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Abstract 

Background  The immunocompetence handicap hypothesis suggests that males with a higher testosterone level 
should be better at developing male secondary traits, but at a cost of suppressed immune performance. As a result, 
we should expect that males with an increased testosterone level also possess a higher parasite load. However, previ‑
ous empirical studies aimed to test this prediction have generated mixed results. Meanwhile, the effect of testoster‑
one level on parasite load in female hosts remains poorly known.

Methods  In this study, we tested this prediction by manipulating testosterone level in Daurian ground squirrels 
(Spermophilus dauricus), a medium-sized rodent widely distributed in northeast Asia. S. dauricus is an important 
host of ticks and fleas and often viewed as a considerable reservoir of plague. Live-trapped S. dauricus were injected 
with either tea oil (control group) or testosterone (treatment group) and then released. A total of 10 days later, 
the rodents were recaptured and checked for ectoparasites. Fecal samples were also collected to measure testoster‑
one level of each individual.

Results  We found that testosterone manipulation and sex of hosts interacted to affect tick load. At the end 
of the experiment, male squirrels subjected to testosterone implantation had an averagely higher tick load than males 
from the control group. However, this pattern was not found in females. Moreover, testosterone manipulation did 
not significantly affect flea load in S. dauricus.

Conclusions  Our results only lent limited support for the immunocompetence handicap hypothesis, suggesting 
that the role of testosterone on regulating parasite load is relatively complex, and may largely depend on parasite 
type and gender of hosts.
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Background
As one of the most fundamental biological processes, 
parasitism is widespread in terms of both geography and 
taxonomy [1]. Although in most cases nonlethal to their 
hosts, parasites often play important roles in shaping 
behavior, fitness and population dynamics of hosts [2], 
and may even have keystone effects on community struc-
ture in some ecosystems [3]. Meanwhile, many parasites 
are important transmitters of severe zoonoses includ-
ing plague and Lyme borreliosis. However, parasites are 
generally distributed in a nonrandom way. Exploring the 
distribution patterns of parasites and the mechanisms 
behind the patterns should contribute to a comprehen-
sive understanding of ecosystem functioning, as well as 
disease control, human well-being, animal husbandry, 
and wildlife management [4–7].

A nearly universal pattern in parasitology is that para-
sites usually show an aggregated distribution [8]. This 
means that host individuals are often significantly differ-
ent in their encounter rate or susceptibility to parasites, 
resulting in a highly variable parasite load among host 
individuals. Several biological factors of hosts have been 
found associated with the parasite load, such as body 
size [9, 10], personality [11], and sex [12]. For example, 
sex-biased parasitism has been frequently recorded and 
males are often more heavily infested than females [13, 
14]. Several mechanisms have been proposed to explain 
this pattern. For example, males are usually larger and 
have a larger home area than females, making them more 
likely to encounter more parasites or become the pre-
ferred targets of parasites. However, male-biased para-
sitism is not universal and seems to partially depend on 
parasite types examined [15, 16].

Another interesting mechanism associated with the 
male-biased parasitism is the immunocompetence handi-
cap hypothesis (ICHH), which states that a higher level 
of testosterone can promote the production of male sec-
ondary traits, but at the cost of decreased immune func-
tion [17, 18]. Meanwhile, there is a negative-feedback 
loop between parasite load and the signal intensity of 
male secondary trait, as parasitism may hinder the devel-
opment of several male secondary traits of hosts [19]. As 
a result, the enhanced expression of male secondary trait 
may act as an honest signal of “good genes,” i.e., an indi-
vidual’s ability to withstand a higher parasite burden [17].

A fundamental prediction of the ICHH is that individu-
als with a higher level of testosterone should also possess 
a higher parasite load. This prediction has been experi-
mentally tested in many species since the ICHH was 
proposed. However, the results are largely inconsistent 
[20], as positive [21–23], negative [24, 25], and non-sig-
nificant [26–28] association between testosterone level 
and parasite load have all been repeatedly recorded. The 

relationship between testosterone level and parasitism 
seems to be complex and may differ significantly among 
both host [20] and parasite species [24, 29]. Compared 
with correlational studies, manipulative experiments 
should be more effective in detecting the actual role of 
testosterone level on parasite load.

Moreover, partly because the ICHH was developed to 
explain the expression of male secondary traits inter-
acted with the immune function and endocrine system, 
no experimental study has explored the role of testoster-
one level in shaping the parasite load in females. How-
ever, testosterone is not exclusively limited to males, and 
females may also face a physiological tradeoff associ-
ated with testosterone [30, 31]. The association between 
testosterone level and parasite load in females is poorly 
known and deserves more investigations [30].

In this study, we explored the effects of testosterone 
level on the flea and tick load in Daurian ground squir-
rel (Spermophilus dauricus) by manipulating the tes-
tosterone level of both male and females. S. dauricus is 
a medium-sized, diurnal rodent widely distributed in 
grasslands of northeastern Asia [32]. As a well-known 
host of fleas and ticks, S. dauricus often acts as an impor-
tant transmitter of plague [13, 33]. In a previous study, we 
found that fleas and ticks possessed distinct distribution 
patterns on S. dauricus, suggesting that the underlying 
mechanisms of parasitism may also differ between these 
two types of ectoparasites [13]. For this study, we aimed 
to address two main questions: (1) would the effects of 
testosterone level on parasite load differ between fleas 
and ticks? And, (2) would the effects of testosterone level 
on parasite load also differ between male and female 
ground squirrels?

Methods
Study area
We carried out our field work in the grassland located 
within the Experiment Demonstration Base, Grassland 
Research Institute, Chinese Academy of Agricultural Sci-
ences (40° 36ʹ N, 111° 45ʹ E). This area has a continental 
temperate monsoon climate, with an average annual rain-
fall of ca. 400 mm and an annual mean temperature of ca. 
6.9  °C. The dominant plant species are Leymus chinen-
sis, Stipa capillata, Cleistogenes squarrosa and Medicago 
sativa. Based on our own trapping record, S. dauricus 
has been the dominant rodent species here in recent 
years. Other rodents, such as striped hamster (Cricetulus 
barabensis) and Mongolian gerbil (Meriones Unguicula-
tus), were also recorded but relatively low in abundance. 
According to our observation, steppe polecats (Mustela 
eversmanii), red foxes (Vulpes vulpes) and domestic dogs 
(Canis lupus familiaris) are the major predators feeding 
on S. dauricus [32]. Cattle grazing is common here in 
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spring and summer, resulting in an average grass height 
of ca. 20 cm and an average vegetation cover of 45%.

Experimental procedure
In mid-July, 2023, we conducted the first round of live-
trapping in two 1-ha sites located in the study area. In 
this season, most S. dauricus were reproductively inac-
tive. The two sites were comparable in terms of veg-
etation, topography and rodent density. To ensure 
independence in sampling among the sites, there was a 
distance of 400 m between the nearest sites. We placed 
100 Sherman live traps (arranged in a 10 × 10 grid, with 
10-m intervals between neighboring traps) baited with 
fresh peanuts in each site. Since S. dauricus were diur-
nal, the traps were set open between 07:00 and 19:00 
(Beijing time). This round of live-trapping lasted for four 
consecutive days. We checked all the traps every 2 h and 
rebaited the traps if needed. All the S. dauricus captured 
were immediately put in separate cotton bags and taken 
back to our laboratory.

A total of 59 S. dauricus (27 males and 32 females) 
were captured during the first round of live-trapping. We 
anesthetized each individual by a multi-channel anesthe-
sia machine designed for small animals (R550IE, RWD 
Life Science Co., Ltd., Shenzhen, China) with isoflurane. 
To collect the ectoparasites, the body surface of each S. 
dauricus was carefully scanned using a fine-toothed 
comb and a tweezer. We also checked the inner side of 
each cotton bag used to contain the ground squirrels. 
All the ectoparasites collected from a S. dauricus were 
immediately placed in ethanol (95%) contained within a 
separate 5-ml centrifuge tube. All the S. dauricus were 
weighted to the nearest 0.1 g using an electronic balance, 
toe-clipped for individual identification, and then main-
tained in separate plastic boxes for 72  h with access to 
ad  libitum food (peanuts, alfalfa leaves, and commercial 
pellets) and water. No S. dauricus showed any abnormal 
behavior or healthy problem during this period.

We used all the 52 adult individuals (defined as those 
heavier than 100  g, 23 males and 29 females) for our 
formal experiment. Each ground squirrel was randomly 
assigned to one of two groups: control group (without 
testosterone injection, 11 males and 14 females) and 
treatment group (with testosterone injection, 12 males 
and 15 females). At 15:00–16:00 in the next day after 
capture, we collected a fresh fecal sample (typically 0.2–
0.3 g) from each experimental animal. All the fecal sam-
ples were placed in separate 5-ml centrifuge tubes and 
then immediately stored frozen at −80  °C. About 72  h 
after capture, each individual was injected intramuscu-
larly with either a dose of tea oil (control group) or a dose 
of testosterone–oil mixture (10 mg of testosterone unde-
canoate per ml of tea oil). A total of 1 h after injection, we 

released all the individuals at the places where they were 
captured.

A total of 10 days later, we conducted the second round 
(five consecutive days) of live trapping to recapture the 
experimental animals. The procedures of live-trapping, 
anesthesia, ectoparasite collection, fecal sample collec-
tion, and animal maintenance were similar to the first 
round. A total of 28 S. dauricus were recaptured (six 
males and seven females from the control group, and 
five males and ten females from the treatment group). 
An experienced taxonomist (Jian-Jun Wang) later identi-
fied all the ectoparasites based on dichotomous keys. The 
whole experimental procedure adhered to the guidelines 
approved by the American Society of Mammalogists [34] 
and the Regulations of the Animal Welfare Committee 
of Beijing Veterinarians of the Agriculture Ministry of 
China (Beijing, China).

Hormone extraction and analyses
We typically followed the protocol used by Li et al. [35] 
to extract testosterone from the fecal samples, with some 
modifications. A total of 56 fecal samples were used for 
hormone analyses (i.e., samples collected from the 28 
individuals with recaptures, two samples per individual). 
Since we used wet feces, variations in water content 
among samples must be accounted for. Therefore, we 
simultaneously weighed two fecal subsamples (each ca. 
0.1 g in weight, hereafter subsamples A and B) from each 
fecal sample. Subsample B was used for measuring water 
content and was weighed before and after 24-h drying in 
a drying oven. The water content value was then used to 
translate the wet sample weight of the relevant subsample 
A into dry weight.

Subsamples A were used for hormone extraction and 
placed in separate 10-ml centrifuge tubes. For each tube, 
we added 4  ml of methanol and 1  ml of distilled water 
and then vortexed it for 30  min. We then added 2.5  ml 
of petroleum ether to each tube to remove lipid from 
it. After 10  min of vortex, each tube was centrifuged 
at 1500  r/min for 15  min. A total of 2  ml of liquid was 
drawn from the methanol layer within each tube and 
then placed into a 5-ml cryopreservation tube. The meth-
anol was dried off under forced air and the remain was 
used for hormone assay.

We performed testosterone assays with a commer-
cially available enzyme immunoassay kit (Rat Testoster-
one Elisa Kit, produced by FanYin Biotechnology Co., 
Ltd., Shanghai, China). This kit has a sensitivity of 1.0 
nanomol/l, and < 1% cross-reactivity to other steroids 
(including progestins, corticoids and estrogens). The tes-
tosterone levels were reported as nanogram of fecal tes-
tosterone per gram of dry feces.
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Statistical analyses
We performed all the statistical work in R platform 4.2.2 
[36]. We first adopted a paired-sample t-test to test 
whether our experimental treatment affected the fecal 
testosterone level of S. dauricus. We built a negative-
binomial generalized linear mixed-effect model (GLMM) 
on tick load recorded on the recaptured individuals 
(hereafter TickLoadafter) using the R package “lme4” [37] 
and “lmerTest” [38]. The fixed terms included treatment 
(control or treatment group), sex (male or female), body 
weight (averaged value of the two measurements), tick 
load recorded in the first round of ectoparasite check 
(i.e., tick load before the testosterone manipulation, 
hereafter TickLoadbefore), flea load in the second round 
of ectoparasite check (hereafter FleaLoadafter), and an 
interactive term between treatment and sex. Site ID 
was used as a random term. Similar models were also 
built for FleaLoadafter, with fixed factors including treat-
ment, sex, body weight, flea load recorded in the first 
round of ectoparasite check (hereafter FleaLoadbefore), 
TickLoadafter, and an interaction between treatment and 
sex. Variance inflation factors (VIFs) were calculated 
using the R package ‘car’ [39] to assess multicollinear-
ity. As the VIFs were all smaller than ten (Table  1), we 

retained all the factors in the models. Model selection 
was performed based on Alkaike Information Crite-
rion corrected for small sample size (AICc) [40] using 
the R package “MuMIn” [41]. Since the performance 
did not differ significantly between top candidate mod-
els (i.e., delta AICc smaller than 2), we used conditional 
model averaging to get an “averaged model” based on the 
full set of candidate models [40]. As we detected a sig-
nificant interactive effect between treatment and sex on 
TickLoadafter, we also built two GLMMs on TickLoadafter 
for male and female squirrels separately (Table  2). For 
these two models, the fixed terms included treatment, 
body weight, TickLoadbefore, and FleaLoadafter.

Results
On the 28 squirrels used for analyses, we collected a total 
of 534 ticks and 73 fleas before testosterone manipula-
tion, and 1108 ticks and 132 fleas in the second round 
of ectoparasite check (Additional file  1). Before testos-
terone manipulation, no significant difference in tick 
load was detected between males and females (Wilcoxon 
test: W = 79, P = 0.50). After testosterone manipulation, 
males were more heavily infested by ticks than females 
(Wilcoxon test: W = 47.5, P = 0.033). The diversity of 
ectoparasites was rather low, as only one tick species 
(Haemaphysalis verticalis) and one flea species (Citello-
philus tesquorum mongolicus) were recorded. The prev-
alence of fleas was 57.14% (16/28) and 64.29% (18/28) 
in the first and the second round of ectoparasite check, 

Table 1  Results of conditional model averaging, based on 
negative binomial generalized linear mixed-effects model on 
ectoparasite load (whole data set) of Daurian ground squirrels 
(Spermophilus dauricus)

TickLoadafter and FleaLoadafter refer to tick load and flea load recorded in 
the second round of ectoparasite check, respectively. TickLoadbefore and 
FleaLoadbefore refer to tick load and flea load recorded in the first round 
of ectoparasite check, respectively. Variance inflation factor (VIF) for each 
explanatory factory is indicated. Significant terms marked by bold

Model/factors Estimate Standard error Z value P value VIF

TickLoadafter

 Intercept 23.15 20.88 1.07 0.28 NA

 FleaLoadafter 2.16 1.17 1.74 0.082 1.32

 Sex (male) 7.31 20.22 0.34 0.73 2.40

 Treatment (testos‑
terone)

− 2.62 18.63 0.13 0.89 2.48

 Sex: treatment 61.13 27.58 2.10 0.036 2.84

 TickLoadbefore 0.39 0.29 1.29 0.20 1.44

 Body weight −0.23 0.17 1.31 0.19 1.26

FleaLoadafter

 Intercept 3.32 3.38 0.94 0.35 NA

 TickLoadafter 0.050 0.027 1.73 0.084 3.20

 Sex (male) 1.87 2.70 0.66 0.51 2.69

Treatment (testos‑
terone)

1.78 2.47 0.68 0.50 1.87

 Sex: treatment 0.56 4.38 0.12 0.90 5.50

 FleaLoadbefore 0.41 0.27 1.41 0.15 3.10

 Body weight 0.018 0.033 0.50 0.62 2.90

Table 2  Results of conditional model averaging, based on 
negative binomial generalized linear mixed-effects model on tick 
load of male or female Daurian ground squirrels (Spermophilus 
dauricus)

TickLoadafter: tick load recorded in the first round of ectoparasite check. 
FleaLoadafter: flea load recorded in the second round of ectoparasite check. 
Variance inflation factor (VIF) for each explanatory factory is indicated. 
Significant terms marked by bold

Model/factors Estimate Standard error Z value P value VIF

Male

 Intercept 3.69 0.37 8.69 < 0.001 NA

Treatment (testos-
terone)

0.98 0.33 2.43 0.016 1.12

 FleaLoadafter 0.041 0.024 1.41 0.16 1.39

 TickLoadbefore 0.0024 0.010 0.19 0.85 1.10

 Body weight − 0.0027 0.0070 0.31 0.76 1.33

Female

 Intercept 3.35 0.57 5.62  < 0.001 NA

 Treatment (testos‑
terone)

0.18 0.39 0.43 0.67 1.69

 FleaLoadafter 0.013 0.049 0.24 0.81 1.39

 TickLoadbefore 0.0083 0.0053 1.42 0.16 1.51

 Body weight −0.0054 0.0035 1.38 0.17 1.29
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respectively. The prevalence of ticks was 67.86% (19/28) 
and 100% in the first and the second round of ectopara-
site check, respectively.

Compared to the testosterone level prior to the experi-
mental manipulation, the squirrels subjected to tes-
tosterone injection showed a significantly increased 
testosterone level after the manipulation (Wilcoxon test: 
W = 198, P < 0.001), while those subjected to tea oil injec-
tion did not show such a change in testosterone level 
(Wilcoxon test: W = 98, P = 0.50). According to the aver-
aged GLMM, sex and treatment significantly interacted 
to affect TickLoadafter (Table 1, Fig. 1). We also detected a 
marginally positive association between flea load and tick 
load after testosterone manipulation (Table 1). However, 
no significant association was found between the explan-
atory factors and FleaLoadafter. For male squirrels, indi-
viduals subjected to testosterone injection possessed a 
significantly higher TickLoadafter (Table 2). However, such 
a trend did not exist in female squirrels (Table 2).

Discussion
In consistence with the ICHH, we found that male squir-
rels subjected to testosterone implantation later pos-
sessed a significantly higher tick load than those from 
the control group. Several mechanisms may contribute 
to this pattern. First, increased androgens often make 
animals more active and more aggressive [42], thus 
increasing their chance of encountering other individu-
als, as well as their exposure to parasites transmitted by 
conspecifics. Second, as the ICHH states, while increased 
testosterone level helps to develop male secondary traits 

and bring some reproductive benefits, it may also cause 
increased host susceptibility to parasites through immu-
nosuppression [43]. Of course, these mechanisms are 
not mutually exclusive. To further disentangle the roles 
of behavioral changes and immunosuppression in shap-
ing parasite abundance, it is important to simultaneously 
monitor behavioral pattern and immune functions of 
hosts, which is the aim of our next-step work.

As documented before, male-biased parasitism is not 
a universal pattern. This is also the case for the associa-
tion between testosterone level and parasite infestation. 
In this study, testosterone treatment did not seem to sig-
nificantly affect flea load in S. dauricus. In our previous 
work, we detected no sex difference in flea load in this 
rodent [13]. Similarly, Kowalski et al. [44] also found that 
flea load did not differ significantly between male and 
female yellow-necked field mice (Apodemus flavicollis). 
Difference in behavior and life history between ticks and 
fleas may partly explain their difference in parasitism. 
Compared with ticks, fleas are generally more mobile, 
more sensitive to environmental changes and need to lay 
eggs in the host burrows. As many other mammals do, 
female adult S. dauricus solitarily nurse their offsprings. 
Meanwhile, unlike males, female S. dauricus usually built 
their nests with relatively soft and fine bedding materi-
als, which may help them to maintain the ambient tem-
perature within the nests [45]. As a result, the burrow of 
a female adult S. dauricus with its cubs should be more 
attractive for fleas than a male’s burrow [46]. Moreover, 
living with cubs may also promote transmission of fleas 
between mother and cubs [47]. These mechanisms may 

Fig. 1  Boxplots indicating the interactive effects of sex (male/female) and treatment (testosterone/control) on tick load and flea load in Daurian 
ground squirrels (Spermophilus dauricus)
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thus counterbalance the male-biased pattern or the posi-
tive effect of testosterone level on parasitism.

Although the androgen-mediated trade-off between 
reproductive success and health has been repeatedly 
reported in males, it was much less studied in females. 
In a previous work on female meerkats, Smyth et al. [30] 
found a positive association between fecal testosterone 
level and the abundance of nematodes. This is not the 
case in our study, as we detected no significant effect of 
testosterone manipulation on ectoparasite load in female 
squirrels. Two reasons may contribute to this difference: 
first, unlike female meerkats, female S. dauricus are soli-
tary and may not rely on increased androgen level to 
maintain its dominance status or stay in a central posi-
tion within its social network. As a result, the increased 
testosterone level should be less effective to facilitate the 
female squirrels’ exposure to parasites. Second, the study 
on female meerkats is by essence a natural experiment 
and based on correlational analyses, which is unable to 
reveal the exact causal relationship between testosterone 
level and parasite load, especially when changes in para-
site load also trigger changes in testosterone level.

Conclusions
The ICHH has long been used to explain the widespread 
sexual differences in parasite load. However, this hypoth-
esis remains controversial to some extent [20], partly 
because one of its fundamental prediction—the positive 
relationship between testosterone level and parasite load- 
is not consistently supported by empirical studies. In this 
study, we tested this prediction by manipulating testos-
terone level in a medium-sized rodent. We found that 
testosterone supplementation had a positive effect on 
tick load in males, but not in females. Moreover, testos-
terone manipulation did not significantly affect flea load 
in S. dauricus. In summary, our results suggested that the 
role of testosterone on regulating parasite load is rela-
tively complex, and may largely depend on parasite type 
and gender of hosts. The lack of generality in the testos-
terone effect is reasonable to some extent, as testosterone 
can shape parasite load in multiple ways, such as chang-
ing encounter rate of parasites through behavioral altera-
tion, and modulating resistance to parasites through 
many physiological processes (e.g., impairing antibody 
production, and interacting with corticosteroids), which 
are not always immunosuppressive. These mechanisms 
can take effect together, and the overall effect of testos-
terone should depend on biological traits of both hosts 
and parasites. It is thus important to simultaneously 
track testosterone-related changes in behavioral mode 
(e.g., social behavior, home range, and activity level) and 
physiological status (e.g., number of antibodies, number 
of white blood cells, and glucocorticoids level) of both 

male and female hosts, if we intend to disentangle the 
roles of various mechanisms in regulating parasite load. 
An up-to-date meta-analysis or global synthesis is also 
required to grasp the global trend of testosterone effect, 
and to explain the heterogeneity existing among the vari-
ous studies.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13071-​024-​06261-1.

Additional file 1: Table S1. Original data used for analyses in this study.

Acknowledgements
We are thankful to Yu-Chuang Hui, Yong-Wang Guo, Meng-Yuan Xu and Zhu-
Qin Long for their generous help in our field work.

Author contributions
LQW, ZTL, and LYS conceived and designed the study, LQW and LYS wrote the 
paper, ZTL, JJW, YHF, HZ, and KS performed the experiments and analyzed the 
data. FSZ contributed to study design and edited the manuscript. All authors 
read and approved the final manuscript.

Funding
This study received financial support from the National Natural Science 
Foundation of China (grants 32172434 and 32172437), the Joint Funds of the 
Natural Science Foundation of Inner Mongolia (2023LHMS03036), Central 
Guiding Local Science and Technology Development Fund Projects (grant 
2022ZY0195), Inner Mongolia Autonomous Region Science and Technology 
Plan Project (grant 2022YFDZ0064), and Natural Science Research Project for 
Anhui Universities (grant 2023AH050330).

Availability of data and materials
The dataset used for analyses in this study can be found in the supplementary 
information.

Declarations

Ethics approval and consent to participate
The experimental procedures were approved by the Grassland Research Insti‑
tute, Chinese Academy of Agricultural Sciences (permission no. 23-02), follow‑
ing the Regulations of the Animal Welfare Committee of Beijing Veterinarians 
of the Agriculture Ministry of China (Beijing, China).

Consent for publication
Not available.

Competing interests
None.

Author details
1 Grassland Research Institute, Chinese Academy of Agricultural Sciences, 
Hohhot, China. 2 College of Life Sciences, Harbin Normal University, Harbin, 
China. 3 Inner Mongolia Autonomous Region Comprehensive Center for Dis‑
ease Control and Prevention, Hohhot, China. 4 College of Life Sciences, Huaibei 
Normal University, Huaibei, China. 

Received: 9 February 2024   Accepted: 23 March 2024

https://doi.org/10.1186/s13071-024-06261-1
https://doi.org/10.1186/s13071-024-06261-1


Page 7 of 8Wang et al. Parasites & Vectors          (2024) 17:164 	

References
	1.	 Carlson CJ, Hopkins S, Bell KC, Doña J, Godfrey SS, Kwak ML, et al. A global 

parasite conservation plan. Biol Conserv. 2020. https://​doi.​org/​10.​1016/j.​
biocon.​2020.​108596.

	2.	 Hudson PJ, Dobson AP, Newborn D. Prevention of population cycles by 
parasite removal. Science. 1998;282:2256–8. https://​doi.​org/​10.​1126/​scien​
ce.​282.​5397.​2256.

	3.	 Hatcher MJ, Dick JT, Dunn AM. Parasites that change predator or prey 
behaviour can have keystone effects on community composition. Biol 
Lett. 2014;10:20130879. https://​doi.​org/​10.​1098/​rsbl.​2013.​0879.

	4.	 Craig TM. Treatment of external and internal parasites of cattle. Vet Clin 
North Am Food Anim Pract. 2003;19 3:661–78, vi-vii. https://​doi.​org/​10.​
1016/​s0749-​0720(03)​00053-7.

	5.	 Perkins SE, Cattadori IM, Tagliapietra V, Rizzoli AP, Hudson PJ. Empirical evi‑
dence for key hosts in persistence of a tick-borne disease. Int J Parasitol. 
2003;33:909–17. https://​doi.​org/​10.​1016/​s0020-​7519(03)​00128-0.

	6.	 Ma R, Li C, Tian H, Zhang Y, Feng X, Li J, et al. The current distribution of 
tick species in Inner Mongolia and inferring potential suitability areas 
for dominant tick species based on the MaxEnt model. Parasit Vectors. 
2023;16:286. https://​doi.​org/​10.​1186/​s13071-​023-​05870-6.

	7.	 Reperant LA. Applying the theory of island biogeography to emerging 
pathogens: toward predicting the sources of future emerging zoonotic 
and vector-borne diseases. Vector Borne Zoonotic Dis. 2010;10:105–10. 
https://​doi.​org/​10.​1089/​vbz.​2008.​0208.

	8.	 Poulin R. Are there general laws in parasite ecology? Parasitology. 
2007;134:763–76. https://​doi.​org/​10.​1017/​S0031​18200​60021​50.

	9.	 Butler RA, Trout Fryxell RT, Houston AE, Bowers EK, Paulsen D, Coons LB, 
et al. Small-mammal characteristics affect tick communities in southwest‑
ern Tennessee (USA). Int J Parasitol Parasites Wildl. 2020;12:150–4. https://​
doi.​org/​10.​1016/j.​ijppaw.​2020.​05.​012.

	10.	 Chu X, Dik B, Gustafsson DR, Che X, Zhang Q, Zou F. The influence of 
host body size and food guild on prevalence and mean intensity of 
chewing lice (Phthiraptera) on birds In Southern China. J Parasitol. 
2019;105:334–44.

	11.	 Boyer N, Reale D, Marmet J, Pisanu B, Chapuis JL. Personality, space use 
and tick load in an introduced population of Siberian chipmunks Tamias 
sibiricus. J Anim Ecol. 2010;79:538–47. https://​doi.​org/​10.​1111/j.​1365-​
2656.​2010.​01659.x.

	12.	 Krasnov BR, Morand S, Hawlena H, Khokhlova IS, Shenbrot GI. Sex-biased 
parasitism, seasonality and sexual size dimorphism in desert rodents. 
Oecologia. 2005;146:209–17. https://​doi.​org/​10.​1007/​s00442-​005-​0189-y.

	13.	 Shuai LY, Wang LQ, Wang JJ, Xia Y, Zhai BY, Xu WJ, et al. Ecological cor‑
relates of ectoparasite load in a rodent: Complex roles of seasonality. Int J 
Parasitol Parasites Wildl. 2022;18:244–8. https://​doi.​org/​10.​1016/j.​ijppaw.​
2022.​06.​006.

	14.	 Le Coeur C, Robert A, Pisanu B, Chapuis JL. Seasonal variation in infesta‑
tions by ixodids on Siberian chipmunks: effects of host age, sex, and 
birth season. Parasitol Res. 2015;114:2069–78. https://​doi.​org/​10.​1007/​
s00436-​015-​4391-5.

	15.	 Waterman JM, Macklin GF, Enright C. Sex-biased parasitism in Rich‑
ardson’s ground squirrels (Urocitellus richardsonii) depends on the 
parasite examined. Can J Zool. 2014;92:73–9. https://​doi.​org/​10.​1139/​
cjz-​2013-​0151.

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

	17.	 Folstad I, Karter AJ. Parasites, bright males, and the immunocompetence 
handicap. Am Nat. 1992;139:603–22. https://​doi.​org/​10.​1086/​285346.

	18.	 de Araujo Albuquerque LP, da Silva AM, de Araujo Batista FM, de Souza 
Sene I, Costa DL, Costa CHN. Influence of sex hormones on the immune 
response to leishmaniasis. Parasite Immunol. 2021;43:e12874. https://​doi.​
org/​10.​1111/​pim.​12874.

	19.	 Zuk M, Johnson K, Thornhill R, David LL. Parasites and male ornaments in 
free-ranging and captive red jungle fowl. Behaviour. 1990;114:232–48.

	20.	 Roberts ML, Buchanan KL, Evans MR. Testing the immunocompetence 
handicap hypothesis: a review of the evidence. Anim Behav. 2004;68:227–
39. https://​doi.​org/​10.​1016/j.​anbeh​av.​2004.​05.​001.

	21.	 Cox RM, John-Alder HB. Increased mite parasitism as a cost of testos‑
terone in male striped plateau lizards Sceloporus virgatus. Funct Ecol. 
2007;21:327–34. https://​doi.​org/​10.​1111/j.​1365-​2435.​2007.​01251.x.

	22.	 Hughes VL, Randolph SE. Testosterone depresses innate and acquired 
resistance to ticks in natural rodent hosts: a force for aggregated distribu‑
tions of parasites. J Parasitol. 2001;87:49–54. https://​doi.​org/​10.​1645/​
0022-​3395(2001)​087[0049:​Tdiaar]​2.0.​Co;2.

	23.	 Veiga JP, Salvador A, Merino S, Puerta M. Reproductive effort affects 
immune response and parasite infection in a lizard: a phenotypic 
manipulation using testosterone. Oikos. 1998;82:313–8. https://​doi.​org/​
10.​2307/​35469​71.

	24.	 Fuxjager MJ, Foufopoulos J, Diaz-Uriarte R, Marler CA. Functionally 
opposing effects of testosterone on two different types of parasite: 
implications for the immunocompetence handicap hypothesis. Funct 
Ecol. 2010;25:132–8. https://​doi.​org/​10.​1111/j.​1365-​2435.​2010.​01784.x.

	25.	 Ezenwa VO, Stefan Ekernas L, Creel S. Unravelling complex associations 
between testosterone and parasite infection in the wild. Funct Ecol. 
2011;26:123–33. https://​doi.​org/​10.​1111/j.​1365-​2435.​2011.​01919.x.

	26.	 Buttemer WA, Astheimer LB. Testosterone does not affect basal 
metabolic rate or blood parasite load in captive male White-plumed 
Honeyeaters Lichenostomus penicillatus. J Avian Biol. 2000;31:479–88. 
https://​doi.​org/​10.​1034/j.​1600-​048X.​2000.​310407.x.

	27.	 Oppliger A, Giorgi MS, Conelli A, Nembrini M, John-Alder HB. Effect of 
testosterone on immunocompetence, parasite load, and metabolism 
in the common wall lizard (Podarcis muralis). Can J Zool. 2004;82:1713–
9. https://​doi.​org/​10.​1139/​z04-​152.

	28.	 Brandimarti ME, Gray R, Hilton ZJ, Keeley T, Murray KP, Herbert CA. The 
effect of testosterone suppression on health and parasite burden in 
male eastern grey kangaroos. Aust Mammal. 2021;44:213–24. https://​
doi.​org/​10.​1071/​am210​17.

	29.	 Pollock NB, Vredevoe LK, Taylor EN. The effect of exogenous testoster‑
one on ectoparasite loads in free-ranging western fence lizards. J Exp 
Zool Part A-Ecol Integr Physiol. 2012;317:447–54. https://​doi.​org/​10.​
1002/​jez.​1737.

	30.	 Smyth KN, Greene LK, Clutton-Brock T, Drea CM. Androgens predict 
parasitism in female meerkats: a new perspective on a classic trade-off. 
Biol Lett. 2016;12:20160660. https://​doi.​org/​10.​1098/​rsbl.​2016.​0660.

	31.	 Zysling DA, Greives TJ, Breuner CW, Casto JM, Demas GE, Ketterson ED. 
Behavioral and physiological responses to experimentally elevated 
testosterone in female dark-eyed juncos (Junco hyemalis carolinensis). 
Horm Behav. 2006;50:200–7. https://​doi.​org/​10.​1016/j.​yhbeh.​2006.​03.​
004.

	32.	 Shuai LY, Liu MT, Zhu AP, Cao YY, Zhang FS. Diel variation in anti-
predation behavior of a ground squirrel and relationships between 
vigilance and escape. Behav Ecol Sociobiol. 2022. https://​doi.​org/​10.​
1007/​s00265-​022-​03174-w.

	33.	 Tian L. Relationship between environmental factors and the 
spatial distribution of Spermophilus dauricus during 2000–2015 in 
China. Int J Biometeorol. 2018;62:1781–9. https://​doi.​org/​10.​1007/​
s00484-​018-​1580-9.

	34.	 Sikes RS, Care tA, Mammalogists UCotASo. Guidelines of the American 
Society of Mammalogists for the use of wild mammals in research and 
education. J Mammal. 2016;2016:663–88. https://​doi.​org/​10.​1093/​
jmamm​al/​gyw078.

	35.	 Li CW, Jiang ZG, Fang JM, Jiang GH, Ding YH, Shen H, et al. Relationship 
between reproductive behavior and fecal steroid in Milu (Elaphurus 
davidianus). Acta Theriologica Sinica. 2000;20:88–100.

	36.	 R Core Team. R: a language and environment for statistical computing. 
4.2.2. Vienna: R Foundation for Statistical Computing; 2022.

	37.	 Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models 
using lme4. J Stat Softw. 2015;67:1–48. https://​doi.​org/​10.​18637/​jss.​v067.​
i01.

	38.	 Kuznetsova A, Brockhoff PB, Christensen RHB. lmerTest package: tests in 
linear mixed effects models. J Stat Softw. 2017;82:1–26. https://​doi.​org/​
10.​18637/​jss.​v082.​i13.

	39.	 Fox J, Weisberg S. An R companion to applied regression. 3rd ed. Thou‑
sand Oaks: Sage; 2019.

	40.	 Burnham KP, Anderson DR. Model selection and multimodel inference: 
a practical information-theoretic approach. 2nd ed. London: Springer; 
2002.

	41.	 Bartoń K. MuMIn: multi-model inference. R package version 1.15.6 edn; 
2016.

	42.	 delBarco-Trillo J, Greene LK, Goncalves IB, Fenkes M, Wisse JH, Drewe JA, 
et al. Beyond aggression: androgen-receptor blockade modulates social 

https://doi.org/10.1016/j.biocon.2020.108596
https://doi.org/10.1016/j.biocon.2020.108596
https://doi.org/10.1126/science.282.5397.2256
https://doi.org/10.1126/science.282.5397.2256
https://doi.org/10.1098/rsbl.2013.0879
https://doi.org/10.1016/s0749-0720(03)00053-7
https://doi.org/10.1016/s0749-0720(03)00053-7
https://doi.org/10.1016/s0020-7519(03)00128-0
https://doi.org/10.1186/s13071-023-05870-6
https://doi.org/10.1089/vbz.2008.0208
https://doi.org/10.1017/S0031182006002150
https://doi.org/10.1016/j.ijppaw.2020.05.012
https://doi.org/10.1016/j.ijppaw.2020.05.012
https://doi.org/10.1111/j.1365-2656.2010.01659.x
https://doi.org/10.1111/j.1365-2656.2010.01659.x
https://doi.org/10.1007/s00442-005-0189-y
https://doi.org/10.1016/j.ijppaw.2022.06.006
https://doi.org/10.1016/j.ijppaw.2022.06.006
https://doi.org/10.1007/s00436-015-4391-5
https://doi.org/10.1007/s00436-015-4391-5
https://doi.org/10.1139/cjz-2013-0151
https://doi.org/10.1139/cjz-2013-0151
https://doi.org/10.2307/3545801
https://doi.org/10.2307/3545801
https://doi.org/10.1086/285346
https://doi.org/10.1111/pim.12874
https://doi.org/10.1111/pim.12874
https://doi.org/10.1016/j.anbehav.2004.05.001
https://doi.org/10.1111/j.1365-2435.2007.01251.x
https://doi.org/10.1645/0022-3395(2001)087[0049:Tdiaar]2.0.Co;2
https://doi.org/10.1645/0022-3395(2001)087[0049:Tdiaar]2.0.Co;2
https://doi.org/10.2307/3546971
https://doi.org/10.2307/3546971
https://doi.org/10.1111/j.1365-2435.2010.01784.x
https://doi.org/10.1111/j.1365-2435.2011.01919.x
https://doi.org/10.1034/j.1600-048X.2000.310407.x
https://doi.org/10.1139/z04-152
https://doi.org/10.1071/am21017
https://doi.org/10.1071/am21017
https://doi.org/10.1002/jez.1737
https://doi.org/10.1002/jez.1737
https://doi.org/10.1098/rsbl.2016.0660
https://doi.org/10.1016/j.yhbeh.2006.03.004
https://doi.org/10.1016/j.yhbeh.2006.03.004
https://doi.org/10.1007/s00265-022-03174-w
https://doi.org/10.1007/s00265-022-03174-w
https://doi.org/10.1007/s00484-018-1580-9
https://doi.org/10.1007/s00484-018-1580-9
https://doi.org/10.1093/jmammal/gyw078
https://doi.org/10.1093/jmammal/gyw078
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13


Page 8 of 8Wang et al. Parasites & Vectors          (2024) 17:164 

interaction in wild meerkats. Horm Behav. 2016;78:95–106. https://​doi.​
org/​10.​1016/j.​yhbeh.​2015.​11.​001.

	43.	 Olsen N, Kovacs W. Gonadal steroids and immunity. Endocr Rev. 
1996;17:369–84. https://​doi.​org/​10.​1210/​edrv-​17-4-​369.

	44.	 Kowalski K, Bogdziewicz M, Eichert U, Rychlik L. Sex differences in flea 
infections among rodent hosts: is there a male bias? Parasitol Res. 
2015;114:337–41. https://​doi.​org/​10.​1007/​s00436-​014-​4231-z.

	45.	 Han CX, Li JG, Yang XJ, Zhang HL, Wang LC, Yang QE. Chinese agriculture 
& forestry glires and scientific management. Yangling: Northwest A&F 
University Press; 2005.

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

	47.	 Yamamura N. Vertical transmission and evolution of mutualism from 
parasitism. Theor Popul Biol. 1993;44:95–109. https://​doi.​org/​10.​1006/​
tpbi.​1993.​1020.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1016/j.yhbeh.2015.11.001
https://doi.org/10.1016/j.yhbeh.2015.11.001
https://doi.org/10.1210/edrv-17-4-369
https://doi.org/10.1007/s00436-014-4231-z
https://doi.org/10.1139/z07-123
https://doi.org/10.1006/tpbi.1993.1020
https://doi.org/10.1006/tpbi.1993.1020

	Complex effects of testosterone level on ectoparasite load in a ground squirrel: an experimental test for the immunocompetence handicap hypothesis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study area
	Experimental procedure
	Hormone extraction and analyses
	Statistical analyses

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


