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Abstract
We investigated the presence and potential causes of sex bias in ectoparasite infestations in the yellow-necked mouse Apode-
mus flavicollis. We compared the natural tick and flea burdens of male and female mice in a temperate beech forest and 
assessed whether the observed differences were driven by host sex or body mass. We found that males were more heavily 
infested by ticks compared to female mice. However, this difference was driven by host body mass, and not sex itself. Host 
body mass positively correlated with flea loads, but there was no evidence of sex bias in flea abundance. In addition, the 
abundance of both ticks and fleas infesting yellow-necked mice changed over time, both seasonally (month to month) and 
annually (year to year). Our results underscore the importance of the sexual size dimorphism and the parasite taxon as the 
primary factors that influence the occurrence of sex-biased parasitism in small mammals.
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Introduction

Sex-biased parasitism has been observed in numerous bird 
and mammal species (Zuk and McKean 1996; Poulin 1996; 
Schalk and Forbes 1997; Morand and Poulin 1998; Klein 
2000; Wilson et al. 2002; Krasnov et al. 2012). However, 
the mechanisms behind this pattern remain a subject of 
debate, primarily because identifying the driving factor 
can be difficult if it is correlated with other unrelated traits 
(Zuur et al. 2010; Dormann et al. 2013). Moreover, parasite 
populations are affected by a number of factors, such as host 
population density, habitat selection, social or reproductive 
strategies, and behavioral types, that can interact with host 
gender (Klein 2004; Gutowsky et al. 2015; Wat et al. 2020). 

Consequently, unraveling the mechanisms behind sex-biased 
parasitism has proven to be a challenging task.

The sexual size dimorphism is among the factors that 
can affect parasite loads. Host body size and condition 
can impose constraints on the growth and composition of 
the parasite communities because they represent both the 
resource and the habitat for parasite populations (Brailsford 
and Mapes 1987; Price 1990; Christe et al 2003; Krasnov 
et al. 2005a, b; Bourgoin et al. 2021). As a consequence 
of intrasexual competition and the action of sex hormones, 
males are larger than females in most species of mammals 
(Weckerly 1998; Badyaev 2002; Isaac 2005). They are also 
frequently more parasitized than females (Schalk and Forbes 
1997; Krasnov et al. 2012). Thus, it can be challenging to 
conclude whether parasites preferably infest males or simply 
choose larger individuals, who often happen to be males.

Another well-known explanation for sex-biased parasit-
ism is the higher immunocompetence observed in females. 
This phenomenon is common among many vertebrate taxa 
(Zuk and McKean 1996; Poulin 1996; Waterman et al. 2013) 
and is associated with the action of sex hormones: estrogens 
stimulate immunity while androgens depress it (Folstad and 
Karter 1992; Schalk and Forbes 1997; Klein 2000). Steroid sex 
hormones may also affect resistance to diseases by altering the 
expression of major histocompatibility complex (MHC) genes 
(Klein 2000). Since immunity is a crucial defense mechanism 
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against parasite infections, sexual hormones may indirectly 
affect the richness and abundance of parasite communities 
harbored by male and female hosts.

Finally, the life cycles and biology of parasites can also shape 
their interaction with the host. This relationship can also vary, 
depending on environmental conditions (Leung and Poulin 
2008). For some parasites, it may be easier or more advanta-
geous to inhabit males than females, depending on the sex-
specific behavioral or physiological traits of the host. Addition-
ally, as male and female hosts can interact differently with their 
environment, varying habitat qualities can also affect parasite 
transmission in a sex-specific manner. Therefore, it is essential 
to consider how parasite and habitat-specific traits mediate the 
interactions between male and female hosts and their parasites.

The purpose of this study was to compare the ectoparasite 
burden of male and female yellow-necked mice (Apodemus fla-
vicollis) and to determine whether any potential gender bias is 
driven by the sex or body mass of the host. Our research is based 
on a similar project by Harrison et al. (2010), where authors 
estimated natural tick loads of wild wood mouse (Apodemus 
sylvaticus) populations in Irish mixed broadleaf and coniferous 
forest. Their results suggested that differences in parasite burdens 
between males and females were due to sex-related differences 
in body mass, not the sex itself. In this study, we follow their 
methodology and conduct analogical analyses to test if similar 
patterns occur in a congeneric rodent, A. flavicollis, in a temper-
ate beech forest in Poland. As such, this study is a quasi-replica-
tion (Nakagawa and Parker 2015; Palmer 2000) of the research 
conducted by Harrison and colleagues (2010). Furthermore, we 
tested whether similar patterns are found in flea infestations of 
A. flavicollis. Our study species exhibits sexual size dimorphism 
(Schulte-Hostedde 2007), therefore we expected male-biased 
parasite burdens and predicted that both tick and flea numbers 
would be higher in males due to their greater body mass, not 
because of their sex. Our specific questions were as follows:

 i. Do males carry higher ectoparasite loads than females?
 ii. Does the sex bias in ectoparasite infestation persist 

after accounting for host sexual dimorphism?
 iii. What is the relationship between male body mass and 

ectoparasite loads?
 iv. What is the relationship between female body mass 

and ectoparasite loads?
 v. Do the above relationships differ for ticks and fleas?

Materials and methods

Study site

This study took place in Forest Inspectorate Łopuchówko, 
Buczyna district, located in Greater Poland Voivodeship, N-W 

Poland. The maximum altitude at the study site is 143 m above 
sea level and the landscape is mostly flat or hilly. The tempera-
tures range from an average of -2.5 °C in January to 18.2 °C in 
July, and the annual precipitation averages 520 mm. The study 
sites were situated in managed forests, primarily consisting of 
European beech (Fagus sylvatica), along with other species, 
such as pedunculate oak (Quercus robur), red oak (Quercus 
rubra), European hornbeam (Carpinus betulus), and sycamore 
maple (Acer pseudoplatanus) (categorized as habitat 9130, 
‘Asperulo-Fagetum’ according to the EU Habitat Directive).

Small mammal live‑trapping and ectoparasite 
sampling

We established six trapping grids, each with 100 live traps, 
arranged in a 10 × 10 pattern, with 10-m spacing between the 
traps. To minimize the movement of mice between the grids, 
each grid was located at least 300 m apart. Trapping was carried 
out during three summer seasons (July–August 2018–2020). 
One trapping session consisted of four or five nights per site, 
and we conducted three (2018–19) or five (2020) trapping ses-
sions per site. The total trapping effort amounted to 30,000 trap-
nights (9,000 in 2018 and 2019, and 12,000 in 2020).

At the first capture, all animals were assigned to species 
and marked with unique aluminum ear tags (National Band 
and Tag Company, mouse tags type 1005–1). We recorded 
the body mass of all individuals at each capture using the 
PESOLA scale (0.5 g accuracy), and visually determined 
their sex and reproductive status (scrotal or non-scrotal 
males, lactating, pregnant or nonpregnant females, and 
juveniles of both sexes). Shrews (Sorex araneus and S. 
minutus) were released unmarked.

After recording data on body mass and reproductive condi-
tion, we collected all fleas found on the host and in the handling 
bag. We then counted all ticks attached to the host, which were 
primarily located on the head and ears, though we searched 
the entire body. A random subset of 20 ticks was collected 
from each mouse to identify the tick species (fleas were not 
identified to species in this study) using laboratory molecular 
methods. Total genomic DNA was extracted from each tick 
individually using the ammonium hydroxide method (Rijp-
kema and Bruinink 1996). The tick species were determined 
using sequence data from the fragment of the cytochrome c 
oxidase subunit I (COI). The material was sequenced using Ion 
Torrent S5 System (Thermo Fisher, USA) and the results were 
compared with GenBank reference sequences.

Statistical analysis

All statistical analyses were performed with R in RStudio 
IDE (R Core Team 2018; RStudio Team 2020). We used 
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generalized linear mixed models (GLMMs, Bolker et al. 2009) 
implemented via the glmmTMB package (Brooks et al. 2017; 
Magnusson et al. 2017) and assessed fit with DHARMa and 
performance packages (Hartig and Hartig 2017; Lüdecke et al. 
2021). To separate the influence of gender and body mass 
on ectoparasite burdens, we followed the statistical approach 
used by Harrison et al. (2010) with these adjustments:

a) We fitted our models to both tick and flea data.
b) We used the negative binomial error distribution with a 

log-link function.
c) We included additive effects of month and year effects to 

control for seasonal and year-to-year changes in ectopar-
asite numbers (Langley and Fairley 1982; Gray 1991; 
Herrero-Cófreces et al. 2021).

d) We adjusted the structure of the tick models to zero-
inflated count data to account for the excess of zeros.

e) To account for the nested data structure (Schielzeth and 
Nakagawa 2013), we included random effects of an indi-
vidual mouse and trapping site.

Because pregnancy can confound the relationship 
between body mass, sex, and parasitism (Harrison et al. 
2010), we excluded pregnant mice from the data set. We 
assessed pregnancy based on two traits: i) visibly enlarged 
belly, and ii) increased body mass compared to other trap-
pings of the same individual. We also excluded juveniles 
from the data, we based our selection on body mass because 
we found pelage color to be overly subjective. We chose 15 g 
of body mass as a cut-off value between juveniles and adults 
(Pucek et al. 1993). However, the growth rate and the onset 
of reproduction in the yellow-necked mouse vary with food 
availability and other environmental factors (Gliwicz 1988; 
Balčiauskienė et al. 2009; Sawicka-Kapusta 1968; Ferrari 
et al. 2004), therefore, we explored the sensitivity of our 
results to different values of this threshold.

To address our first question (i. whether males carry 
higher ectoparasite loads), we fitted “model 1”, which tested 
the influence of host sex on tick load without considering 
the effect of host body mass. To address question two (ii. 
whether there is a sex bias in tick and flea loads after con-
trolling for the effect of body mass), we paired males and 
females with equal weight. If an exact match was impossi-
ble, we paired individuals with a difference of no more than 
0.5 g. No mouse was paired twice within one trapping ses-
sion, but we allowed the same individual to be paired again 
in other sessions. We created analogical datasets for both 
ticks and fleas. We ran the paired model (“model 2”) using 
host sex as explanatory variable, with the pair ID as random 
effect. To tackle questions iii and iv – are heavier males/
females more parasitized? – we divided the dataset into 
males and females and ran two models:”model 3″ to check 
the effect of body mass within the male sex, and “model 

4″ to assess the effect of body mass within the female sex 
(the numeration of models follows Harrison et al. 2010). 
To address question v. we compared the effect sizes of the 
models fitted for tick and flea data with results obtained by 
Harrison et al. 2010 and other similar studies.

Results

The small mammal community at our study sites was dom-
inated by Apodemus flavicollis (66.9% of captured indi-
viduals) and bank vole (Myodes glareolus) (31.7% of indi-
viduals), followed by other species such as common vole 
(Microtus arvalis) common shrew (Sorex araneus), Eura-
sian pygmy shrew (S. minutus), and striped field mouse 
(Apodemus agrarius). In total, we captured 1873 unique 
mice, 200 in 2018 (116 males, 80 females, 4 unassessed), 
880 in 2019 (414 males, 465 females, 1 unassessed), and 
793 in 2020 (421 males, 370 females, 2 unassessed). The 
average body mass was higher in male compared to female 
yellow-necked mice (30.6 g vs. 26.0 g, t = -21.471, 95% 
CI: -5.07 – -4.22, df = 5732.9, P < 0.001).

Effect of sex and body mass on tick loads

Overall (including recaptures), we sampled ticks 2079 times: 
1065 times from male hosts and 1014 times from females. 
Ixodes ricinus was the only tick species found. According to 
model 1, that is without accounting for body mass, males carry 
more ticks on average than females (males 16.1 ticks, 95% CI: 
14.3 – 18.1 vs. females: 12.9 ticks, 95% CI: 11.4 – 14.6; z = 4.95, 
P = 0.001). After controlling for the effect of body mass (model 
2 that paired males and females of the same weight), the sex bias 
did not longer persist (z = 1.484, P = 0.138). The two models 
(3 and 4) in which we tested both sexes separately detected a 
positive association of body mass with tick loads in both males 
and females (males: z = 6.305, P < 0.001, N = 663; females: 
z = 3.757, P < 0.001, N = 561; Fig. 1). The effect of month and 
year was significant in every model (Supplementary Table 1, 
Supplementary Materials Fig. 1).

Effect of sex and body mass on flea burdens

Overall (including recaptures), we sampled fleas 2010 
times: 1023 times from males and 987 times from females. 
In contrast to ticks, Model 1 did not reveal a sex bias in flea 
infestation (z = 0.97, P = 0.332). Similarly, Model 2 (with 
males and females paired by mass) did not find the effect of 
sex (z = -1.146, P = 0.271). However, when the sexes were 
tested separately (models 3 and 4), body mass was positively 
associated with both male (z = 3.230, p = 0.001) and female 
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flea loads (z = 3.640, P < 0.001; see Fig. 2). We observed a 
significantly higher number of fleas in 2018, and flea abun-
dance decreased in August compared to June and July (Sup-
plementary Table 2, Supplementary Fig. 2).

Discussion

We observed a male bias in tick loads of yellow-necked 
mice. However, when we accounted for differences in body 
mass, this pattern no longer persisted. This result indicates 

that sex-biased parasitism in this system is driven primarily 
by body mass, rather than other sex-related traits. In the case 
of flea abundance, we did not find any sex-related effects: 
both males and females carried similar flea loads, even when 
accounting for body mass. Only the host’s body mass had a 
significant impact on flea loads.

The study we here quasi-replicated (Harrison et al. 2010, 
Fig. 3) also had found male mice to carry more ticks and 
concluded that this pattern could be related to sexual size 
dimorphism. Our study, conducted on a different rodent spe-
cies (A. flavicollis rather than A. sylvaticus), in a different 
geographic location (Poland vs. Ireland), in a different forest 
type (beech vs. mixed broadleaf and coniferous), and with a 
considerably larger sample size (1214 vs. 288 mice), produced 
similar findings. This convergence of results indicates that 
the relationship between I. ricinus and its hosts Apodemus 
spp. is robust. Our study showed a similarity in the pattern 
of sex bias in tick burdens in Apodemus spp. between Ireland 
and Poland when comparing the effect sizes of both studies 
(Fig. 3). However, the effect sizes observed in our study were 
consistently smaller than those in the original study. A com-
parison of effect sizes of both studies demonstrated that sex 
bias in tick burdens in Apodemus spp. followed a similar pat-
tern in both Ireland and Poland. On the other hand, the effect 
sizes that we detected were consistently smaller than the ones 
from the original study. In particular, the effect of sex on tick 
loads, while significant, was weaker in our study.

Fig. 1  Estimated tick abundance in male (green) and female (violet) A. flavicollis. Shading corresponds to a 95% confidence interval. See 
Table 1, models 3 and 4, for more details

Table 1  Factors influencing the abundance of ticks infesting yellow-
necked mice (A. flavicollis). Model (1) estimates the effect of sex 
without controlling for body mass, model (2) controls for body mass 
by pairing males with females of the same mass, model (3) estimates 
the effect of body mass on tick abundance in male hosts, and model 
(4) does the same for females. All models controlled the effect of 
month and year. Juveniles were excluded at the 15 g threshold. Ran-
dom effects always included individual host and trapping site

*p < 0.05; **p < 0.01; ***p < 0.001

Model Effect N β ± SE Ρ

1 Sex 1224 0.216 ± 0.044  < 0.001***
2 Sex (paired) 481 0.080 ± 0.054 0.138
3 Body mass 663 (only males) 0.021 ± 0.003  < 0.001***
4 Body mass 561 (only 

females)
0.017 ± 0.005  < 0.001***
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In contrast to ticks, there was no evidence of male bias 
in flea parasitism (models 1 and 2). Similar results were 
reported by other authors (Benedek and Sirbu 2016; Kow-
alski et al. 2015). Interestingly, our models 3 and 4 demon-
strated that that both males and females alike, heavier indi-
viduals carried higher loads of fleas (a pattern not detected 
in Kowalski et al. 2015, perhaps because of their smaller 
sample size). The most likely explanation for this pattern is 
that, even though flea abundance is affected by body size, 

and body size is influenced by sex, these effects were not 
strong enough to generate a clear-cut difference in flea infes-
tation between males and females.

The positive effect of body mass on tick and flea infesta-
tion that we observed might be caused by several factors. 
Firstly, larger-bodied hosts could be easier targets to find and 
colonize (Hawlena et al. 2005; Harrison et al. 2010; Kiffner 
et al. 2013), which is especially relevant for parasites that 
actively seek their hosts, such as ticks. Secondly, if a larger 
resource patch can sustain more inhabitants, bigger hosts 
should have a higher parasitic burden (Presley and Willig 
2008). Bigger host can also favor coexistence among para-
sites by reducing both intra- and inter-specific competition, 
providing a greater variety of accessible niches and better 
resource division (Kuriset al. 1980; Gregory et al. 1996; 
Morand and Poulin 1998; Kiffner et al. 2013). Finally, it 
could be more difficult for smaller hosts to tolerate a high 
ectoparasitic burden. This could lead to size-dependent dif-
ferences in grooming, which would result in lower numbers 
of ectoparasites in small-bodied hosts (Hart et al. 1992; 
Hawlena et al. 2008). Self-grooming is a time-consuming 
activity that may be less critical for larger individuals, as 
they can access resources such as food and mates more easily 
and are often in better body condition, which allows them 
to compensate for the energy lost due to parasite infestation. 
Furthermore, the energy loss caused by parasites is relatively 
less significant for larger individuals than for smaller ones, 

Fig. 2  Estimated flea abundance in male (green) and female (violet) A. flavicollis. Shading corresponds to a 95% confidence interval. See 
Table 2 (models 3 and 4) for more details

Table 2  Factors influencing the abundance of fleas infesting yellow-
necked mice (Apodemus flavicollis). Model (1) estimates the effect 
of sex without taking into account the body mass of the host, model 
(2) controls for body mass by pairing males with females of the same 
mass, model (3) estimates the effect of body mass on flea numbers 
harbored by male hosts, and model (4) does the same for females. 
All models controlled the effect of month and year. Juveniles were 
excluded at the 15 g threshold. Random effects always included indi-
vidual host and trapping site

*p < 0.05; **p < 0.01; ***p < 0.001

Model Effect N β ± SE Ρ

1 Sex 1224 0.082 ± 0.085 0.332
2 Sex (paired) 481 -0.146 ± 0.133 0.272
3 Body mass 663 (only 

males)
0.020 ± 0.006 0.001**

4 Body mass 561 (only 
females)

0.037 ± 0.010  < 0.001***
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making it more viable for larger hosts to neglect thorough 
cleaning of their fur. A larger body requires longer bouts 
of self-grooming to keep the parasite population at bay. 
Therefore, larger animals are either forced to spend propor-
tionately more time on self-grooming or tolerate relatively 
higher parasite loads to engage in other vital activities such 
as foraging or reproduction (Raveh et al. 2011).

Furthermore, body mass is linked with other traits that may 
affect parasite acquisition. In several rodent species, male body 
mass has been demonstrated to have a positive correlation with 
home range size (Borowski 2003). Defending a larger home 
range requires increased mobility and social interactions, 
which can lead to a heightened risk of parasitism (Gregory 
et al. 1996; Jetz et al. 2004; Kiffner et al. 2014). In addition, 
higher testosterone levels in males are associated with greater 
body mass and testes size, causing behavioral changes that 
elevate the risk of parasite transmission through fights with 
competitors and mating (Forbes 1985; Royland et al. 1994; 
Breed and Taylor 2000).

In contrast, female mice tend to be less mobile and have 
smaller home ranges (Bergstedt 1966; Attuquayefio et al. 
1986; Stradiotto et al. 2009). Additionally, female hormones 
such as estrogen are believed to have an immunostimulating 
effect, unlike testosterone (Klein 2004). On the other hand, 
females tend to have more social interactions than males, 
staying closer to the natal site after the juvenile stage and 
residing in nests with their offspring to provide parental care 
(Wolff 2007). Aggregation is considered a risk factor for 

parasitism, as it intensifies transmission rates (Anderson & 
May 1979; May and Anderson 1979; Arneberg et al. 1998; 
Krasnov et al. 2002; Christe et al. 2007).

Our findings highlight the importance of the sexual 
size dimorphism in shaping sex-biased parasitism patterns 
among small mammals (Moore and Wilson 2002; Harrison 
et al. 2010; Kowalski et al. 2015; Merabet et al. 2021, but 
see Morand et al. 2004; Krasnov et al. 2005a, b; Perez-Orella 
and Schulte-Hostedde 2005; Gorrell Jamieson and Schulte-
Hostedde 2008). The mechanisms driving sex-biased para-
sitism can be intricate and involve interactions between 
various host and parasite traits, as well as environmental 
factors. Nevertheless, our study’s results are consistent with 
a similar study on a congeneric rodent species conducted in 
a different geographical location, which aids in generalizing 
tick parasitism patterns. The sex bias in flea infestations of 
Apodemus spp. appears to be less clear and might depend 
on the host species (Morand et al. 2004; Kiffner et al. 2013; 
Kowalski et al. 2015). While numerous studies have reported 
a link between ectoparasite infestation and host body size, 
the relationship is not consistently demonstrated and might 
vary across study systems and is not consistently demon-
strated (Perez-Orella and Schulte-Hostedde 2005; Krasnov 
et al. 2011; 2012; Kiffner et al. 2014; Herrero-Cófreces et al. 
2021). This varying relationship between ectoparasite infes-
tation and host body size has broad implications for both 
host and parasite ecology and evolution, as well as epide-
miological applications for control of zoonotic infections.
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Fig. 3  Estimated effect of sex (model 1 and 2) and body mass (mod-
els 3 and 4) of A. flavicollis (yellow, this study) and A. sylvaticus 
(black, Harrison et  al. 2010) on their tick (circles) and flea (trian-

gles) burdens. Error bars correspond to 95% confidence intervals. See 
Tables 1 and 2 for more information on the models
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Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00436- 023- 07958-5.

Acknowledgements We want to thank Shawn Meagher for inspir-
ing us to conduct this study as well as all the students and volunteers 
who helped in data collection in the field. We express our gratitude 
to Mirosława Dabert, Małgorzata Łośko and Justyna Liberska from 
Molecular Biology Techniques Laboratory at Adam Mickiewicz Uni-
versity for invaluable help with DNA extraction, sequencing and tick 
species identification.

Authors contributions SS, MZ, RZ conceived and designed the study. 
MZ, SS, AW collected the data. SS, MZ, AW processed and prepared 
data for analysis. SS, RZ and MZ analyzed the data. SS and MZ wrote 
the manuscript. SS prepared Fig. 1 and 2, MZ prepared Fig. 3 and 
Supplementary Materials. AW and RZ provided critical feedback and 
helped shape the manuscript. All authors read and approved the final 
manuscript.

Funding The National Science Centre, Poland awarded grants to sup-
port M.Z. through the "Preludium" grant no. 2016/21/N/NZ8/01059, 
A.W. through the "Sonatina" grant no. 2020/36/C/NZ8/00013, and R.Z. 
through the "Harmonia" grant no. 2018/30/M/NZ8/0052.

Data availability The datasets used for analyses are available from the 
corresponding author upon request.

Declarations 

Ethics approval This study was conducted in accordance with the 
guidelines of the Polish Society for Laboratory Animal Science (Pol-
LASA). The Local Ethical Committee in Poznań approved all experi-
mental procedures (Approval No. 24/2018).

Consent for publication We declare that all authors have read and 
approved the manuscript for submission to Parasitology Research. We 
affirm that the manuscript is original and has not been published previ-
ously, nor is it currently under consideration for publication elsewhere.

Competing interests The authors declare that they have no competing 
interests of financial nor personal nature.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Anderson RM, May RM (1979) Population biology of infectious dis-
eases: Part I. Nature 280(5721):361–367. https:// doi. org/ 10. 1038/ 
28036 1a0

Arneberg P, Skorping A, Grenfell B, Read AF (1998) Host densities as 
determinants of abundance in parasite communities. Proc R Soc 

Lond b: Biol Sci 265:1283–1289. https:// doi. org/ 10. 1098/ rspb. 
1998. 0431

Attuquayefio DK, Gorman ML, Wolton RJ (1986) Home range sizes in 
the wood mouse Apodemus sylvaticus: habitat, sex and seasonal 
differences. J Zool 210:45–53. https:// doi. org/ 10. 1111/j. 1469- 
7998. 1986. tb036 19.x

Badyaev AV (2002) Growing apart: an ontogenetic perspective on the 
evolution of sexual size dimorphism. Trends Ecol Evol 17:369–
378. https:// doi. org/ 10. 1016/ S0169- 5347(02) 02569-7

Balčiauskienė L, Balčiauskas L, Čepukienė A (2009) Demographic and 
morphometric parameters of the yellow-necked mouse (Apode-
mus flavicollis) in late autumn-early spring in Lithuania. Acta Biol 
Univ Daugavp 9:25–34

Bergstedt B (1966) Home ranges and movements of the rodent spe-
cies Clethrionomys glareolus (Schreber), Apodemus flavicollis 
(Melchior) and Apodemus sylvaticus (Linné) in southern Sweden. 
Oikos 150–157. https:// doi. org/ 10. 2307/ 35649 39

Benedek AM, Sirbu I (2016) Influence of habitat, time and host vari-
ables on prevalence of parasitic arthropods in bank vole, Myodes 
glareolus (Schreber, 1780) in Transylvania (Romania), Bruke-
nthal. Acta Musei, XI. 3

Bolker BM, Brooks ME, Clark CJ, Geange SW et al (2009) Generalized lin-
ear mixed models: a practical guide for ecology and evolution. Trends 
Ecol Evol 24:127–135. https:// doi. org/ 10. 1016/j. tree. 2008. 10. 008

Borowski Z (2003) Habitat selection and home range size of field voles 
Microtus agrestis in Słowiński National Park, Poland. Acta The-
riol 48:325–333. https:// doi. org/ 10. 1007/ BF031 94172

Bourgoin G, Portanier E, Poirel M, Itty C, Duhayer J, Benabed S, 
Garel M (2021) Reproductive females and young mouflon (Ovis 
gmelini musimon × Ovis sp.) in poor body condition are the main 
spreaders of gastrointestinal parasites. Parasitology 148:809–818. 
https:// doi. org/ 10. 1017/ S0031 18202 10003 29

Brailsford T, Mapes C (1987) Comparisons of Heligmosomoides poly-
gyrus primary infection in protein-deficient and well-nourished 
mice. Parasitology 95:311–321. https:// doi. org/ 10. 1017/ S0031 
18200 00577 60

Breed WG, Taylor J (2000) Body mass, testes mass, and sperm size in 
murine rodents. J Mammal 81:758–768. https:// doi. org/ 10. 1644/ 
1545- 1542(2000) 081% 3c0758: BMTMAS% 3e2.3. CO;2

Brooks ME, Kristensen K, Van Benthem KJ, Magnusson A, Berg CW, 
Nielsen A, Skaug HJ, Machler M, Bolker BM (2017) glmmTMB 
balances speed and flexibility among packages for zero-inflated 
generalized linear mixed modeling. The R journal 9(2):378–400

Christe P, Giorgi MS, Vogel P, Arlettaz R (2003) Differential species-
specific ectoparasitic mite intensities in two intimately coexist-
ing sibling bat species: resource-mediated host attractiveness or 
parasite specialization? J Anim Ecol 72:866–872. https:// doi. org/ 
10. 1046/j. 1365- 2656. 2003. 00759.x

Christe P, Glaizot O, Evanno G, Bruyndonck N et al (2007) Host sex 
and ectoparasites choice: preference for, and higher survival on 
female hosts. J Anim Ecol 76:703–710. https:// doi. org/ 10. 1111/j. 
1365- 2656. 2007. 01255.x

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G et al 
(2013) Collinearity: a review of methods to deal with it and a sim-
ulation study evaluating their performance. Ecography 36:27–46. 
https:// doi. org/ 10. 1111/j. 1600- 0587. 2012. 07348.x

Ferrari N, Cattadori IM, Nespereira J, Rizzoli A, Hudson PJ (2004) 
The role of host sex in parasite dynamics: field experiments on the 
yellow-necked mouse Apodemus flavicollis. Ecol Lett 7:88–94. 
https:// doi. org/ 10. 1046/j. 1461- 0248. 2003. 00552.x

Folstad I, Karter AJ (1992) Parasites, bright males, and the immuno-
competence handicap. Am Nat 139:603–622. https:// doi. org/ 10. 
1086/ 285346

Forbes GB (1985) The effect of anabolic steroids on lean body mass: 
the dose response curve. Metabolism 34:571–573. https:// doi. org/ 
10. 1016/ 0026- 0495(85) 90196-9

https://doi.org/10.1007/s00436-023-07958-5
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/280361a0
https://doi.org/10.1038/280361a0
https://doi.org/10.1098/rspb.1998.0431
https://doi.org/10.1098/rspb.1998.0431
https://doi.org/10.1111/j.1469-7998.1986.tb03619.x
https://doi.org/10.1111/j.1469-7998.1986.tb03619.x
https://doi.org/10.1016/S0169-5347(02)02569-7
https://doi.org/10.2307/3564939
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1007/BF03194172
https://doi.org/10.1017/S0031182021000329
https://doi.org/10.1017/S0031182000057760
https://doi.org/10.1017/S0031182000057760
https://doi.org/10.1644/1545-1542(2000)081%3c0758:BMTMAS%3e2.3.CO;2
https://doi.org/10.1644/1545-1542(2000)081%3c0758:BMTMAS%3e2.3.CO;2
https://doi.org/10.1046/j.1365-2656.2003.00759.x
https://doi.org/10.1046/j.1365-2656.2003.00759.x
https://doi.org/10.1111/j.1365-2656.2007.01255.x
https://doi.org/10.1111/j.1365-2656.2007.01255.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1046/j.1461-0248.2003.00552.x
https://doi.org/10.1086/285346
https://doi.org/10.1086/285346
https://doi.org/10.1016/0026-0495(85)90196-9
https://doi.org/10.1016/0026-0495(85)90196-9


 Parasitology Research

1 3

Gliwicz J (1988) Seasonal dispersal in non-cyclic populations of Cle-
thrionomys glareolus and Apodemus flavicollis. Acta Theriol 
33:263–272

Gorrell Jamieson C, Schulte-Hostedde AI (2008) Patterns of parasitism 
and body size in red squirrels (Tamiasciurus hudsonicus). Can J 
Zool 86:99–107. https:// doi. org/ 10. 1139/ z07- 123

Gray JS (1991) The development and seasonal activity of the tick 
Ixodes ricinus: a vector of Lyme borreliosis. Rev Med Vet Ento-
mol 79(6):323–333

Gregory RD, Keymer AE, Harvey PH (1996) Helminth parasite rich-
ness among vertebrates. Biodivers Conserv 5:985–997. https:// 
doi. org/ 10. 1007/ BF000 54416

Gutowsky LFG, Harrison PM, Martins EG, Leake A, Patterson DA, 
Cooke SJ (2015) Interactive effects of sex and body size on the 
movement ecology of adfluvial bull trout (Salvelinus confluentus). 
Can J Zool 94:31–40. https:// doi. org/ 10. 1139/ cjz- 2015- 0104

Harrison A, Scantlebury M, Montgomery WI (2010) Body mass 
and sex-biased parasitism in wood mice Apodemus sylvaticus. 
Oikos 119:1099–1104. https:// doi. org/ 10. 1111/j. 1600- 0706. 2009. 
18072.x

Hart BL, Hart LA, Mooring MS, Olubayo R (1992) Biological basis 
of grooming behavior in antelope: the body-size, vigilance, and 
habitat principles. Anim Behav 44:615–631. https:// doi. org/ 10. 
1016/ S0003- 3472(05) 80290-8

Hartig F, Hartig MF (2017) Package ‘DHARMa’. R Package Version
Hawlena H, Abramsky Z, Krasnov BR (2005) Age-biased parasitism 

and density-dependent distribution of fleas (Siphonaptera) on a 
desert rodent. Oecologia 146:200–208. https:// doi. org/ 10. 1007/ 
s00442- 005- 0187-0

Hawlena H, Bashary D, Abramsky Z, Khokhlova IS et al (2008) Pro-
grammed versus stimulus-driven antiparasitic grooming in a 
desert rodent. Behav Ecol 19:929–935. https:// doi. org/ 10. 1093/ 
beheco/ arn046

Herrero-Cófreces S, Flechoso MF, Rodríguez-Pastor R, Luque-Larena 
JJ, Mougeot F (2021) Patterns of flea infestation in rodents and 
insectivores from intensified agro-ecosystems, Northwest Spain. 
Parasite Vector 14:16. https:// doi. org/ 10. 1186/ s13071- 020- 04492-6

Isaac JL (2005) Potential causes and life-history consequences of 
sexual size dimorphism in mammals. Mammal Rev 35:101–115. 
https:// doi. org/ 10. 1111/j. 1365- 2907. 2005. 00045.x

Jetz W, Carbone C, Fulford J, Brown JH (2004) The scaling of animal 
space use. Science 306:266–268. https:// doi. org/ 10. 1126/ scien ce. 
11021

Kiffner C, Stanko M, Morand S, Khokhlova IS et al (2013) Sex-biased 
parasitism is not universal: evidence from rodent–flea associations 
from three biomes. Oecologia 173:1009–1022. https:// doi. org/ 10. 
1007/ s00442- 013- 2664-1

Kiffner C, Stanko M, Morand S, Khokhlova IS et al (2014) Variable 
effects of host characteristics on species richness of flea infra-
communities in rodents from three continents. Parasitol Res 
113:2777–2788. https:// doi. org/ 10. 1007/ s00436- 014- 3937-2

Klein SL (2000) The effects of hormones on sex differences in infec-
tion: from genes to behavior. Neuroscience 24:627–638. https:// 
doi. org/ 10. 1016/ S0149- 7634(00) 00027-0

Klein SL (2004) Hormonal and immunological mechanisms mediating 
sex differences in parasite infection. Parasite Immunol 26:247–
264. https:// doi. org/ 10. 1111/j. 0141- 9838. 2004. 00710.x

Kowalski K, Bogdziewicz M, Eichert U, Rychlik L (2015) Sex dif-
ferences in flea infections among rodent hosts: is there a male 
bias? Parasitol Res 114:337–341. https:// doi. org/ 10. 1007/ 
s00436- 014- 4231-z

Krasnov BR, Khokhlova I, Shenbrot G (2002) The effect of host density 
on ectoparasite distribution: an example of a rodent parasitized by 
fleas. Ecology 83:164–175. https:// doi. org/ 10. 1890/ 0012- 9658(2002) 
083[0164: TEOHDO] 2.0. CO;2

Krasnov BR, Morand S, Hawlena H, Khokhlova IS et al (2005a) Sex-
biased parasitism, seasonality and sexual size dimorphism in 
desert rodents. Oecologia 146:209–217. https:// doi. org/ 10. 1007/ 
s00442- 005- 0189-y

Krasnov BR, Khokhlova IS, Arakelyan MS, Degen AA (2005b) Is 
a starving host tastier? Reproduction in fleas parasitizing food-
limited rodents. Fun Ecol 19:625–631. https:// doi. org/ 10. 1111/j. 
1365- 2435. 2005. 01015.x

Krasnov BR, Stanko M, Matthee S, Laudisot A, Leirs H, Khokhlova 
IS, Korallo-Vinarskaya NP, Vinarski MV, Morand S (2011) Male 
hosts drive infracommunity structure of ectoparasites. Oecologia 
166:1099–1010. https:// doi. org/ 10. 1007/ s00442- 011- 1950-z

Krasnov BR, Bordes F, Khokhlova IS, Morand S (2012) Gender-
biased parasitism in small mammals: patterns, mechanisms, con-
sequences. Mammalia 76:1–13. https:// doi. org/ 10. 1515/ mamma 
lia- 2011- 0108

Kuris AM, Blaustein AR, Alio JJ (1980) Hosts as islands. Am Nat 
116:570–586. https:// doi. org/ 10. 1086/ 283647

Langley R, Fairley JS (1982) Seasonal variations in infestations of 
parasites in a Wood mouse Apodemus sylvaticus population in the 
West of Ireland. J Zool 198:249–261. https:// doi. org/ 10. 1111/j. 
1469- 7998. 1982. tb020 74.x

Leung TL, Poulin R (2008) Parasitism, commensalism, and mutualism: 
exploring the many shades of symbioses. Vie et Milieu/Life & 
Environment 58(2):107–115

Lüdecke D, Ben-Shachar MS, Patil I, Waggoner P et al (2021) perfor-
mance: An R package for assessment, comparison and testing of 
statistical models. J Open Source Software 6(60):3139. https:// 
doi. org/ 10. 21105/ joss. 03139

Magnusson A, Skaug H, Nielsen A, Berg C et al (2017) Package ‘glm-
mTMB’. R Package Version 0.2.0.

May RM, Anderson RM (1979) Population biology of infectious dis-
eases: Part II. Nature 280(5722):455–461. https:// doi. org/ 10. 1038/ 
28045 5a0

Merabet S, Khammes-El Homsi N, Aftisse L, Khammes-Talbi N, 
Milla A, Morand S, Ribas A (2021) Helminth parasites in the 
wood mouse (Apodemus sylvaticus) from Algeria. Arxius de 
Miscellània Zoològica 19:205–212. https:// doi. org/ 10. 32800/ 
amz. 2021. 19. 0205

Morand S, Poulin R (1998) Density, body mass and parasite species 
richness of terrestrial mammals. Evol Ecol 12:717–727. https:// 
doi. org/ 10. 1023/A: 10065 37600 093

Morand S, De Bellocq JG, Stanko M, Miklisová YD (2004) Is sex-
biased ectoparasitism related to sexual size dimorphism in small 
mammals of Central Europe? Parasitology 129:505–510. https:// 
doi. org/ 10. 1017/ S0031 18200 40058 40

Nakagawa S, Parker TH (2015) Replicating research in ecology and 
evolution: feasibility, incentives, and the cost-benefit conundrum. 
BMC Biol 13:88. https:// doi. org/ 10. 1186/ s12915- 015- 0196-3

Palmer AR (2000) Quasi-replication and the contract of error: lessons 
from sex ratios, heritabilities and fluctuating asymmetry. Annu 
Rev Ecol Evol Syst 31:441–480. https:// doi. org/ 10. 1146/ annur ev. 
ecols ys. 31.1. 441

Perez-Orella C, Schulte-Hostedde AI (2005) Effects of sex and body 
size on ectoparasite loads in the northern flying squirrel (Glau-
comys sabrinus). Can J Zool 83:1381–1385. https:// doi. org/ 10. 
1139/ z05- 126

Poulin R (1996) Sexual inequalities in helminth infections: a cost of 
being a male? Am Nat 147:287–295. https:// doi. org/ 10. 1086/ 
285851

Presley SJ, Willig MR (2008) Intraspecific patterns of ectoparasite 
abundances on Paraguayan bats: effects of host sex and body size. 
J Trop Ecol 24:75–83. https:// doi. org/ 10. 1017/ S0266 46740 70046 
83

Price PW (1990) Host populations as resources defining parasite 
community organization. In: Esch GW, Bush AO, Aho JM 

https://doi.org/10.1139/z07-123
https://doi.org/10.1007/BF00054416
https://doi.org/10.1007/BF00054416
https://doi.org/10.1139/cjz-2015-0104
https://doi.org/10.1111/j.1600-0706.2009.18072.x
https://doi.org/10.1111/j.1600-0706.2009.18072.x
https://doi.org/10.1016/S0003-3472(05)80290-8
https://doi.org/10.1016/S0003-3472(05)80290-8
https://doi.org/10.1007/s00442-005-0187-0
https://doi.org/10.1007/s00442-005-0187-0
https://doi.org/10.1093/beheco/arn046
https://doi.org/10.1093/beheco/arn046
https://doi.org/10.1186/s13071-020-04492-6
https://doi.org/10.1111/j.1365-2907.2005.00045.x
https://doi.org/10.1126/science.11021
https://doi.org/10.1126/science.11021
https://doi.org/10.1007/s00442-013-2664-1
https://doi.org/10.1007/s00442-013-2664-1
https://doi.org/10.1007/s00436-014-3937-2
https://doi.org/10.1016/S0149-7634(00)00027-0
https://doi.org/10.1016/S0149-7634(00)00027-0
https://doi.org/10.1111/j.0141-9838.2004.00710.x
https://doi.org/10.1007/s00436-014-4231-z
https://doi.org/10.1007/s00436-014-4231-z
https://doi.org/10.1890/0012-9658(2002)083[0164:TEOHDO]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[0164:TEOHDO]2.0.CO;2
https://doi.org/10.1007/s00442-005-0189-y
https://doi.org/10.1007/s00442-005-0189-y
https://doi.org/10.1111/j.1365-2435.2005.01015.x
https://doi.org/10.1111/j.1365-2435.2005.01015.x
https://doi.org/10.1007/s00442-011-1950-z
https://doi.org/10.1515/mammalia-2011-0108
https://doi.org/10.1515/mammalia-2011-0108
https://doi.org/10.1086/283647
https://doi.org/10.1111/j.1469-7998.1982.tb02074.x
https://doi.org/10.1111/j.1469-7998.1982.tb02074.x
https://doi.org/10.21105/joss.03139
https://doi.org/10.21105/joss.03139
https://doi.org/10.1038/280455a0
https://doi.org/10.1038/280455a0
https://doi.org/10.32800/amz.2021.19.0205
https://doi.org/10.32800/amz.2021.19.0205
https://doi.org/10.1023/A:1006537600093
https://doi.org/10.1023/A:1006537600093
https://doi.org/10.1017/S0031182004005840
https://doi.org/10.1017/S0031182004005840
https://doi.org/10.1186/s12915-015-0196-3
https://doi.org/10.1146/annurev.ecolsys.31.1.441
https://doi.org/10.1146/annurev.ecolsys.31.1.441
https://doi.org/10.1139/z05-126
https://doi.org/10.1139/z05-126
https://doi.org/10.1086/285851
https://doi.org/10.1086/285851
https://doi.org/10.1017/S0266467407004683
https://doi.org/10.1017/S0266467407004683


Parasitology Research 

1 3

(eds) Parasite Communities: Patterns and Processes. Springer, 
Dordrecht, 21–40. https:// doi. org/ 10. 1007/ 978- 94- 009- 0837-6_2

Pucek Z, Jędrzejewski W, Jędrzejewska B, Pucek M (1993) Rodent 
population dynamics in a primeval deciduous forest (Białowieża 
National Park) in relation to weather, seed crop, and predation. 
Acta Theriol 38:199–232. https:// doi. org/ 10. 4098/ AT. arch. 93- 18

R Core Team (2018) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. https:// www.R- proje ct. org/

RStudio RT (2020) Integrated development environment for R (RStu-
dio, PBC, Boston, MA).  https:// www.R- proje ct. org 

Raveh A, Kotler BP, Abramsky Z, Krasnov BR (2011) Driven to dis-
traction: detecting the hidden costs of flea parasitism through for-
aging behavior in gerbils. Ecol Lett 14:47–51. https:// doi. org/ 10. 
1111/j. 1461- 0248. 2010. 01549.x

Rijpkema S, Bruinink H (1996) Detection of Borrelia burgdorferi sensu 
lato by PCR in questing Ixodes ricinus larvae from the Dutch 
North Sea island of Ameland. Exp Appl Acarol 20:381–385. 
https:// doi. org/ 10. 1007/ BF001 30550

Royland JE, Weber LJ, Fitzpatrick M (1994) Testes size and testoster-
one levels in a model for weightlessness. Life Sci 54:545–554. 
https:// doi. org/ 10. 1016/ 0024- 3205(94) 90005-1

Sawicka-Kapusta K (1968) Annual fat cycle of field mice, Apodemus 
flavicollis (Melchior, 1834). Acta Theriol 13:329–339

Schalk G, Forbes MR (1997) Male biases in parasitism of mammals: 
effects of study type, host age, and parasite taxon. Oikos 78:67–
74. https:// doi. org/ 10. 2307/ 35458 01

Schielzeth H, Nakagawa S (2013) Nested by design: model fitting 
and interpretation in a mixed model era. Methods Ecol Evol 
4(1):14–24

Schulte-Hostedde AI (2007) Sexual size dimorphism in rodents. Rodent 
societies: an ecological and evolutionary perspective. 115(128):5

Stradiotto A, Cagnacci F, Delahay R, Tioli S, Nieder L, Rizzoli A 
(2009) Spatial organization of the yellow-necked mouse: Effects 
of density and resource availability. J Mammal 90:704–714. 
https:// doi. org/ 10. 1644/ 08- MAMM-A- 120R1.1

Wat KK, Herath AP, Rus AI, Banks PB, Mcarthur C (2020) Space 
use by animals on the urban fringe: interactive effects of sex and 
personality. Behav Ecol 31:330–339. https:// doi. org/ 10. 1093/ 
beheco/ arz194

Waterman JM, Macklin GF, Enright C (2013) Sex-biased parasitism in 
Richardson’s ground squirrels (Urocitellus richardsonii) depends 
on the parasite examined. Can J Zool 92:73–79. https:// doi. org/ 
10. 1139/ cjz- 2013- 0151

Weckerly FW (1998) Sexual-size dimorphism: influence of mass and 
mating systems in the most dimorphic mammals. J Mammal 
79:33–52. https:// doi. org/ 10. 2307/ 13828 40

Wilson K, Bjrnstad ON, Dobson AP, Merler S et al (2002) Heteroge-
neities in macroparasite infections: patterns and processes. Ecol 
Wildl Dis 44:6–44

Wolff JO (2007) Social Biology of Rodents. Int Zool 2:193–204. 
https:// doi. org/ 10. 1111/j. 1749- 4877. 2007. 00062.x

Zuk M, McKean KA (1996) Sex differences in parasite infections: Pat-
terns and processes. Int J Parasitol 26:1009–1024. https:// doi. org/ 
10. 1016/ S0020- 7519(96) 00086-0

Zuur AF, Ieno EN, Elphick CS (2010) A protocol for data exploration 
to avoid common statistical problems. Methods Ecol Evol 1:3–14. 
https:// doi. org/ 10. 1111/j. 2041- 210X. 2009. 00001.x

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/978-94-009-0837-6_2
https://doi.org/10.4098/AT.arch.93-18
https://www.R-project.org/
https://www.R-project.org
https://doi.org/10.1111/j.1461-0248.2010.01549.x
https://doi.org/10.1111/j.1461-0248.2010.01549.x
https://doi.org/10.1007/BF00130550
https://doi.org/10.1016/0024-3205(94)90005-1
https://doi.org/10.2307/3545801
https://doi.org/10.1644/08-MAMM-A-120R1.1
https://doi.org/10.1093/beheco/arz194
https://doi.org/10.1093/beheco/arz194
https://doi.org/10.1139/cjz-2013-0151
https://doi.org/10.1139/cjz-2013-0151
https://doi.org/10.2307/1382840
https://doi.org/10.1111/j.1749-4877.2007.00062.x
https://doi.org/10.1016/S0020-7519(96)00086-0
https://doi.org/10.1016/S0020-7519(96)00086-0
https://doi.org/10.1111/j.2041-210X.2009.00001.x

	Host body mass, not sex, affects ectoparasite loads in yellow-necked mouse Apodemus flavicollis
	Abstract
	Introduction
	Materials and methods
	Study site
	Small mammal live-trapping and ectoparasite sampling
	Statistical analysis

	Results
	Effect of sex and body mass on tick loads
	Effect of sex and body mass on flea burdens

	Discussion
	Anchor 12
	Acknowledgements 
	References


