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• Osmium concentrations in bank vole tis-
sue shift seasonally.

• High osmium concentrations in bank
voles are likely due to feeding lichens.

• Organ-to-body weight ratios indicate
osmium-induced intoxication.
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Diet shifts are common inmammals and birds, but little is known about how such shifts along the foodweb affect
contaminant exposure. Voles are staple food for manymammalian and avian predators. There is therefore a risk
of transfer of contaminants accumulated in voles within the food chain. Osmium is one of the rarest earth ele-
ments with osmium tetroxide (OsO4) as the most toxic vapor-phase airborne contaminant. Anthropogenic
OsO4 accumulates in fruticose lichens that are important winter food of bank voles (Myodes glareolus). Here,
we test if a) anthropogenic osmium accumulates in bank voles in winter, and b) accumulation rates and concen-
trations are lower in autumnwhen the species ismainly herbivorous. Our study, performed in a boreal forest im-
pacted by anthropogenic osmium, supported the hypotheses for all studied tissues (kidney, liver, lung, muscle
and spleen) in 50 studied bank voles. In autumn, osmium concentrations in bank voles were even partly similar
to those in the graminivorous field vole (Microtus agrestis; n=14). In autumn but not in late winter/early spring,
osmium concentrations were generally negatively correlated with body weight and root length of the first man-
dible molar, i.e. proxies of bank vole age. Identified negative correlations between organ-to-body weight ratios
and osmium concentrations in late winter/early spring indicate intoxication. Our results suggest unequal accu-
mulation risk for predators feeding on different cohorts of bank voles.
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1. Introduction

The environmental burden of contaminants steadily increases and
often results in their bioaccumulation or even biomagnification
(Croteau et al., 2005). Diet is themajor exposure pathways for terrestri-
al organisms (Smith et al., 2007) but we know little about how diet
shifts along the food web affect contaminant exposure. Such shifts
occur in migrating species such as birds where food differs between
breeding areas and wintering grounds, but also in stationary organisms
due to migrating prey (Darimont and Reimchen, 2002) or seasonal var-
iation in food availability (Taipale et al., 2008). If concentrations of con-
taminants differ between seasonally shifted diets, such seasonal
differences in concentrations should also be evident at higher
level(s) of the food chain. By shifting their diet, organismsmight escape
toxic food during certain seasons but might increase its intake during
others.

Osmium is one of the rarest earth elements (Sharma, 2011) but as
the gas osmium tetroxide (OsO4) the most toxic vapor-phase airborne
contaminant (OSHA, 1993). As a member of the platinum group ele-
ments, osmium concentrations in the environment have increased due
to the introduction of automobile catalytic converters. Processing
osmium-bearing ores that are common in different parts of the world
including South Africa and Russia (Sharma, 2011) further increases its
anthropogenic environmental burden. Indeed, a Finnish steel work at
the Finnish-Swedish border has been identified as the major source of
anthropogenic osmium in that region (Rodushkin et al., 2011, 2007b).
Despite its toxicity, but mainly due to analytical challenges (Sharma,
2011) our knowledge on the ecological impacts of osmium is limited.
In laboratory tests on rats, other elements in the platinum group (plat-
inum, rhodium, and palladium) resulted in severe histological and path-
ological effects aswell asDNAdamage (Gagnon et al., 2006), but toxicity
tests have shown that osmium was the most toxic element among the
platinum group in freshwater species (Khangarot and Das, 2009). A
study on osmium in small herbivores (voles) along a spatial gradient
from the Finnish steelwork indicated that osmiumwas taken up and ac-
cumulated by voles (Rodushkin et al., 2011). In that and previous stud-
ies, fruticose arboreal lichens showed up to 100-fold osmium
concentrations compared to other biota (Rodushkin et al., 2011, 2007a).

Small mammals are keystone species in boreal ecosystems since
they, among others, are involved and drive dynamics on several trophic
levels, for example by constituting staple food formammalian and avian
predators (Angerbjörn et al., 1995; Erlinge et al., 1983; Hörnfeldt et al.,
1990). Vascular plants, lichens, mosses, and/or fungi are important
food sources of different vole species and smallmammal diet varies sea-
sonally as well as between habitats and even between sites of the same
habitat in the boreal region (Hansson, 1971; Hansson, 1979; Hansson,
1985b; Hansson and Larsson, 1978; Viro and Sulkava, 1985). The bank
vole (Myodes glareolus) is Europe's most common and abundant mam-
mal (Mitchell-Jones et al., 1999). In summer and early autumn, the diet
of this mainly forest dwelling species consists of nutrient-rich fungi,
forbs, leaves, seeds, fruits and berries (Gebczynska, 1983; Hansson,
1979; Hansson, 1985b), whereas at high latitude, in winter, rather
nutrient-poor fruticose arboreal lichens are important food (Hansson,
1985a; Hansson and Larsson, 1978; Viro and Sulkava, 1985). The impor-
tance of lichens in the diet of bank voles varies however significantly
among forest types (Hansson, 1979; Hansson and Larsson, 1978; Viro
and Sulkava, 1985); likely related to the availability of alternative food
items. In contrast, the sympatric field vole (Microtus agrestis) is a strict
graminivore, but the proportion of different grass species can vary sea-
sonally (Evans, 1973; Hansson, 1971) while lichens have only rarely
been found in the stomach of field voles (Hansson and Larsson, 1978).
Lichens amass metals (Garty, 2001; Spiro et al., 2004) and a winter
diet dominated by osmium-rich lichens might hence cause high osmi-
um concentrations in voles in winter. Indeed, the consumption of fruti-
cose arboreal lichens in winter has been hypothesized as a potential
pathway for osmium uptake in the bank vole, but could not be tested
due to studying only subadults and adults in autumn, i.e. in the mainly
herbivorous phase (Rodushkin et al., 2011). In addition, but based on
a very low sample size, we have suggested, that newborn suckling
bank voles get osmium via mother's milk and that osmium can be ex-
creted with increased age (Rodushkin et al., 2011). Despite our knowl-
edge on the seasonal variation of the voles' diet, there are only few
studies on the seasonal variation of contaminants in voles as a result
of diet shifts (but see e.g. Hunter et al., 1987; Ma et al., 1991).

The aim of our study is fourfold. First, we test the hypothesis that os-
mium concentrations in bank voles are higher in late winter/early
spring than in autumn, which would result from higher winter con-
sumption of osmium-rich fruticose arboreal lichens, as suggested by lit-
erature (see above). Second, we test the hypothesis that osmium
concentrations in late winter/early spring differ between bank voles
and field voles due to difference in the diet of the vole species
(Hansson and Larsson, 1978). Third, we test if osmium concentrations
in bank voles decreasewith increased age. Finally, we examine potential
somatic effects of osmium in bank voles.

2. Materials and methods

2.1. Sampling and site description

We snap-trapped voles near Haparanda (~24° 9′ E, 65° 47′ N) in the
county of Norrbotten, north-eastern Sweden, located in the middle bo-
real zone (Ahti et al., 1968). The study area is close to the Finnish border
and 2 km to the west of the steelworks in Tornio, Finland, that has been
identified as the source of anthropogenic osmium in the area
(Rodushkin et al., 2011, 2007b). In an earlier pilot study (Rodushkin
et al., 2011), we focused on the autumn season when bank voles are
mainly herbivorous. In the present follow-up study we aimed to inves-
tigate if osmium concentrations were higher and relationships with so-
matic indices more pronounced in winter, when fruticose arboreal
lichens are an important food source of the bank vole (Viro and
Sulkava, 1985). Hence, we snap-trapped small mammals in late win-
ter/early spring (27–29 April), when the forest was still largely snow-
covered and in autumn (20 September) 2011. The trapping approach
followed the one in our pilot study (Rodushkin et al., 2011) with the
goal to maximize the number of trapped bank voles. The trapping was
performed in a coniferous forest of the mesic dwarf shrub type rich in
blueberry (Vaccinium myrtillus), lingonberry (V. vitis-idaea), but where
also herbs such as wood-sorrel (Oxalis acetosella), twinflower (Linnea
borealis) and goldenrod (Solidago virgaurea) occur frequently as do
mosses (e.g. Hylocomium splendens) and higher fungi (Leccinum spp.,
Lactarius spp. and Russula spp.). Branches of Norway spruce (Picea
abies; the dominating tree species) have high cover of different fruticose
arboreal lichens (e.g. Alectoria spp. and Bryoria spp.). These fruticose ar-
boreal lichens in this forest have osmium concentrations of 73 ppb
(Rodushkin et al., 2011), which is N10,000-fold higher than the osmium
concentrations in higher fungi and dwarf-shrubs in the study area
(Rodushkin et al., 2007a). In the forest, we placed 100 galvanized
metal snap-traps in each of the two seasons at the entrance to hollows,
under logs and betweenboulders. To gain a sufficient sample size, in late
winter/early spring when vole abundance is usually lower than in au-
tumn, traps were checked for three consecutive days while only one
day in autumn. Trapped specimens were handled with powder-free
surgical gloves, sealed in plastic bags, stored in a cool bag during field-
work and stored in a freezer (−18 °C) before analysis.

Trapped specimenswere determined to species, sexed andweighed.
From each specimen, we excised kidney, liver, lung, femoral muscle tis-
sue and spleen with stainless scalpels, tweezers, and scissors. All tissues
were weighed and stored in a freezer (−18 °C) in acid-washed plastic
containers prior to preparation for chemical analysis. In bank voles, in
contrast to field voles, root length can be used as a proxy of age (Viro,
1974).We estimated the age of the bank voles bymeasuring root devel-
opment of the lower (M1)molar (here called root length ofMM1) (Viro,



Fig. 1. Osmium concentration (median values, boxes represent 25 and 75 percentiles,
respectively, whiskers represent 10 and 90 percentiles, respectively) in different organs
in the field vole (Microtus agrestis) and bank vole (Myodes glareolus) in late winter/early
spring (late April) and autumn (late September) 2011. Note the logarithmic scale of the
y-axis.
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1974; Zejda, 1961; Zejda, 1977). Prior to age determination, the jaws
were cooked in 0.5 M NaOH until the molars peeled off.

2.2. Chemical analyses

The analytical method used consists of microwave assisted, closed-
vessel acid digestion of samples spiked with osmium solution enriched
in a 190Os isotope followed by determination of analyte concentration
by isotope dilution using double-focusing, sector field inductively
coupled plasmamass-spectrometry (ICP-SFMS) operatedwithmethane
addition to the plasma and solution nebulization (SN) sample introduc-
tion. For samples with osmium content below 500 pg, complementary
analysis using gas-phase introduction (GPI) on the remaining sample
digestswas performed. The use of disposable plastic labware for sample
digestion and analysis by SN ICP-SFMS circumvents osmium carry-over
effects and improves the sample throughput the method. For a 0.1 g
dried sample, osmium method limits of detection (MLODs) of
2 pg g−1 and 0.2 pg g−1 were obtained using SN or GPI, respectively.
Further details on the sample preparation, operation conditions and
measured parameters as well as figures of merit of the method can be
found elsewhere (Pallavicini et al., 2013).

2.3. Statistical analyses

To test for differences in osmium concentrations between vole spe-
cies, season and organs, we used Box-Cox transformed osmium concen-
trations in a mixed model ANOVA with species, season and organ as
fixed factors and vole specimen as a random factor, and with organs
nested in species and season. Osmium concentrations were Box-Cox
transformed with λ = 0.956 and according to Box-Cox transformed
value= (Osmium concentration0.096 – 1) × 0.096−1. We compared os-
mium concentrations between vole species and between seasons as
well as sex with unpaired t-test on Box-Cox transformed values. To de-
tect differences of variance in osmium concentrations in bank voles be-
tween late winter/early spring and autumn, we used the Brown-
Forsythe test for homogeneity of variances (HOV). Relationships be-
tween osmium concentrations and weight and root length of MM1 (as
a proxy of age), respectively, were explored with Pearson product-
moment correlation on Box-Cox transformed osmium concentrations
in case of linear relationship and with an exponential model in case of
non-linear relationship. We used best subset generalized linear model-
ling with normal distribution and identity link function to assess the ef-
fect of osmium concentration, root length of MM1, season and sex,
respectively, on Box-Cox transformed organ-to-body-weight ratios of
the respective organs. We selected the models with delta values of
Akaike's information criterion (AIC) b 2 that produced the simplest
model (Burnham and Anderson, 2002), i.e. models with the lowest
number of predictors. All statistical analyses were performed in
Statistica (Dell Inc., 2015).

3. Results

In total, we trapped 50 bank voles (38 in latewinter/early spring and
12 in autumn) and 14 field voles (all in late winter/early spring). Four-
teen of the bank voles trapped in late winter/early spring were females
and 24weremales, whereas nine and three of the bank voles trapped in
autumn were females and males, respectively. Four of the field voles
were females and 10 were males. Except for one specimen that was
0–3 months old, the bank voles trapped in late winter/early spring
were 3–7 months old. For two of the bank voles in late winter/early
spring, age could not be determined since the roots of the MM1 broke
during preparation. These two male specimens were however most
likely adults considering their weight (23.8 and 25.5 g, respectively)
and fully developed testicles. In contrast, in autumn, seven of the 12
specimenswere younger than 3months old; the remainingfivewere N-
3 months old.
Osmium concentrations varied between organs, species and season
(Fig. 1, Table 1; Supplementary material 1). In late winter/early spring,
the osmium concentrations in the bank vole organs were higher than
in autumn, and higher than in the organs of field voles (Fig. 1). In
bank voles trapped in late winter/early spring, spleen and muscle had
the highest concentrations followed by those in kidney and liver, and
with lungs showing the lowest concentrations (Fig. 1). Osmium concen-
trations in bank voles trapped in late winter/early spring were between
14 (lung) and 29 (liver) times higher compared to those trapped in au-
tumn (Fig. 1). In late winter/early spring, osmium concentrations in
bank vole lungs were five times higher than those in field voles, while
for all other organs, concentrations were at least 30 times higher in
bank voles compared to those in field voles. Bank voles trapped in au-
tumn and field voles trapped in late winter/early spring had similar os-
mium concentrations in liver and spleen (t61 ≤ ∣0.25 ∣, P N 0.05), but
concentrations in lungs were higher in field voles (t61 = −3.72, P b

0.001) while those in kidneys and muscle were higher in bank voles
(t61 = 2.11 and t61 = 2.22, respectively, P b 0.05) (Fig. 1). Field voles
trapped in late winter/early spring had the lowest osmium concentra-
tions in liver followed by those in kidneys, muscle, lung and spleen
(Fig. 1).

Variance in osmium concentrations accounting for organwas higher
in late winter/early spring than in autumn (F= 12.4, df = 9, P b 0.001;
Supplementary material 1). Bank vole females trapped in late winter/
early spring showed higher osmium concentrations in muscle than
males (t36 = −4.77, P b 0.001), while there were no sex differences in
the other organs in bank voles trapped in late winter/early spring (t36
≤ ∣1.08 ∣, P N 0.05) or autumn (t10 ≤ ∣0.68 ∣, P N 0.05), or in field voles
trapped in late winter/early spring (t12 ≤ ∣0.96 ∣, P N 0.05).

Osmium concentrations in muscle of bank voles in late winter/early
spring were negatively correlated with body weight (r = −0.69, n =
38, P b 0.001) but not with root length of MM1 (r = 0.05, n = 36, P N

0.05; Supplementary material 2). For the other studied organs, there
was no corresponding correlation in late winter/early spring (r ≤
|−0.30|, n = 38 and n = 36, respectively, P N 0.05). In contrast, in au-
tumn, osmium concentration in liver and spleen were negatively corre-
lated with body weight (r=−0.70, n= 12, P b 0.05 and r=−0.72, n
=12, P b 0.001, respectively). In autumn, therewere no correlations be-
tween osmium concentrations in any organ and root length ofMM1 (r ≤
∣0.56 ∣, n = 12, P N 0.05; Supplementary material 2).

For all organs, the organ-to-body-weight ratio was negatively relat-
ed to osmium concentration in the respective organs (Table 2; Fig. 2). In



Table 1
Results from nestedmixed effect ANOVA on the effect of season, species and organ aswell
as of organ nested in species and season on Box-Cox transformed osmium concentration
(see also Fig. 1). Specimen was included as a random factor.

Variable Effect SS df F P

Intercept Fixed 499.62 1 741.79 0.000
Season Fixed 165.36 1 245.50 0.000
Species Fixed 327.82 1 486.71 0.000
Organ Fixed 117.62 4 205.11 0.000
Organ (species and season) Fixed 20.70 8 18.05 0.000
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liver and lung, also sex was important to explain organ-to-body-weight
ratios, with organ-to-body-weight ratios being lower in males than fe-
males (Table 2), liver and lungs being comparatively smaller in males.
In lungs, organ-to-body-weight ratios were higher in late winter/early
spring since lungs were larger in this season. In spleen, increased root
length of MM1 contributed to increased organ-to-body-weight ratios
(Table 2) implying that spleen size increasedwith increased root length
of MM1. In late winter/early spring, there was a negative exponential
relationship between spleen-to-body-weight ratio and osmiumconcen-
tration with 42.0% of the variance explained by osmium concentration
(Fig. 2d) while these relationships were linear for the other organs
(Fig. 2a–c).

4. Discussion

In accordance with our hypothesis, the osmium concentrations in
bank voles were significantly higher in late winter/early spring than in
autumn. In winter and early spring, fruticose arboreal pendular lichens
are important food of boreal bank voles (Hansson, 1985a; Viro and
Sulkava, 1985); a lichen type that is known to amass metals in general
(Garty, 2001; Spiro et al., 2004) and osmium in particular (Rodushkin
et al., 2011, 2007a, 2007b). In the study area, osmium concentrations
in arboreal fruticose lichens are approx. 50 to N10,000-fold higher
than those in leaves of dwarf-shrubs and graminoids (Rodushkin et
al., 2011, 2007a). Hence, it is reasonable to suggest a) shifts in diet of
bank voles from herbivorous in autumn to lichenivorous in winter
(sensu Hansson, 1985a), causing higher osmium concentrations late
winter/in early spring in all studied organs and b) comparatively low
concentrations in vascular plants (Rodushkin et al., 2007a), causing sim-
ilar osmium concentrations in herbivorous bank voles in autumn and
graminivorous field voles in late winter/early spring. This shift in diet
is especially plausible since in the studied forest, in autumn, when
there are plenty of nutritious food sources (e.g. dwarf-shrubs, forbs,
fungi and berries) available so that there is no need for bank voles to
focus feeding nutrient-poor lichens that are also rich in secondary com-
pounds (Nybakken et al., 2010). In general, the field vole is
Table 2
Results from best subset generalized linearmodel on the effect of explanatory variables on
organ-to-body-weight ratios.

Variable Level Estimate Standard
error

Wald
statistic

P-value ΔAIC

Kidney 0.944
Osmium −0.240 0.038 39.290 0.000

Liver 0.000
Osmium −0.490 0.098 24.857 0.000
Sex Male −0.056 0.024 5.580 0.018

Lung 0.743
Osmium −0.360 0.132 7.375 0.007
Season Late

winter/early
spring

0.064 0.033 3.789 0.052

Sex Male −0.072 0.024 9.100 0.003
Spleen 0.000

Osmium −0.308 0.073 17.773 0.000
Root length
of MM1

2.283 0.909 6.304 0.012
competitively superior to the bank vole (Henttonen et al., 1977).
Hence, in late winter/early spring, when other food sources might be
depleted, unavailable due to snow and/or ice conditions and/or due to
competition from field voles, bank voles might be forced to feed more
on the osmium-rich lichens. The higher variance in osmium concentra-
tions in bank voles in late winter/early spring than in autumn suggests
that bank vole diet in late winter/early spring was more variable than
that in autumn and that diet in winter and early spring includes other
food sources than lichens as also suggested by Viro and Sulkava
(1985) andHansson and Larsson (1978). To exclude any potential alter-
native explanations for the observed seasonal differences in osmium
concentrations in bank voles, it would of course be desirable to comple-
ment our study with quantitative analyses of food items in the stomach
of bank voles in future studies.

A previous pilot study showed that in autumn, osmium concentra-
tions in various organs decrease with increased age (Rodushkin et al.,
2011). However, the relationship was not identified in late winter/
early spring, indicating that overwintered breeders (voles borne in au-
tumn and that had survived winter) recurrently fed on osmium rich li-
chens. In addition, the negative correlation of spleen and liverwith body
weight and root length of MM1 in autumn, whenmost bank voles were
subadults, might support the previous hypothesis (Rodushkin et al.,
2011) that osmium is taken up by suckling bank voles via mother's
milk and subsequently excreted with increased age.

Reductions in body weight and organ-to-body weight ratios are
measures of intoxication (Bankowska and Hine, 1985; Goyer et al.,
1970; Ma, 1989). In our study, in late winter/early spring, all organ-to-
body weight ratios in bank voles were negatively related to osmium
concentrations and for spleen, the relationship was even exponentially
negative. Hence, the here studied osmium concentrations in bank
voles indicated intoxication, however with unknown effects on for ex-
ample reproduction and survival.

So far, most toxicity reports on osmium have been associated with
inhalation of osmium and health concerns of humans (Luttrell and
Giles, 2007;Makarovsky et al., 2007). Our results show that contaminat-
ed food sourcesmay be amore important route of exposure for wildlife,
as revealed by spleen,muscle and kidneys, in contrast to lungs, showing
the highest osmium concentrations among the studied organs. This is
also in linewith the general idea of contaminant exposure for terrestrial
wildlife (Smith et al., 2007). In human medicine, elements from the
platinum group (including osmium) have been used in anti-cancer
drugs, where the cytotoxic action has been related with the redox ca-
pacity of osmium (Fu et al., 2010), and with OsO4 being used for the
treatment of arthritis (Sheppeard and Ward, 1980). It is thus likely
that osmiummay exert a toxic effect onwild animals by inducing oxida-
tive stress. Potential adverse effects on wildlife are likely not restricted
to our study area where osmium rich Finnish chromites are processed.
Osmium deposits occur and are mined globally, including South Africa,
Russia, Canada and Colombia (Seymour and O'Farrelly, 2000), likely
with similar indications of intoxication as observed in our study.

In boreal forests, the abundance of prey (here bank vole) varies sea-
sonally with low abundance in winter and high abundance in autumn
(Hörnfeldt, 1994; Krebs and Myers, 1974). Considering our results, we
should expect cascading responses of contaminants in specialized pred-
ators such as Tengmalm's owl (Aegolius funereus). The diet of this owl
during breeding in spring consists to approx. 85% of field voles and
bank voles, but bank voles dominate the owl's diet in beginning of the
breeding season in late winter/early spring (Hörnfeldt et al., 1990). Po-
tential cascading effects of osmium could preferably be studied by sam-
pling Tengmalm's owls in nest boxes along with cached bank voles
using the same study design as in Hörnfeldt et al. (1990). Such an ap-
proach would even be possible to perform earlier in the season when
snap-trapping due to deep snow is difficult but when the owls prey
on and cache bank voles running on the snow surface.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2017.10.056.
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Fig. 2. Relationship between organ-to-body weight ratios of different organs (a kidney, b liver, c lung and d spleen) and their osmium concentration in late winter/early spring. Product-
moment correlation coefficients are given alongwith linear fit; *P b 0.05, **P b 0.01 (a–c); fitted line from exponentialmodel in spleen (d) explaining 42.0% of the variance in the organ-to-
body-weight ratio.
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