),
who provide emergency treatment only when indicated, on an individ-
ual welfare basis.

Currently, no data on endoparasites in HK feral cattle are available.
Investigating endoparasite richness (number of parasite taxa present per
sample), prevalence (presence/absence of each parasite taxon in each
sample), and count (number of eggs/oocysts for each taxon found in
each sample) in this unique population is a rare opportunity to observe
parasitism in cattle in the absence of anthelmintic treatments or man-
agement interventions. Our study was conducted to identify the epide-
miology of endoparasites in HK feral cattle using non-invasive sampling.
Based on previous knowledge in wild and feral subtropical bovids and
farmed cattle, we expected to find protozoa, cestodes, trematodes and
nematodes. We expected endoparasites to be impacted by ecological and
biological risk factors. Constrained by our knowledge in this population,
we evaluated the associations between endoparasite infection and sea-
son, provisioning, water body access, group size, sex and body condi-
tion. Specifically, we expected all parasite measures (richness,
prevalence and count) to be higher in the wet season than in the dry
season. Provisioned herds were expected to display higher prevalence of
nematodes due to accumulation of infective material near feeding areas,
while no differences were expected for other parasites. Access to
marshlands was expected to increase rates of trematode infection due to
the necessity of such areas for intermediate trematode hosts, and hence
for trematodes to develop to stages able to infect cattle. We also ex-
pected larger herds to have higher richness, prevalence, egg counts and
oocyst counts than smaller herds. We expected males and individuals
with lower body condition to display higher measures of parasite
infections.

2. Material & methods
Ethical approval

This research was reviewed and approved by the Animal Research
Ethics Sub-Committee of City University of Hong Kong (approval num-
ber A-0826). Sampling was non-invasive, observational, purely oppor-
tunistic, and conducted in the cattle’s natural environment.

2.1. Study site and cattle

Cattle were located across three country parks in New Territories, HK
(Fig. S1): Sai Kung East Country Park (22.4085°N, 114.3435°E), Plover
Cove Country Park (22.5206°N, 114.2447°E) and Tai Lam Country Park
(22.3939°N, 114.0067°E). We had existing information on these herds,
including herd location and demographics, based on other ongoing long-
term projects requiring frequent visits to the cattle including between
the samplings of the present study. These cattle graze and browse on
grasslands, marshlands and forests. Animal identification was based on
ear tags (previously applied by the AFCD, 41 % of cattle in the study
sample were tagged), a photo-based catalogue and phenotypic descrip-
tive indices.
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Our study was conducted from December 2022 to February 2023 for
the dry season, and from July to August 2023 for the wet season. We
sampled 141 individual cattle (males = 61, females = 80) from seven
herds in the dry season, and 121 individuals (males = 54, females = 67)
from six herds in the wet season. Eighty-five individuals were sampled in
both seasons, 56 were sampled only in the dry season, and 36 only in the
wet season. In total, 262 samples were collected. Key characteristics of
each herd are further described in Table S1 (e.g., provisioning status,
herd size, sex ratio).

2.2. Risk factor identification

Based on literature, we identified six known risk factors related to
endoparasitism in ungulates that were applicable to our feral cattle
population (Table S2). These were season (Cizauskas et al., 2015; Sun
et al., 2018), provisioning (Hines et al., 2007; Navarro-Gonzalez et al.,
2013), access to water bodies (Titcomb et al., 2021), group size (Ezenwa
and Worsley-Tonks, 2018), sex (Kaewthamasorn and Wongsamee, 2006;
Thapa et al., 2022; Turner et al., 2012) and body condition (Aragaw and
Tilahun, 2019; Dorny et al., 2011; El-Tahawy et al., 2017; Kaewtha-
masorn and Wongsamee, 2006; Turner et al., 2012).

Although reproductive status is an important risk factor for a wide
variety of endoparasite taxa infections (Cizauskas et al., 2015; Turner
et al., 2012), we were unable to assess this within our context. The AFCD
aims to achieve a stable feral cattle population minimizing potential for
human-cattle conflict (AFCD, 2018), and performs reproductive control
via surgical sterilization and immunocontraception of some individuals
within the population. It is estimated that about 62 % of males are
sterilized with female sterilization also occurring (Pinkham et al., 2022),
but individual reproductive status is unknown and so could not be
considered in our analyses.

Similarly, although age is a risk factor for endoparasite infection in
cattle, with juveniles being more susceptible to a wide variety of in-
fections (Aragaw and Tilahun, 2019; El-Tahawy et al., 2017), the low
number of juveniles in the sampled population (only five calving events
occurred during our sampling period across of all seven herds) meant we
were unable to reach a valid sample size for younger animals. Therefore,
we only sampled adult cattle. Within adult cattle, age estimation was not
possible, as the common methods for age estimation could not be used.
Examination of teeth (Jones and Sadler, 2012; Mushonga et al., 2020)
and body size measurements (Masho et al., 2022) for age estimation was
not possible due to inability to restrain cattle. Additionally, HK cattle
have very little variation in body size and estimation of age based on
horn length was also inapplicable as 22 % of females and 11 % of males
have broken horns (Perroux et al., 2025). While some individuals in our
population are estimated to be older than 13 years old (LegCo, 2017),
such estimates are not available for most individuals. We therefore
limited our data collection to adult cattle and did not attempt to estimate
individual age.

Three of the seven herds were provisioned with commercial hay,
fresh cut grass and tap water from local citizen groups on a variable basis
(Table S1), although the exact amount provided was unknown.
Although no systematic scoring was conducted, during data collection
we observed that provisioned herds tended to spend more time in the
same area, independent of the presence of people feeding them (ie.,
remained nearby even in days they were not provisioned), while non-
provisioned herds appeared to range more. This is consistent with pre-
vious observations in wild/free-ranging populations (Becker et al., 2015;
Murray et al., 2016).

As all herds had free access to natural water sources such as streams
and reservoirs, water body access was quantified based on cattle access
to marshlands (as a binary variable yes/no), using our direct observa-
tions during fieldwork (Table S1). Marshlands were defined using the
following criteria: freshwater, unmanaged and with a minimum size of
5 m? (Ades et al., 2013; Dudgeon and Chan, 1996).

Group size was measured as the total number of individuals observed
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in a herd over the collection period. Individuals that changed herd over
the study period were included in the group size count of two herds, this
was the case for four individuals (one female and three males). Group
size ranged from 18 to 65 individuals (Table S1).

Each individual received a Body Condition Score (BCS) at the time of
each fecal sampling based on a modified visual 9-point scale, with 1
being the thinnest individuals (low body condition), and 9 the fattest
(high body condition). This scale was adapted to the HK feral cattle
based on beef and dairy cattle BCS (D’Occhio et al., 2019; Weik et al.,
2021). To control for the subjective nature of body condition scoring,
training was conducted to ensure good scorer reliability (for six weeks
from April 1st’ 2022 to May 5th’ 2022), with body condition scored once
a week by a single observer on all cattle in a single herd (n = 65). BCS
scores were expected to be highly correlated from one week to the
subsequent week, therefore the scorer trained until BCS from one week
to the subsequent reached a significant correlation of more than 0.8 for
three consecutive weeks. This same observer scored all BCS used in the
present study on endoparasites.

2.3. Fecal collection

During the wet and dry season samplings, we tracked all herds on
foot for a maximum of 4 h each sampling day and stood at a minimum of
10 m away from the cattle. When individuals were observed defecating,
20-30g of freshly voided fecal material was collected from the ground
after the cattle stepped away, and samples were placed into resealable
polythene bags labelled with the animal’s identification. Two samples
were collected for each individual, one was stored immediately in a
cooler bag at 4 °C, while the other was stored at ambient environmental
temperature for transport to the CityU Veterinary Diagnostic Laboratory
at City University of Hong Kong.

2.4. Parasitological analysis

Fecal samples stored at 4 °C during transport were used for McMaster
and sedimentation techniques (Hansen and Perry, 1994). The McMaster
technique is a flotation procedure for determining the fecal egg count
(FEC) and fecal oocyst count (FOC) of distinguishable nematode eggs,
cestode eggs and protozoan oocysts. FECA-MED (feca medium) 35.6 %
(w/w) sodium nitrate fecal flotation solution with specific gravity of
1.25-1.30 was used (VEDCO Inc., St. Joseph, Missouri, USA). 2g of feces
from each sample were mixed with 28 ml of flotation solution and
loaded into a McMaster slide chamber, as recommended by Pasquini and
Pasquini (2004). With reference to ‘The RVC/FAO Guide on Veterinary
Diagnostic Parasitology’ (Gibbons et al., 2022), microscopic identifica-
tion of parasite species in each fecal sample was based on morphological
characteristics of the oocysts or eggs under 100x magnification on a light
microscope, allowing calculation of egg counts expressed in eggs per
gram (EPG) and oocyst counts expressed in oocyst per gram (OPG), with
a 50 EPG/OPG sensitivity. As fecal flotation solutions are unsuitable for
trematode eggs due to their larger size and heavier weight, we used a
fecal sedimentation technique. For this, 1g of feces from each sample
was mixed with 10 ml of tap water creating a fecal/water suspension.
The supernatant was discarded, and the sediment was stained with one
drop of methylene blue solution, enabling identification to generic level
under 100x or 400x magnification on a light microscope for Fasciola and
Paramphistomid eggs.

Fecal samples transported at ambient environmental temperature
were used for larval culture. As strongyle-type nematode eggs are
indistinguishable up to genus level, samples in which strongyle-type
eggs were detected using the McMaster technique were then cultured
to allow development of the L3 stage (Hansen and Perry, 1994). 20g of
each fecal sample was loaded into a glass jar and incubated at 27 °C for
7-10 days. This variation in incubation time was due to schedule con-
straints (time required for sample processing, as well as laboratory
closure days following major weather events such as typhoons and
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flooding). Then, we used a modified Baermann technique to extract the
larvae, where 10g of each cultured sample were suspended in distilled
water for 24 h to allow for sedimentation of larvae. The larval sediment
was extracted with a pipette onto a microscope slide and was stained
with one drop of Lugol’s iodine solution. Recovered larvae were then
identified under a light microscope at 100x and 400x magnification
based on their morphological identification keys. Specifically, we used
(i) overall larval length, (i) larval tail presence and length, (iii) filament
presence and proportion, (iv) presence of sheath, (v) shape of larval
head, (vi) number of intestinal cells and (vii) presence of refractile bodies
to identify larvae at genus level as recommended by Van Wyk and
Mayhew (2013). These measurements were performed using micro-
scopic pictures obtained with the software Labscope (Zeiss, 2024,
version 4.2). This allowed identification of Bunostomum, Chabertia,
Cooperia, Dictyocaulus, Haemonchus, Oesophagostomum, Ostertagia and
Trichostrongylus larvae. While Dictyocaulus does not require an incuba-
tion period, our coproculture provided the necessary conditions for its
maintenance and Baermann is a suitable technique for its detection
(Cezaro et al., 2018; Verocai et al., 2020).

Endoparasite infections were defined along three measures: parasite
richness, defined as the number of parasite taxa documented in infected
individuals; parasite prevalence, defined as the proportion of individuals
in our sample for which each taxa’s eggs/oocysts were detected in feces;
and parasite egg/oocyst counts, defined as the number of each taxon’s
eggs/oocysts per gram of feces in each sample (Griffin and Nunn, 2012;
Shaw et al., 2018; Turner and Getz, 2010). Parasite counts could only be
obtained for nematodes (strongyle-type and Trichuris), cestodes (Mon-
iezia) and protozoa (Eimeria), using fecal and oocyst egg count (FEC and
FOC) from the McMaster technique, where for each sample, the number
of eggs/oocysts counted in the slide chambers were added together then
multiplied by 50 (Hansen and Perry, 1994; Pasquini and Pasquini,
2004). Parasite counts are presented as mean + standard deviation. We
could not calculate trematode count, as the sedimentation technique we
selected is a qualitative rather than quantitative technique. Addition-
ally, as we did not do a differential count based on larval identification,
counts are only available at the ordinal level for strongyle-type eggs and
reflect the counts of combined genera of strongylids producing indis-
tinguishable eggs.

2.5. Statistical analysis

All statistical analyses were conducted with R (R Core Team, 2020;
version 4.3.3) with datasets and scripts provided on the OSF online
platform (Perroux et al., 2023). For prevalence (presence/absence of
each parasite taxon per sample), taxon prevalences with low variance
(below 0.1) were excluded from further analysis due to lower occurrence
of egg/oocyst detection than acceptable given our sample size (Hsieh
et al., 1998). Similarly, only parasite taxon whose counts had more than
20 % of data containing non-zero values were further analyzed. While
there is no critical number of zero values previously defined (Fox et al.,
2015; Zuur and Ieno, 2016), we made this decision in view of our
context and methodology, with zero counts likely containing a mix of
true (samples containing no eggs/oocysts) and false zeros (samples
containing less eggs/oocysts than our sensitivity threshold of 50 and
therefore detected as 0).

Risk factors for endoparasite infection were analyzed using gener-
alized linear mixed models with varying distributions depending on the
nature of the outcome variable. A Poisson distribution, a Bernoulli dis-
tribution and a zero-inflated negative binomial distribution were spec-
ified for richness, prevalences and counts, respectively (Zuur and Ieno,
2016). Package “glmmTMB” (Brooks et al., 2017) was used to fit the
aforementioned models with herd being forced into the model as a
random effect. We developed the multivariable model using a back-
wards elimination approach to quantify the effects of the risk factors
(Heinze et al., 2018; Ullmann et al., 2024). Initially, all candidate in-
dependent variables were included (Table S3), and we used the
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likelihood ratio test (LRT) to assess whether each of the variables was
associated with the outcome. Variables with the highest p-values were
removed stepwise until only significant variables remained. To account
for confounding, we examined whether excluding a variable changed
the regression coefficients or standard errors of other variables by more
than 15 % (Table S4). Any confounding variable was forced in the
model, regardless of its p-value. After finalizing the variable selection,
we tested for the interaction between sex and body condition, as well as
the interaction between provisioning and body condition score, since
they were deemed biologically plausible based on previous research in
wild ungulates (Bostal et al., 2024; Hewison et al., 2024; McElligott
et al., 2003). Significant interactions were included if they improved
model fit, as assessed by the LRT. This procedure resulted in different
variables selected in each model, further presented in Table S5. Model
assumptions were examined based on guidelines provided by Zuur and
Ieno (2016).

The effects of a risk factor on infection indices are presented as risk
ratios or odd ratios (for prevalence data) and their corresponding 95 %
confidence intervals (95 %CI). For zero-inflated models, outputs are
presented using both: (i) the statistical count output in terms of likeli-
hood or not of being infected; and (ii) in terms of egg/oocyst counts to
compare parasite counts between risk factors. For this reason, although
models of Eimeria prevalence and output (i) from the zero-inflated
Eimeria oocyst counts model provide similar information, the zero-
inflated output (ii) differs, justifying the presence of both models.
Similarly, as the prevalence of Trichostrongylus was much higher than
other strongyle-type nematodes, our zero-inflated strongyle-type egg
count model output (i) may provide information that overlaps with our
model for Trichostrongylus prevalence. As we do not have differential
counts at generic level for this order, we are unable to investigate this
further.

3. Results
3.1. Descriptive statistics for endoparasite infection in HK feral cattle

Fifteen taxa of endoparasites were identified, comprising eleven taxa
of nematodes, two taxa of trematodes, one taxon of protozoa and one
taxon of cestodes (Table 1). Trematode infections were the most prev-
alent (91.22 %, 95 %CI = 87.17-94.07), followed by protozoan (67.17
%, 95 %CI = 61.27-72.57), nematode (23.66 %, 95 %CI = 18.92-29.16)
and cestode (12.97 %, 95 %CI = 9.43-17.58) infections. Para-
mphistomid eggs were the most prevalent trematodes (89.31 %, 95 %CI
= 84.98-92.50), while Trichostrongylus was the most prevalent nema-
tode (15.64 %, 95 %CI = 11.74-20.54; Table 1). Most taxa were found to
have variance <0.1 (i.e. Bunostomum, Chabertia, Haemonchus, Moniezia,
Oesophagostomum, Ostertagia, Paramphistomids, Strongyloides, Trichuris
and Toxocara) so were removed from further risk factor analysis.

Median parasite richness was 2 parasite taxa per individual (range
0-9), with dual infection being the most common type of infection
(39.31 %, 95 %CI = 33.59-45.34), followed by single infection (21.37
%, 95 %CI = 16.84-26.73; Table 2). Specifically, Eimeria combined with
Paramphistomids were the most common dual infection, found in 28.24
% of the population (95 %CI = 23.13-33.97; Table S6), followed by
Trichostrongylus and Paramphistomids (2.67 %, 95 %CI = 1.30-5.41).

Eimeria oocyst counts averaged 144.84 OPG (+215.85; Table S7),
with 32.82 % of samples containing less than 50 OPG. Average egg
counts were 20.61 EPG (+52.65) for strongyle-type eggs (with 78.24 %
of samples containing less than 50 EPG), 11.83 EPG (+36.00) for Mon-
iezia (87.02 % of samples containing less than 50 EPG) and 1.91 EPG
(£12.99) for Trichuris (97.71 % of samples containing less than 50 EPG).
Counts of Trichuris and Moniezia could not be included in further anal-
ysis due to their high proportion of zero count data (97.71 % and 87.02
% respectively; Table S7).
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Table 1
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Number of positive samples and prevalence of each parasite taxa detected in Hong Kong feral cattle fecal samples (n = 262 samples).

Taxa Number of positive samples Prevalence (%) 95 % Confidence interval
Nematodes Bunostomum 6 2.29 1.05 - 4.90
Chabertia 4 1.52 0.59 - 3.85
Cooperia 30 11.45 8.13 - 15.87
Dictyocaulus 21 8.01 5.30 - 11.94
Haemonchus 5 1.91 0.81 - 4.38
Oesophagostomum 6 2.29 1.05 - 4.90
Ostertagia 13 4.96 2.92 - 8.30
Strongyloides 1 0.38 0.01 - 2.12
Toxocara 1 0.38 0.01 - 2.12
Trichostrongylus 41 15.64 11.74 - 20.54
Trichuris 6 2.29 1.05 - 4.90
Trematodes Fasciola 39 14.88 11.08 - 19.70
Paramphistomids 234 89.31 84.98 - 92.50
Protozoa Eimeria 176 67.17 61.27 - 72.57
Cestode Moniezia 34 12.97 9.43 - 17.58

Confidence Intervals (95%CI) were based on the binomial proportion function ‘binconf’ in the ‘Hmisc’ package.

Table 2

Number of samples and prevalence of each count of parasite richness in the Hong
Kong feral cattle (n = 262 fecal samples). Parasite richness is expressed as the
number of different endoparasite taxa detected per sample.

Parasite richness =~ Number of samples  Percentage (%) 95 % Confidence

interval
0 5 1.90 081 - 4.38
1 56 21.37 16.84 - 26.73
2 103 39.31 3359 - 4534
3 63 24.04 19.26 - 29.57
4 23 8.77 592 - 1282
5 6 2.29 1.05 - 4.90
6 3 1.14 0.39 - 3.31
7 1 0.38 0.01 - 2.12
8 1 0.38 0.01 - 2.12
9 1 0.38 0.01 - 2.12

Confidence Intervals (95%CI) were based on the binomial proportion function
‘binconf’ in the ‘Hmisc’ package.

3.2. Risk factors for endoparasite infection

3.2.1. Parasite richness

There was an association between provisioning and parasite rich-
ness, with provisioned herds having higher parasite richness than groups
not provisioned (Risk Ratio RR = 1.53, 95 %CI = 1.20-1.96, p <
0.0001). We did not identify associations with any of the other predictor
variables.

3.2.2. Parasite prevalence

The prevalence of Eimeria was positively associated with wet season
conditions, higher parasite richness, provisioning, and larger group size.
Fasciola prevalence positively correlated with higher parasite richness
while demonstrating negative associations with wet season conditions,
cattle access to marshlands, and larger group sizes. Cooperia prevalence
increased with higher parasite richness and was higher in herds with
access to marshlands compared to herds that could not access marsh-
lands. Cooperia prevalence was also higher in the dry compared to the
wet season. Trichostrongylus detection rates increased with higher
parasite richness but decreased during the wet season and in provisioned
herds. Male cattle exhibited a significantly higher prevalence of Tri-
chostrongylus infection than females, with males being three times more
likely to have Trichostrongylus larvae detected in their cultured samples.
Comprehensive associations are presented in Table 3.

3.2.3. Parasite counts

Cattle in larger groups were more likely to have Eimeria oocysts
detected in their feces (OR = 1.05, 95 %CI = 1.01-1.08, p = 0.03) and
had larger oocyst counts than cattle in smaller groups (RR = 1.02, 95 %

CI=1.01-1.03, p < 0.0001). Strongyle-type eggs were more likely to be
detected in feces collected in the wet season than in the dry season (OR
= 2.32, 95 % CI = 1.23-4.54, p = 0.009). Strongyle-type egg counts
were also higher in the wet than in the dry season (RR = 1.40, 95 % CI =
1.02-1.92, p = 0.001). No significant sex-based difference was observed
in the likelihood of strongyle-type egg detection (OR = 50, 95 % CI =
0.30-10000, p = 0.13), but males had higher fecal strongyle-type egg
counts than females (RR = 21.29, 95 %CI = 1.96-228.47, p = 0.01); this
indicates that while both sexes could be infected with strongyle-type
eggs, infections in males were more severe in terms of numbers of
eggs detected in feces. A significant interaction between sex and body
condition effect on fecal strongyle-type egg counts was also found, with
strongyle-type egg counts decreasing in males as body condition
improved (RR = 0.59, 95 %CI = 0.37-0.94, p = 0.02). Detailed asso-
ciations are presented in Table 4.

4. Discussion

Endoparasite infections can have major implications for individual
cattle health in feral/wild populations, and for the maintenance of
parasites in natural environments (Budischak et al., 2018; Chrétien
et al., 2023; Thapa et al., 2022). HK feral cattle offered a unique op-
portunity to investigate endoparasite infection in a free-ranging cattle
population that does not receive anthelmintic treatments. We evaluated
endoparasite infection (richness, prevalence and counts) in 262 samples
from 177 cattle from seven herds in the wet and dry seasons. We found a
high richness of endoparasites in the HK feral cattle, identifying 15
endoparasite taxa. Infection with one parasite was found to increase
infection risk with all parasites, as expressed by association between
parasite richness and each parasite taxon prevalence. A higher number
of parasite taxa were detected in provisioned herds, alongside a higher
likelihood of detection of Eimeria oocysts, while Trichostrongylus larvae
were less prevalent in feces from provisioned herds, reflecting the
complexity of provisioning and its consequences in feral/wild pop-
ulations. Similarly, seasonal variation impacted parasites differently,
with Eimeria prevalence and strongyle-type egg counts increasing in the
wet season, while Fasciola eggs, Cooperia larvae and Trichostrongylus
larvae were detected in feces more in the dry season. Group size had
complex impacts on endoparasite infection, with larger herds having
higher prevalence and counts of Eimeria oocysts but lower Fasciola egg
prevalence. Unlike our expectations, marshland presence decreased
Fasciola egg prevalence but increased Cooperia larval prevalence.
Finally, males had higher strongyle-type egg counts than females.

Most cattle were infected simultaneously with multiple parasite taxa,
with provisioning being the only risk factor predicting the number of
parasite taxa found. The most common dual infection was Eimeria
combined with Paramphistomids, likely due to the high prevalence of
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Table 3
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Factors impacting the prevalence of Eimeria, Fasciola, Cooperia and Trichostrongylus in Hong Kong feral cattle (n = 262 fecal samples) based on a mixed effects logistic
regression. Italics indicate reference category in categorical variables. Bold indicates significant associations.

Response Variable (Pseudo R?) Predictor 0Odd Ratio 95 %CI p-value
Eimeira prevalence (0.67) Richness 4.48 2.75 7.28 <0.0001
Season Wet 2.54 1.20 5.39 0.01
Dry Reference
Provisioning Yes 6.13 1.85 20.31 0.003
No Reference
Marshland Access Yes 3.85 0.66 22.45 0.13
No Reference
Group Size 1.07 1.02 1.11 0.002
Fasciola prevalence (0.41) Richness 1.81 1.35 2.42 0.002
Season Wet 0.26 0.11 0.63 <0.0001
Dry Reference
Provisioning Yes 3.80 0.59 24.40 0.15
No Reference
Marshland Access Yes 0.06 0.01 0.36 0.001
No Reference
Group Size 0.94 0.90 0.98 0.003
Cooperia prevalence (0.66) Richness 4.14 2.56 6.70 <0.0001
Season Wet 0.01 0.002 0.13 <0.0001
Dry Reference
Marshland Access Yes 4.05 1.41 11.64 0.04
No Reference
Trichostrongylus prevalence (0.69) Sex Male 3.13 1.18 8.32 0.02
Female Reference
BCS 0.65 0.29 1.46 0.30
Richness 7.55 3.96 14.40 <0.0001
Season Wet 0.18 0.06 0.54 0.002
Dry Reference
Provisioning Yes 0.17 0.03 0.94 0.04
No Reference
Marshland Access Yes 3.20 0.25 40.62 0.36
No Reference
Group Size 1.01 0.95 1.08 0.53

95%CI= Confidence Interval; BCS=Body Condition Score.
Variables presented above reflect final selection resulting from a backward selection process, leading to different variables selected in each model.

Table 4

Factors impacting the fecal counts of Eimeria oocysts and of strongyle-types eggs in Hong Kong feral cattle (n = 262 fecal samples) based on the conditional count model
and zero-inflation model extracted from mixed effects zero-inflated negative binomial models. Italics indicate reference category in categorical variables. Bold in-

dicates significant associations.

Response Variable (Pseudo R?) Predictor Risk Ratio/Odd Ratio 95 %CI p-value Model
Eimeria fecal oocyst counts (0.25) Sex Male 0.83 0.67 1.03 0.09 Count
1.23 0.68 2.22 0.49 Z1
Female Reference
Marshland Access Yes 1.81 0.72 1.91 0.49 Count
0.49 0.13 1.78 0.28 71
No Reference
Group Size 1.02 1.01 1.03 <0.0001 Count
1.05 1.01 1.08 0.03 Z1
Strongyle-type fecal egg count (0.22) Sex Male 21.19 1.96 228.47 0.01 Count
50 0.30 10000 0.13 Z1
Female Reference
BCS 1.19 0.85 1.68 0.30 Count
1.42 0.34 1.42 0.31 A
Interaction Sex — BCS Male 0.59 0.37 0.94 0.02 Count
0.54 0.20 1.42 0.20 Z1
Female Reference
Season Wet 1.40 1.02 1.92 0.03 Count
2.32 1.23 4.54 0.009 Z1
Dry Reference
Provisioning Yes 1.19 0.76 1.85 0.43 Count
1.58 0.58 4.16 0.37 71
No Reference
Marshland Access Yes 1.17 0.51 2.66 0.70 Count
1.88 0.37 10 0.45 71
No Reference
Group Size 1.00 0.98 1.02 0.94 Count
1.00 0.96 1.04 0.78 71

95%CI= Confidence Interval; BCS=Body Condition Score; Odd Ratios are reversed to indicate the probability of non-zero values; Count = conditional model for non-

zero counts; ZI = zero-inflation.
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both parasites in the population. In HK feral cattle, the positive rela-
tionship between parasite richness and provisioning suggests that pro-
visioning does not protect individuals from infection. This finding is
consistent with observations in provisioned wild boars (Sus scrofa:
Navarro-Gonzalez et al., 2013). Provisioning can amplify pathogen in-
vasion by increasing host aggregation and contact rates (Becker et al.,
2015; Murray et al., 2016), which in turn results in higher individual
exposure to infective material (Becker et al., 2015) as observed in red
deer (Cervus elaphus) and white-tailed deer (Odocoileus virginianus;
Miller et al., 2003; Vicente et al., 2007). Co-infections are widespread in
wild ruminant populations and interact with individual fitness through
two primary mechanisms, intra-host resource competition and
immune-mediated interactions (Bashey, 2015; Ezenwa, 2021; Morris
et al., 2019). While the prevalence of most taxa was associated with
parasite richness, further investigation is required to understand the
mechanisms involved; notably to discriminate simple association
(Poulin, 1996) from dynamic intra-host parasite interactions (Bashey,
2015; Ezenwa, 2021; Morris et al., 2019).

Interestingly, we found that HK feral cattle carry a high richness and
prevalence of endoparasites, while egg and oocysts counts are low. In
organic cattle farms with little to no anthelminthic treatments and
mixed-age grazing practices, high prevalence of endoparasites and low
egg counts were also found (Hordegen, 2005). Some ruminants are
known to create resistance to infection by carrying a low load of each
endoparasite taxon to enhance their immune response, as observed for
some taxa of protozoa (Hansen and Perry, 1994; Taylor, 2000), cestodes
(Almeida-Caicedo et al., 2023) and nematodes (Parker et al., 2020;
Parkinson et al., 2019). Measuring immune response (Alvarez Rojas
et al., 2015; Hoglund, 2010; Moreau and Chauvin, 2010; Motran et al.,
2018) could help quantify the magnitude of immunity and the impact of
low counts on the immune responses of the HK feral cattle.

We found low Eimeria oocyst counts, the only protozoa taxon
detected in our population. Adult cattle are expected to develop im-
munity to Eimeria by sustaining consistently low levels of infection
(leading to low FOC) throughout their lives, resulting in a high preva-
lence of the infection with minimal clinical symptoms (Hansen and
Perry, 1994; Taylor, 2000). No individuals had oocyst counts of >5000
OPG, indicating that clinical signs are unlikely (Radostits et al., 2007),
further supported by the absence of impact on body condition in our
study. This is similar to findings in organic cattle farms in Switzerland,
where prevalence of Eimeria averaged 45.5 % but did not lead to clinical
signs (Hordegen, 2005). While protozoan counts were not affected by
season, the prevalence of Eimeria was higher in the wet season than in
the dry season. In HK feral cattle, provisioned large herds were more
infected with protozoa, possibly due to increased host density and
reduced roaming behavior (Becker et al., 2015; Murray et al., 2016)
leading to increased pasture contamination and higher individual
exposure to infective Eimeria oocysts in these provisioned cattle.

Fasciola infections were more prevalent in the dry season. Snails may
concentrate around natural water sources which provide grazing op-
portunities for ruminants during drier months (Hansen and Perry,
1994), thereby increasing host exposure to Fasciola infection during
these months (Radostits et al., 2007). Additionally, Fasciola adults only
produce eggs two to four months after being ingested (Cornelissen et al.,
2001; Parkinson et al., 2019; Pilarczyk et al., 2021), suggesting that HK
feral cattle may become infected in the wet season, leading to higher
detection of Fasciola eggs in their feces during the dry season. Although
lymnaeid snails have been identified in HK, their seasonal distribution
has not been investigated (Habib et al., 2018; Hau et al., 2018). Unex-
pectedly, we also found that Fasciola infections were more common in
cattle not grazing in marshlands. This may be due to increased presence
of predators of intermediate hosts (such as egrets and crabs feeding on
invertebrates in HK marshlands; Dudgeon and Corlett, 2010; Pang et al.,
2020; Wong et al., 2001) and intra-host competition in snails between
trematodes sharing an intermediate host (Lagrue et al., 2007; Lagrue
and Poulin, 2008; Leung and Poulin, 2011) in marshlands. Similarly, the
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negative relationship between Fasciola prevalence and group size may
reflect the dependence of infection rate on snail density rather than
cattle density. If we assume a constant trematode density across the
environment, then individuals in larger herds have lower probabilities
of ingesting infective material than individuals in smaller herds (Khalil
et al., 2016). Additionally, increased diversity of intermediate host
species has been found to decrease parasite transmission by 78 %
(Johnson et al., 2013). Investigation of snail-focused factors (e.g., di-
versity and seasonality of trematode infections in snail populations)
could improve our understanding of trematode infection in feral cattle.

Strongyle-type eggs were the most prevalent nematode eggs in HK
feral cattle. Our study extracted risk factors for Trichostrongylus preva-
lence, Cooperia prevalence and strongyle-type egg counts. Most
strongyle-type egg counts were low (below 200 EPG), with only seven
out of 262 samples showing moderate infections (200-800 EPG) and no
heavy infections detected (Hansen and Perry, 1994; Parkinson et al.,
2019). Strongyle-type egg counts were higher in the wet season,
consistent with previous findings in farmed cattle (Forbes, 2018) and
wild ruminants (Corlatti et al., 2012; Turner et al., 2012); while the
prevalence of Trichostrongylus and Cooperia larvae was higher in the dry
season. This discrepancy may result from limitations in our methodol-
ogy, which did not allow for taxon-specific count estimations. Addi-
tionally, strongyle-type egg counts and Trichostrongylus larval
prevalence were higher in males than females, similar to findings in
other wild ruminants such as red deer (Albery et al, 2018).
Strongyle-type egg counts were negatively related to body condition in
males, similar to findings in feral horses (Debeffe et al., 2016) and
Cambodian farmed cattle (Dorny et al., 2011), but we could not deter-
mine the causality of the relationship between body condition and
strongyle-type egg counts.

While our methodology provides valuable information on the
epidemiology of endoparasites in a feral cattle population using non-
invasive sampling techniques, wider adoption of such methods may be
challenging. Indeed, in order to collect fecal samples in free-ranging
individuals without handling, extensive observations of these animals
were required, making it very time consuming. Additionally, long-term
information on individual phenotypes (e.g, a photo-catalogue) was
required for identification of individuals throughout different seasons.
Knowledge of cattle habitat and movement behavior was also necessary
to find such free-ranging cattle. Using freshly voided feces also neces-
sitates discarding parts of the sample that touch the ground to avoid
potential contamination from the soil, and at times being unable to
obtain a sample when individuals were standing nearby making
collection unsafe. However, in the context of feral and wild populations,
limiting capture and handling is essential to ensure long-term popula-
tion viability, with several physiological impacts and welfare implica-
tions associated with capture (Cattet et al., 2008; Kongsurakan et al.,
2020). Therefore, although challenging, such non-invasive methodolo-
gies do offer advantages.

5. Conclusion

Our research highlights the epidemiology of endoparasite infection
in a subtropical feral cattle population not receiving anthelmintic
treatments. We identified taxon-specific risk factors and seasonal pat-
terns of infection. Most cattle fecal samples contained multiple parasite
taxa simultaneously. Sex and body condition had limited impact on
endoparasite infection and mostly impacted nematode infections. Pro-
visioning and herd size were important risk factors, showing contrasting
impacts on endoparasite infections at genus level. Provisioning is used in
wild and feral population management and human-animal conflict
mitigation, although its consequences can be hard to assess. Thus, our
results can inform the impact of such actions in ruminants under limited
management. Our findings deepen the understanding of individual
variations in infection risk in free-ranging ruminants and parasite
ecology in subtropical climates.
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