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A B S T R A C T

Inorganic and organic pollutants are capable of affecting the reproductive health of both animals and humans. 
The resulting pollutant-induced phenotype disorders have been rarely studied in wildlife males that commonly 
associate with diminished sperm quality leading to subfertility. We investigated testicular morphometry in 
Dinara-Pindos population of protected European brown bears (Ursus arctos) in relation to metal(loid)s (N = 44), 
polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) (N = 27), while controlling for 
age, body condition, and season. The principal approximating generalized linear models included following 
predictors of testicular mass and size: age (greater mass and larger size in adults than in subadults), toxic As (↓), 
Pb (↑), and Hg (↓), and essential Mn (↓), Se (↑), and Cu (↓) levels in the testes and/or epididymides. When organic 
pollutants were included in models explaining testicular mass and size variation instead of metal(loid)s, sub
cutaneous fat levels of PCB-118 (↑) and PCB-180 (↓), age (greater mass and larger size in adults) and season 
(higher in breeding than in non-breeding season) showed significant contribution. Higher mass and size of testes 
were found in breeding season (Mar–Apr) compared to non-breeding season (Oct). Metal(loid) concentrations, 
reported for the first time in ursid testicular and epididymal tissue, add to very scarce body of data from other 
wild terrestrial mammals. Associations between morphometric indices of male reproductive organs and certain 
endocrine-disrupting pollutants highlight potential toxicological relevance for wildlife chronically exposed to 
diffuse, global pollution sources.

1. Introduction

Successful reproduction is essential for conservation and population 
sustainability, particularly for strictly protected European carnivores 
like the brown bear (Ursus arctos), which face increasing challenges in 
landscapes dominated by human activity (Chapron et al., 2014). 
Widespread anthropogenic pollution by endocrine-disrupting organic 
and inorganic contaminants endangers reproductive health and viability 
in exposed wildlife and humans (Rodríguez-Estival and Mateo, 2019; 
Rodríguez-Jorquera et al., 2017). Pollutant-driven disturbance in 
reproductive organs, endocrine and immune system all affect 

reproductive functionality (Sonne, 2010 and references cited therein). 
Toxic elements like cadmium (Cd), lead (Pb), mercury (Hg) and arsenic 
(As) negatively affect aforementioned systems in males by several 
mechanisms: a) accumulation in reproductive organs, b) induction of 
oxidative stress, c) cytotoxicity on Leydig and Sertoli cells, d) structural 
damage to testis vasculature and blood-testis barrier, e) epigenetic 
modification, f) disturbance of the hypothalamus-pituitary-gonadal axis, 
g) inflammation, and h) substitution of essential elements in enzymes by 
ion mimicry (Anyanwu and Orisakwe, 2020; Arteaga-Silva et al., 2021; 
de Angelis et al., 2017; Tan et al., 2009). Health outcomes include, 
among others, a dose-dependent decrease in the mass and size of the 
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testes due to atrophy of the seminiferous epithelium in experimental 
rodents, followed by a reduction in testosterone levels, sperm count, and 
motility (Apostoli et al., 1998; Arteaga-Silva et al., 2021; Bhardwaj 
et al., 2021; de Angelis et al., 2017; Machado-Neves, 2022; Renu et al., 
2018; Satarug et al., 2022; Wirth and Mijal, 2010; Zhu et al., 2020). 
However, inconsistencies in the reported changes have been attributed 
to notable strain-related variation in the sensitivity and accumulation of 
toxic metal(loid)s in the testes and epididymides (Apostoli et al., 1998). 
Larger relative testis size has evolved as an adaptation for greater sperm 
production (Dixson and Anderson, 2004). Testis size is therefore widely 
used as an indicator of reproductive health in wild mammals (Sonne 
et al., 2006, 2007; Williams et al., 2021). In the relatively few wildlife 
studies conducted, species-specific differences, seasonal factors, and 
fluctuations in essential metal(loid) levels have all been observed to 
influence the accumulation of toxic metal(loid)s in tissues. Metal 
(loid)-related changes in testicular morphology have been studied in 
environmentally exposed wild yellow-necked mice (Apodemus flavicollis; 
Damek-Poprawa and Sawicka-Kapusta, 2003), red deer (Cervus elaphus; 
Castellanos et al., 2015; Reglero et al., 2009), roe deer (Capreolus cap
reolus; Blottner et al., 1999; Vuarin et al., 2025), sheep (Ovis aries; 
Heidari et al., 2021), and camels (Camelus dromedarius; Ullah et al., 
2023), though the findings revealed inconsistent trend. More frequently, 
studies have focused on abnormalities in sperm parameters in wild an
imals (Castellanos et al., 2015; Chen et al., 2018), domestic animals 
(Meligy et al., 2019; Ribeiro et al., 2022), and humans (Apostoli et al., 
1998; de Angelis et al., 2017; Tariba Lovaković, 2020; Zečević et al., 
2025), in relation to metal(loid) concentrations in blood or seminal 
plasma. In ursids, blood lead (Pb) levels in captive giant pandas (Ailur
opoda melanoleuca) were inversely related to live sperm count (Chen 
et al., 2018).

Persistent organic halogenated pollutants negatively affect testes and 
epididymides size, sperm parameters and testosterone level through 
disruption of receptor binding activity of endocrine hormones in human 
and animal studies (Ahmad et al., 2003; Rodprasert et al., 2021; Vested 
et al., 2014; Williams et al., 2021), and free-ranging polar bears (Ursus 
maritimus; Ciesielski et al., 2023; Oskam et al., 2003; Sonne et al., 2007, 
2006)). The prominent seasonality in ursid reproduction highlights the 
need to carefully consider biological and ecological factors in 
pollutant-related studies of reproductive and endocrine toxicity. 
Generally, the breeding season in ursids is characterized by higher 
testosterone levels, larger testis size and mass, and increased sper
matogenesis in spring and early summer compared to the non-breeding 
season (i.e., fall) (Howell-Skalla et al., 2002; S. S. Palmer et al., 1988; 
Spörndly-Nees et al., 2019; Tsubota et al., 1997; White et al., 2005a).

Recent findings of toxicologically relevant cadmium (Cd) and lead 
(Pb) levels (Lazarus et al., 2017, 2024b), potential metal-related 
impairment of oxidative balance (Lazarus et al., 2020, 2024b), and 
endocrine effects (Lazarus et al., 2023, 2024a) in the European brown 
bears have raised questions regarding their impact on testicular tissue 
and related functions. Due to the high content of polyunsaturated fatty 
acids and high cell division rate, testes are known to be particularly 
sensitive to oxidative stress, one of the main mechanisms of metal(loid) 
toxicity (Arteaga-Silva et al., 2021). The aim of this study was, therefore, 
to report for the first time the levels of metal(loid)s in the testes of Eu
ropean brown bears, the primary male reproductive organ responsible 
for spermatogenesis and related hormone synthesis. In addition, we 
hypothesized that toxic metal(loid)s in the testes and epididymides, 
along with organic pollutants in adipose tissue (polychlorinated bi
phenyls, PCBs and polybrominated diphenyl ethers, PBDEs) of brown 
bears negatively associate with testicular size and mass. These hypoth
eses were tested while accounting for potential variation due to age, 
body condition index, breeding season, and the presence of essential 
metal(loid)s.

2. Materials & methods

2.1. Ethical statement

In Croatia, the national Brown Bear Management Plan, together with 
its annual Action Plans, requires the collection of biological samples 
from all recorded mortality events. For individuals not killed explicitly 
for scientific purposes, sample collection is exempt from approval by 
local ethics committees. At the European level, the brown bear is strictly 
protected under the Habitats Directive, which regulates the legal 
acquisition and use of specimens. In Croatia, however, 10–16 % of the 
Croatian part of Dinara-Pindos population (Huber et al., 2008, 2019), 
that counts approx. 1,000 individuals (range 858–1063; Skrbinšek et al., 
2019), is annually allocated to trophy hunting, permitted under the 
derogation provisions of the Directive (Council Directive 92/43/EEC, 
article 16). Hunting is allowed during two designated seasons, from 
February to May and from September to December. For the present 
study, we relied on the sample collection framework established in the 
Management Plan and annual Action Plans, as well as on official ex
emptions issued by the Ministry of Economy and Sustainable Develop
ment for actions otherwise prohibited with strictly protected species. 
This framework enabled the collection of material from human-induced 
mortality events, including traffic-related fatalities.

2.2. Sample collection

Sixty-five testicles were sampled from 63 free-ranging and two 
captive Dinara-Pindos European brown bears in the Lika and Gorski 
kotar regions of Croatia (Fig. 1) between 2015 and 2024. Although these 
regions lack point sources of pollution, the reported presence of metal 
(loid)s and organic pollutants in bears (Jagić et al., 2024; Lazarus et al., 
2017, 2023, 2024a) indicates the importance of long-range atmospheric 
transport and deposition, as well as geogenic sources in the studied area 
(Lazarus et al., 2024b). Majority of the samples (N = 54) were collected 
while conducting mortality sampling during two regular hunting sea
sons enabled under the Habitat Directives derogation provisions and in 
accordance with the Brown Bear Management Plan. Additionally, nine 
free-ranging bears were sampled following road or railroad collisions, 
while two captive bears were sampled during castration. Based on 
recorded total body mass (M) and length (L), the body condition index 
(BCI) was calculated using the formula: BCI = (lnM – 3.21 x lnL +
11.64)/(0.29–0.017 x lnL), as established by Cattet et al. (2002) for 
North American brown bears. The mass, length, and width of the 
encapsulated left and right testes were measured for only 44 bears 
sampled between 2021 and 2024. Average testicular mass (TM) and size 
(TL × TW) was used in the following analyses. Testicles were stored at 
− 80 ◦C in plastic tubes until metal(loid) analyses. Subcutaneous adipose 
tissue was collected from 24 bears sampled between 2021 and 2022, and 
stored at − 80 ◦C in plastic zip-lock bag for further analyses of poly
chlorinated biphenyls (PCBs) and polybrominated diphenyl ethers 
(PBDEs) as previously reported (Jagić et al., 2024). Age was determined 
by counting cementum annuli of the first premolar (Matsons Lab, Mill
town, Montana, USA; Matson et al., 1993).

2.3. Metal(loid) analyses

Partially thawed testicular parenchyma (4 g) and epididymal head 
and body (3 g) were excised using a ceramic knife and freeze-dried for 
72 h (HyperCOOL HC3055, LabTech Srl, Korea). The average moisture 
content was 84 %. Portions (0.2 g) of testis and epididymis were then 
acid digested (2 mL of purified nitric acid and 2 mL of ultrapure water) 
in respective quartz tubes using a microwave digestion system (Ultra
CLAVE IV, Milestone, Italy). Metal(loid)s (As, Ca, Cd, Cu, Hg, Mn, Pb, Se, 
Tl, and Zn) were quantified by inductively coupled plasma mass spec
trometry (ICP-MS; Agilent 8900, Agilent Technologies, Santa Clara, CA, 
USA) using the previously detailed method (Vihnanek Lazarus et al., 
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2013). A review of the literature on the reproductive impacts of specific 
toxic metal(loid)s, as well as their interactions with essential metal(loid) 
s in testicular tissue, informed the selection of metal(loid)s included in 
this study. Quality control was carried out by digesting and measuring 
duplicate samples of certified reference material BCR-185R Bovine liver, 
and ERM – BB184 Bovine muscle (European Commission, Joint 
Research Centre, Institute for Reference Materials and Measurements, 
Belgium) together with testicular samples.

2.4. Statistical analyses

All statistical analyses were conducted using the JMP® Student 
Edition 18.2.0 (SAS Institute Inc., Cary, NC, USA). Graphical represen
tations were created using R version 4.5.0 (R Core Team, 2025) within 
the RStudio environment (version 2024.12.1, Posit Software, PBC) and 
TIBCO Statistica® software, version 14.0.0.15 (TIBCO Software Inc., 
Palo Alto, CA, USA).

Multiple linear regression models (JMP® Student Edition 18.2.0) 
were constructed using the Generalized Regression framework to iden
tify predictors of testicular mass and size parameters in 44 bears. No 
excessive multicollinearity was detected. Predictors included age group, 
season, body condition index, selected metal(loid)s level (As, Ca, Cd, Cu, 
Hg, Mn, Pb, Se, Tl, and Zn), seven indicator PCBs (CB-28, -52, − 101, 
− 118, − 138, − 153, − 180), and PBDEs (BDE-28, -47, − 99, − 100, − 153, 
− 154, − 183) concentrations. Bears in their second year of life were 
categorized as yearlings, subadults if ≥ 2 and <4 years old, and adults if 
aged ≥4 years (Knott et al., 2014; Lazarus et al., 2023). Due to the low 
number of yearlings (N = 2), data for this age group were analyzed 
together with data from the subadult group, although they are visualized 
separately in Fig. 2A. Based on the observation of high testosterone 
levels in the earlier study (Fig. 2B; Lazarus et al., 2024a) and the fact that 
spermatogenesis and steroidogenesis begin before the breeding season 
(White et al., 2005a), we classified samples collected from late March to 
July as testes sampled during the breeding period, whereas samples 

Fig. 1. Map of Croatia with displayed locations (black dots) of sampling testes from Dinara-Pindos population of European brown bears (Ursus arctos) in 2015–2024 
period. Map adjusted from source (Kaczensky et al., 2024).

Fig. 2. Size (cm2) and mass (g) of testes of 44 brown bears from Dinara-Pindos population sampled in Croatia in 2015–2024 categorized by breeding season (B, 
breeding; Non-B, non-breeding) and age group (A). Statistically significant differences in size and mass of testes were noted between yearling and subadult bears 
compared to adults, and between two seasons. Serum testosterone (ng/mL) on a log scale in brown bears from Carpathian and Dinara-Pindos population sampled in 
2014–2019 (Lazarus et al., 2024a) categorized by breeding season and age group (B). Boxes denote first and third quartile with central line as median, whiskers 
denote range. Number of individual bears per group is presented in italic (N).
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collected from August to December were classified as representing the 
non-breeding period. Metal(loid)s and organic pollutants were modeled 
separately due to the limited number of sampled bears, and the distinct 
toxicological properties of these two pollutant groups, although we are 
aware their effects on testicular cell morphology may be similar. The 
number of predictor effects allowed in the final models varied depending 
on the type of analysis. More details are available in the Supplementary 
material. Model selection and evaluation were based on the Akaike In
formation Criterion corrected for small sample sizes (AICc), ΔAIC 
values, Akaike weights, and adjusted R-squared (R2adj) values. Models 
with a ΔAIC ≤2 were considered to have substantial support and were 
statistically indistinguishable from the best model, in line with Burnham 
and Anderson (2002).

Data preparation prior to the analyses included winsorization (Cu 
and Cd in testes, and Ca in epididymis), substitution of data below limit 
of detection (LOD) with LOD/2 values (Hg, 4/65 in testes, and 9/61 in 
epididymides) and certain variable transformations to meet normality 
and homogeneity of the variance assumptions (more details in the 
Supplementary material). Of the 27 adipose tissue PCB and PBDE con
centrations reported previously (Jagić et al., 2024), data for 24 in
dividuals with matching testis morphometry data were used in this study 
for modelling possible variations of testes mass and size by these com
pounds. Differences between the age groups (subadults vs. adults) and 
seasons (breeding vs. non-breeding) were tested with Student’s t-test or 
Welch’s t-test (N = 65). Metal(loids) levels for paired measurements 
(testis vs. epididymis level) were compared using the Wilcoxon 
signed-rank test (N = 61). The presence of linear associations between 
toxic and essential metal(loid)s were assessed using Spearman’s rank 
correlation coefficient, while associations between BCI and other 
continuous variables by employing Pearson’s correlation coefficient.

3. Results

3.1. Variation drivers of testes mass and size – association with metal 
(loid)s

The set of principal approximating generalized linear models used to 
assess variations in bear testicular mass and size based on age, BCI, 
season, toxic and essential metal(loid)s (testicular and epididymal, 
respectively) is listed in Table S1 in the Supplementary material. Only 
the top model was further characterized (Table 1) and discussed in the 
text.

Taking into account testicular metal(loid)s, the top-ranked model 
selected to explain the variation in testicular mass (74 %; Table S1) 
included age (higher in adults), a negative effect of Mn and As in testes, 
and a positive effect of Se and Pb in testes (Table 1). The variation in the 
testicular size (69 %; Table S1) was best explained by age (larger size in 
adults), a negative effect of Mn, Mn and Tl interaction (Mn x Tl), and Hg 
x Tl in testes, and a positive effect of Se in testes (Table 1). The addition 
of Hg, Tl (positive effect) and Mn x Tl contributed significantly to the 
best model, but these variables separately had no effect on testicular size 
(p = 0.513, p = 0.155, and p = 0.057, respectively).

On the other hand, modeling variations in testicular mass (70 %; 
Table S1) by taking into account epididymal metal(loid)s revealed a 
positive effect of Se and a negative effect of Mn, Hg and Mn x Se 
interaction (Table 1). Inclusion of Mn and Mn x Se in epididymides 
showed to be important for the model, but none of these two variables 
exhibited a significant independent association with testicular mass (p 
= 0.106 and p = 0.054, respectively). For testicular size, age (larger size 
in adults), Cu and Hg (negative effect), Se and As (positive effect) in 
epididymides contributed to the top model, explaining 65 % of 
variation.

Table 1 
Coefficient estimates (with 85 % confidence intervals, CI) and significance (p- 
value) for predictors (testis/epididymis/fat) from the top ranked models 
describing mass and size of testes in 44 free-ranging brown bears (Dinara-Pindos 
population) sampled in Croatia in 2021–2024a.

Response 
variable

Model 
rank

Explanatory variable 
(predictor)

Estimate (85 % 
CI)

p-value

Metal(loid)s in testis (T)
Testes mass 

(TM)
1 Age (↓) − 7.11 (− 9.93, 

− 4.30)
<0.0001

​ Mn_T (↓) − 37.2 (− 45.5, 
− 28.8)

<0.0001

​ As_T (↓) − 6.03 (− 10.6, 
− 1.40)

0.063

​ Se_T (↑) 0.049 (0.041, 
0.057)

<0.0001

​ Pb_T (↑) 6.93 (2.02, 
11.8)

0.045

Testes size 1 Age (↓) − 2.30 (− 3.53, 
− 1.07)

0.009

(TLxW) ​ Mn_T (↓) − 11.2 (− 14.7, 
− 7.62)

<0.0001

​ Se_T (↑) 0.016 (0.013, 
0.020)

<0.0001

​ 0.479 (− 0.590, 
1.55)

0.513

​ 1.71 (− 0.023, 
3.44)

0.155

​ Mn_T x Tl_T (↓) − 5.21 (− 9.10, 
− 1.32)

0.057

​ Hg_T x Tl_T (↓) − 2.99 (− 4.40, 
− 1.59)

0.003

Metal(loid)s in epididymis (E)
Testes mass 

(TM)
1 Mn_E (↓) − 9.58 (− 18.1, 

− 1.07)
0.106

​ Se_E (↑) 34.7 (26.8, 
42.5)

<0.0001

​ Hg_E (↓) − 4.99 (− 7.07, 
− 2.92)

0.001

​ Mn_E x Se_E (↓) − 22.4 (− 39.0, 
− 5.84)

0.054

Testes size 1 Age (↓) − 2.44 (− 3.85, 
− 1.02)

0.016

(TLxW) ​ Se_E (↑) 10.4 (7.47, 
13.4)

<0.0001

​ Cu_E (↓) − 14.5 (− 21.6, 
− 7.36)

0.005

​ As_E (↑) 4.23 (1.87, 
6.59)

0.012

​ Hg_E (↓) − 1.63 (− 2.48, 
− 0.773)

0.008

PCBs and PBDEs in fat
Testes mass 

(TM)
1 Age (↓) − 13.3 (− 16.6, 

− 10.1)
<0.0001

​ Season (↑) 10.4 (6.86, 
14.0)

0.0001

Testes size 1 Age (↓) − 4.73 (− 6.22, 
− 3.23)

0.0001

(TLxW) ​ PCB-118 (↑) 4.33 (2.60, 
6.06)

0.001

​ PCB-180 (↓) − 4.33 (− 6.42, 
− 2.25)

0.006

a Models were selected according to sample-size-corrected Akaikeʼs Informa
tion Criterion (AICc) scores (ΔAIC ≤2). Predictors coloured blue denote vari
ables that do not substantially improve the model, as indicated by 85 % 
confidence intervals overlap zero (Arnold, 2010). Effect direction (arrow) is 
given only for variables without 85 % confidence intervals overlap zero. (↑) sign 
denotes positive effect on response variable, while (↓) sign denotes negative 
effect on response variable; negative effect for age variable denotes age2 
(adults) > age1 (subadults); positive effect for season variable denotes breeding 
season1 (spring, Mar–May) > non-breeding season2 (fall, Oct). Significant 
p-values are bolded. Some predictors were ln transformed (As_T, Pb_T, Tl_T, 
Hg_T, Se_E, Hg_E, As_E, Cu_E, PCB-118, PCB-180), but this was not indicated in 
the table to increase clarity of presentation.
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3.2. Variation drivers of testes mass and size – association with PCBs and 
PBDEs

The top-ranked models evaluating testicular mass by taking into 
account organic pollutants quantified in brown bear adipose tissue, 
included age (higher mass in adults) and season (higher mass in 
breeding season) as principal contributors, which together explained 45 
% of the variation (Table 1, Table S1). The testicular size variation (60 
%) was best explained by age (higher mass in adults), a positive effect of 
PCB-118, and a negative effect of PCB-180.

3.3. Body and testis morphometry

This study included male brown bears aged from 1 to 13 years. Body 
mass differed (p < 0.001) between subadult (1–3 y; N = 39, mean ±
SEM, 115 ± 8 kg) and adult (≥4 y; N = 21, 209 ± 10 kg) bears, as well as 
BCI (p < 0.001). Total body length differed (p < 0.001) between sub
adults (N = 39, 163 ± 3 cm) and adults (N = 21, 188 ± 2 cm). Season 
(breeding: March–July vs. non-breeding: Aug–December) did not influ
ence body mass, body length and BCI. Fig. 2A presents the average size 
and mass of bear testes, categorized by sampling month and age group. 
While yearlings are graphically distinguished from subadults in the 
figure, they are combined with subadults for statistical comparisons 
against the adult group. Testicular mass (p < 0.001) and size (p = 0.002) 
were significantly lower in subadult (N = 29, 35.6 ± 3.6 g and 21.5 ±
1.6 cm2, respectively) compared to adult bears (N = 15, 57.3 ± 4.9 g and 
29.6 ± 1.6 cm2, respectively). Higher testicular mass (p = 0.004) and 
size (p = 0.004) were found in March/April (N = 31, 48.9 ± 3.9 g and 
27.0 ± 1.5 cm2, respectively) compared to October (N = 13, 29.1 ± 4.2 
g and 18.8 ± 1.6 cm2, respectively) in 44 bears. Testicular size was 
highly positively associated with testicular mass (N = 42, r = 0.88, p <
0.001).

3.4. Metal(loid)s in testis and epididymis

All metal(loid)s were detectable, except Hg in four testicular and 
nine epididymal samples. Metal(loid)s in testes strongly correlated with 
respective metal(loid)s in epididymal tissue (As r = 0.80, p < 0.001; Cd 
r = 0.83, p < 0.001; Hg r = 0.74, p < 0.001; Se r = 0.84, p < 0.001; Tl r 
= 0.86, p < 0.001; Zn r = 0.71, p < 0.001), while moderate correlations 
were noted for Mn (r = 0.50, p < 0.001) and Pb (r = 0.42, p < 0.001), 
and weak correlations for Cu (r = 0.26, p = 0.047). Levels of Ca (p <
0.001), Cu (p = 0.022), Mn (p < 0.001), Se (p < 0.001), Tl (p < 0.001), 
and Zn (p < 0.001) were higher in testes than in studied epididymides, 
while opposite was true for As (p < 0.001), Cd (p < 0.001), and Pb (p <
0.001), which were higher in epididymides. Significant correlations of 

toxic with essential metal(loid)s in testis and epididymis are presented in 
Fig. 3.

Results of testing differences in metal(loid) levels between subadults 
and adults are presented in Table 2. Selenium and Zn levels in both 
testicular (p < 0.001) and epididymal tissue (p < 0.001 and p = 0.0006, 
respectively) were higher in adult bears compared to subadults. On the 
contrary, subadults had higher testicular levels of Hg than adults (p =
0.012).

Significant seasonal differences in metal(loid) levels are shown in 
Fig. 4. Testes and epididymides had higher Mn (p = 0.006 and p =
0.002, respectively), Se levels (p < 0.001), and Zn (p < 0.001 and p =
0.002, respectively), Tl in testes (p = 0.022) and Pb in epididymides (p 
= 0.022) in the breeding season (spring, Mar–May) than in the non- 
breeding season (Jul–Dec). On the contrary, testicular Cd (p = 0.003), 
Hg (p = 0.044) and Pb (p = 0.010) were lower in the breeding season 
compared to non-breeding season.

4. Discussion

4.1. Variation drivers of testes mass and size – association with metal 
(loid)s

Our modeling results indicated that age, along with levels of certain 
essential (Mn, Se, and Cu) and toxic metal(loid)s (As, Pb, and Hg) in the 
testes and/or epididymides, explained large variation (65–74 %) in 
testes mass and size in European brown bears.

Among these, age, Mn, and Se levels in both the testes and epidid
ymides were consistently associated with variation in both testicular 
mass and size. Adult European brown bears had larger and heavier testes 
compared to subadults, as reported by White et al. (2005b). Testicular 
development patterns observed in our study align with findings in polar 
bears, whose testes continue to grow until sexual maturity at around 6–7 
years of age (Spörndly-Nees et al., 2019). However, brown bears in 
southern Europe are generally reported to reach sexual maturity earlier, 
around 4 years of age, compared to their northern counterparts (Frković 
et al., 2001; Knott et al., 2014).

Season significantly predicted variation in testicular mass in the 
validated model (Table 1), with testes of Dinara-Pindos brown bears 
being larger during the breeding than the non-breeding season after 
controlling for age, as reported in other ursid species (Howell-Skalla 
et al., 2002, 2000; Spörndly-Nees et al., 2019; White et al., 2005b, and 
references therein).Testicular size reached only about 45 % of their peak 
size during the non-breeding season (Howell-Skalla et al., 2002). This 
variation mirrors seasonal fluctuations in serum testosterone levels, 
which are regulated by photoperiod (Palmer et al., 1988; Tsubota et al., 
1997; White et al., 2005a, and references therein). Elevated serum 

Fig. 3. Heatmap of Spearman correlation coefficients (r) between toxic and essential metal(loid)s in 61 epididymal (A) and 65 testicular (B) tissues of brown bears 
from Dinara Pindos population sampled in Croatia in 2015–2024.
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testosterone levels typically observed in May were already detectable in 
March in European populations (Fig. 2B; Lazarus et al., 2024a). Testic
ular size increased from January until April and May in American black 
bears (Ursus americanus; Howell-Skalla et al., 2000) and in North 
American brown bears, with a peak in June in adults (White et al., 
2005a), but not subadults (White et al., 2005b). In contrast, the trends in 
testicular size and mass observed in brown bears in the present study 
only partially align with these earlier findings, as we observed a clear 

decline from March–April through to October in both subadult and adult 
individuals (Fig. 2A).

Seasonal differences in metal(loid) levels in the Dinara-Pindos pop
ulation of brown bears were previously established in kidney and liver 
tissues, and were proposed to result predominantly from variations in 
food items consumed between spring and fall, including excessive food 
intake during fall hyperphagia, which contrasts with lower intake in 
spring (Lazarus et al., 2017, 2024b). Interestingly, higher fall 

Table 2 
Age-related differences in levels of metal(loid)s (on dry mass of tissue) in testicular and epididymal tissue of 65 brown bears from Dinara-Pindos population sampled in 
Croatia in 2015–2024 (mean ± SEM, median (range))a.

Testis Epididymis

Subadults (<4 y), N = 42 Adults (≥4 y), N = 23 Group 
differences

Subadults (<4 y), N = 39 Adults (≥4 y), N = 22 Group 
differences

As (μg/ 
kg)

5.39 ± 0.40, 4.68 
(1.54–11.6)

5.36 ± 0.96, 3.95 
(1.47–19.4)

NS 6.12 ± 0.51, 5.95 (1.49–12.9) 6.50 ± 0.90, 5.48 
(1.15–18.2)

NS

Ca (mg/ 
kg)

435 ± 9, 439 (322–549) 466 ± 16, 440 (387–717) NS 367 ± 8, 362 (302–486) 355 ± 21, 337 (212–696) NS

Cd (μg/ 
kg)

164 ± 14, 159 (48.1–330) 176 ± 19, 163 (26.5–515) NS 181 ± 17, 139 (70.2–343) 214 ± 24, 172 (26.7–618) NS

Cu (mg/ 
kg)

5.10 ± 0.19, 4.96 
(3.40–11.5)

5.26 ± 0.14, 5.34 
(3.20–6.54)

NS 4.60 ± 0.17, 4.21 (3.28–7.52) 5.03 ± 0.19, 4.68 
(3.13–6.68)

NS

Hg (μg/ 
kg)

7.74 ± 2.18, 2.74 
(<0.497–77.9)

2.14 ± 0.27, 1.75 
(<0.497–4.59)

t(63) = -2.58 
p = 0.012

5.85 ± 1.44, 3.00 
(<0.497–43.2)

3.14 ± 0.64, 2.20 
(<0.497–12.6)

NS

Mn (mg/ 
kg)

2.41 ± 0.07, 2.41 
(1.64–3.31)

2.60 ± 0.06, 2.63 
(1.59–3.01)

NS 1.29 ± 0.08, 1.19 
(0.586–2.55)

1.44 ± 0.08, 1.43 
(0.602–2.25)

NS

Pb (μg/ 
kg)

29.0 ± 4.2, 19.2 (7.02–162) 32.1 ± 5.8, 17.4 (5.74–120) NS 61.2 ± 9.3, 40.1 (12.5–242) 66.4 ± 10.1, 47.7 
(11.1–187)

NS

Se (mg/ 
kg)

1.38 ± 0.06, 1.22 
(0.847–2.01)

1.81 ± 0.08, 1.87 
(0.928–2.44)

t(63) = 4.31 
p < 0.0001

0.840 ± 0.049, 0.712 
(0.447–1.65)

1.52 ± 0.16, 1.61 
(0.493–3.17)

t(59) = 3.99 
p = 0.0004

Tl (μg/kg) 11.8 ± 1.29, 9.85 
(2.16–43.0)

12.0 ± 1.2, 11.7 
(3.95–25.9)

NS 5.59 ± 0.70, 4.45 
(0.896–22.0)

5.80 ± 0.74, 4.38 
(1.38–14.7)

NS

Zn (mg/ 
kg)

78.8 ± 2.63, 74.9 
(51.6–116)

95.9 ± 2.5, 98.5 (51.1–113) t(63) = 4.77 
p < 0.0001

65.8 ± 2.8, 63.7 (32.7–113) 86.3 ± 5.6, 84.2 (48.5–151) t(59) = 3.64 
p = 0.0006

a In the calculation of descriptive statistics, Hg levels below the detection limit of the method (DL) were assigned the value of the DL/2 and presented with <DL sign. 
Group differences were tested with Student or Welch t-test and presented as t(df) and p-value or NS – not significant.

Fig. 4. Levels of testicular (T) and epididymal (E) metal(loid)s in relation to breeding (B; Mar–Jul) and non-breeding season (Non-B; Aug–Dec) of 65 brown bears 
from Dinara-Pindos population sampled in Croatia in 2015–2024. Boxes denote first and third quartile with central line as median, whiskers denote range. Level of 
significance (p) for tested differences between two seasons is denoted above box-whisker plots.
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(non-breeding season) testicular levels of Cd, Hg, and Pb, but lower 
levels of Mn, Pb, Se, Tl, and Zn (Fig. 4), aligned well with seasonal 
variations observed in renal tissue (higher Cd and Cu, but lower Hg, Mn, 
Pb, Tl, and Zn in fall; Lazarus et al., 2024b) and hepatic tissue (higher Cu 
and Hg, but lower Mn, Tl, and Zn in fall; Lazarus et al., 2017). Indeed, 
correlation analysis between metal(loid) levels in the testes or epidid
ymides and the corresponding kidney tissues (Lazarus et al., 2024b) of 
individuals included in this study revealed moderate to high correlations 
(N = 49, r = 0.30–0.79, p < 0.05; data not shown), with the strongest 
correlations observed for Cd and Tl. These findings suggest that testic
ular and epididymal tissues can moderately to very accurately reflect Ca, 
Cd, Cu, Hg, Mn, Pb, and Tl levels in renal tissue, and vice versa. This 
alignment in metal(loid) accumulation across different tissues, including 
the testes, is reported here for the first time in bears. A similar pattern 
was observed in wild yellow-necked mice, where site-specific changes in 
kidney and liver Pb levels were accompanied by corresponding changes 
in testicular Pb and Zn levels, though not in Cd and Fe (Damek-Poprawa 
and Sawicka-Kapusta, 2003).

Arsenic accumulated to a lesser extent in the testes than in the 
epididymides of brown bears from this study, which may have 
contributed to the contrasting effects observed between these organs. 
Furthermore, testicular As levels were negatively associated with testis 
mass, supporting similar adverse effects previously demonstrated in 
adult and subadult laboratory rats (Rattus norvegicus) and mice (Mus 
musculus) (Guimarães-Ervilha et al., 2025; Renu et al., 2018; Souza et al., 
2021). However, in environmentally exposed red deer, no significant 
relationship was observed between As levels and testicular size or mass 
(Reglero et al., 2009). Interestingly, red deer from both control and 
mining areas accumulated up to ten times more As in their testes 
compared to the bears in this study (range: LOD–100 vs. 1.15–19.4 
μg/kg dry mass (Reglero et al., 2009)). Correlation analysis in this study 
revealed positive associations of As with Mn and Zn (Fig. 3). The 
interaction of As with these essential elements may be attributed to its 
reported effects on the expression of metallothionein (MT) and the Cu-, 
Zn- and Mn-containing superoxide dismutase (SOD) enzyme in rats 
(Rachamalla et al., 2022; Souza et al., 2021, and references therein). 
Arsenic was shown to reduce the activity of the SOD by displacing 
essential metal cofactors from its active site. The resulting release of Mn 
or Zn ions, along with the accumulation of superoxide radicals, may 
stimulate the synthesis of metallothionein (MT), a well-known antioxi
dant protein with a high binding affinity for As (Rachamalla et al., 2022; 
Peraza et al., 1998).

In brown bears, testicular Pb levels showed a positive association 
with testis mass. Experimental studies in rodents have reported con
flicting results regarding the effects of Pb on testis mass and size, with 
findings ranging from negative to no impact (Apostoli et al., 1998; 
Massányi et al., 2003; Wirth and Mijal, 2010). Therefore, the observed 
increase in testicular mass in bears with higher Pb levels may be a result 
of adaptive response of cells trying to compensate for the Pb-related 
adverse effects, similar to those reported in red deer from mining 
areas in Spain (Reglero et al., 2009) and roe deer from polluted regions 
in Germany (Blottner et al., 1999). In contrast, histopathological dam
age with notably elevated testicular Pb levels were observed in 
yellow-necked mice inhabiting zinc smelter compared to mice from 
other industrial and control sites (Damek-Poprawa and 
Sawicka-Kapusta, 2003). Elevated levels of Pb and Cd in the testes of 
sheep have been linked to reduced testicular size and increased sperm 
abnormalities (Heidari et al., 2021). Similarly, camels from industrial 
regions of Pakistan exhibited decreased testis mass and size, corre
sponding with higher testicular concentrations of Cd and Pb compared 
to other regions (Ullah et al., 2023). In roe deer from central eastern 
France, testicular mass showed a negative association with hepatic Cd 
levels and no significant relationship with Pb levels (Vuarin et al., 2025).

The highest Pb concentration measured in this study (242 μg/kg dry 
mass) was two orders of magnitude lower than the levels associated with 
impaired spermatogenesis in rats (2000 μg/kg wet mass (Apostoli et al., 

1998)). However, interpretation should be taken with caution due to the 
interspecific differences. A few bears with the highest testicular Pb levels 
had their renal Pb concentrations around the population median (3.97 
mg/kg dry mass; Lazarus et al., 2024b), suggesting no toxicological 
relevance. The average Pb levels in bear testes and epididymides (mean 
30.1 and 63.1 μg/kg dry mass, respectively) were consistent with values 
reported in both control and environmentally exposed red deer (mean 
28–81 μg/kg dry mass (Castellanos et al., 2015; Reglero et al., 2009)), 
but substantially lower than levels observed in wild yellow-necked mice 
(mean 140–6960 μg/kg dry mass; Damek-Poprawa and 
Sawicka-Kapusta, 2003), sheep (approx. 500–800 μg/kg dry mass; 
Heidari et al., 2021) or camels (Ullah et al., 2023). The observed 
interspecific differences may arise from physiological variations influ
encing the absorption, distribution, metabolism, and excretion of metal 
(loid)s, as well as from differing exposure levels associated with habitat 
and dietary characteristics.

Mercury ranged lowest among toxic metal(loid)s in brown bear from 
this study and was negatively associated with testes mass, which may 
result from testicular degeneration and atrophy, and impaired ste
roidogenesis established in Hg-exposed experimental animals (Anyanwu 
and Orisakwe, 2020; Massányi et al., 2003; Zhu et al., 2000). Repro
ductive effect studies of Hg exposure in wild animals largely involve 
birds, while threshold values of Hg and other metal(loid)s in mammalian 
wildlife are mostly unknown (Vuarin et al., 2025). However, several 
indicators of altered testicular dimensions, histological characteristics, 
and functional impairment have been reported in Kermani rams 
chronically exposed to the polluted environment of a copper smelter 
(Heidari et al., 2021).

Although identified as a pollutant of toxicological concern in a small 
portion of the brown bear population (Lazarus et al., 2017, 2024b), Cd 
was not a significant predictor of testicular mass or size as shown in this 
study. Renal Cd concentrations in a few bears with the highest testicular 
levels were around the population median (60.2 mg/kg dry mass; 
Lazarus et al., 2024b) or up to twice as high, but still below the renal 
toxicity threshold for mammals (435 mg/kg dry mass, recalculated from 
wet mass assuming 77 % water content; Scheuhammer, 1991). 
Compared to the limited data available for other species, testicular Cd 
levels in bears (range 26.5–515 μg/kg dry mass) were higher than those 
reported for red deer (<LOD–38 μg/kg dry mass; Reglero et al., 2009), 
but lower than levels observed in wild yellow-necked mice (mean 
340–700 μg/kg dry mass; Damek-Poprawa and Sawicka-Kapusta, 2003).

Our results suggest a negative association between testicular/ 
epididymal Mn levels, and organ mass and size. A similar trend, 
attributed to reproductive tissue degeneration and reduced sperm 
quality, has been reported in orally exposed experimental animals and 
occupationally exposed workers (Adedara et al., 2017; ATSDR, 2012; 
Gomes-Silva et al., 2023). However, we propose that the bears in this 
study were neither exposed to elevated Mn levels through their diet nor 
exhibited significant Mn accumulation in the testes that could lead to 
such adverse effects. The observed trend may instead be attributed to 
species-specific differences in metal(loid) accumulation and suscepti
bility in testicular tissue (Apostoli et al., 1998). The testicular Mn levels 
measured in both control and fly ash-exposed raccoons (Procyon lotor; 
med 2–2.4 mg/kg dry mass, recalculated from wet mass according to 84 
% of water and a factor of 6.25; Souza et al., 2013) were within the same 
range as those found in the brown bears analyzed in this study (med 
2.51 mg/kg dry mass).

Adequate Se levels, much like Mn, play an important role in testic
ular development, spermatogenesis, testosterone metabolism, and pro
tection against oxidative stress. Both deficient and excessive Se levels 
can lead to morphological and functional defects (Behne et al., 1996; 
Boitani and Puglisi, 2008). In this study, Se levels were a significant 
factor influencing variation in testicular size and mass in bears, showing 
an opposite trend compared to Mn. Positive association of bear testis size 
and mass in relation to Se contrasted negative correlation reported in red 
deer (Reglero et al., 2009). Indeed, Se deficiency in rats has been shown 
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to impair testicular morphology by reducing testosterone biosynthesis 
and the biological activity of key selenoenzymes (Behne et al., 1996). 
Due to the essential role of Se in reproductive health, its concentration in 
mammalian testes is tightly regulated and predominantly found in the 
enzyme phospholipid hydroperoxide glutathione peroxidase (GPx4 
(Boitani and Puglisi, 2008)). The Se levels measured in Croatian bears 
(med 1.53, range 0.447–3.17 mg/kg dry mass) were somewhat lower 
than those reported in raccoons (med 2.75–3.3 mg/kg dry mass, recal
culated from wet mass using a factor of 6.25; Souza et al., 2013) and of 
higher range than in red deer from control and mining area in Spain 
(0.07–1.42 mg/kg dry mass; Reglero et al., 2009), taking into account 
species-specific differences. Selenium and Zn were the only essential 
metal(loid)s that differed between subadult and adult bears. Zinc, but 
not Se was also found higher in renal tissue of adult brown bears 
(Lazarus et al., 2024b). The higher testicular Se levels in adult bears are 
consistent with findings showing increased Se during puberty, regulated 
by gonadotropic hormones, to meet the growing demand for the 
Se-containing enzyme GPx4 during sperm maturation (Behne et al., 
1996; Ursini et al., 1999).

The underlying cause of higher epididymal Cu levels associated with 
smaller testis size observed in bears from this study is not apparent. Both 
Cu deficiency and excess can lead to cellular atrophy due to the inability 
of Cu to maintain oxidative balance (Bhardwaj et al., 2021). Assessing 
the adequacy of Cu levels in bears is challenging without established 
reference values for this species. However, we can confirm that the renal 
Cu values in majority of bears from this study fall within the range 
previously reported for this population (Lazarus et al., 2017). Addi
tionally, the negative relationship between testicular size and Cu 
observed in brown bears may, to some extent, reflect an adaptive 
response to the accumulation of toxic metal(loid)s. Such accumulation 
could enhance the production of oxygen radicals, thereby triggering 
increased expression and activity of Cu-containing superoxide dismut
ase (SOD) enzymes or metallothioneins (MT), leading to greater Cu 
influx into epididymal tissue (Chen et al., 2020; Reglero et al., 2009; 
Valko et al., 2005). The Cu levels in the testes of bears from this study 
ranged from 3.20 to 11.5 mg/kg dry mass, which is comparable to levels 
reported in red deer (3.79–10.5 mg/kg dry mass; Reglero et al., 2009) 
and raccoons (median 6.4–7.5 mg/kg dry mass, recalculated from wet 
mass using a conversion factor of 6.25; Souza et al., 2013).

4.2. Variation drivers of testes mass and size – association with PCBs and 
PBDEs

None of the quantified PCBs and PBDEs in adipose tissue (Jagić et al., 
2024) showed a significant impact on testicular mass in Croatian brown 
bears when modeled alongside biological and ecological factors. A 
considerable proportion (45 %) of the variation in testicular mass was 
attributed to age and season, whose impact was discussed earlier in this 
paper (section 4.1.). Body condition, previously reported to negatively 
affect PCB levels and positively influence testis mass (Williams et al., 
2021), showed no effect on testis size or mass in the brown bears studied 
here. Interestingly, we found two indicator PCBs (− 118 and − 180) with 
opposing associations to testis size. A decrease in testis size related to 
organic pollutants has been associated with reduced diameters of sem
iniferous and epididymal tubules in ursids (Sonne et al., 2006), which 
are known to directly influence spermatogenic activity (Ahmad et al., 
2003; Dixson and Anderson, 2004). The negative association of PCB-180 
with testis size in this study aligns with reduced testosterone levels 
previously observed in polar bears (Oskam et al., 2003). In that same 
study, PCB-118 was not found to be associated with testosterone levels, 
although a general decline in testosterone was reported in relation to the 
sum of PCBs. Conversely, Sonne et al. (2006) reported negative associ
ations between the sum of PBDEs, but not the sum of PCBs, and testicular 
length in polar bears. Organohalogenated compounds have been pro
posed to influence the size of reproductive organs by disrupting the 
hypothalamic-pituitary-gonadal axis, resulting in altered reproductive 

hormone levels (Oskam et al., 2003; Sonne, 2010).

5. Conclusions

Testicular mass and size of brown bears were used here for the first 
time to assess reproductive health in relation to chronic environmental 
exposure to metal(loid)s, PCBs, and PBDEs, while accounting for age, 
body condition, and season. We identified pollutant metal(loid)s (As, 
Hg, and Pb) and PCBs (PCB-118 and PCB-180) as important contributors 
to morphological variation in testes of bears, affected also by age and 
season. Greater mass and larger size of testes were noted when higher Se, 
but lower Mn and Cu levels were present in testicular and epididymal 
tissue. The confirmed accumulation of toxic metal(loid)s in testes, sub
ject to species-specific differences, adds to the list of organs and systems 
affected by environmental pollutant exposure in free-ranging brown 
bears. Testicular morphometry is thus confirmed as a useful tool for 
postmortem assessment of reproductive health in wildlife, when 
adjusted for key biological and ecological factors. This research area 
would benefit from future studies incorporating histopathological ex
aminations of male and female reproductive organs, effect biomarkers 
aligned with the most probable mechanisms of pollutant toxicity, 
reproductive hormone profiling, and assessments of sperm function in 
brown bears.
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Rašić, D., Oster, E., Reljić, S., Macur, J., Huber, Đ., 2024b. Apex carnivores coping 
with metal(loid) pollution and oxidative stress: biological and environmental drivers 
of variation in kidney of European brown bear. Environ. Pollut. 363, 125285. 
https://doi.org/10.1016/j.envpol.2024.125285.
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