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• We assessed effects of Chernobyl radiation on crustacean reproduction.
• Fecundity of Asellus aquaticus assessed
at dose rates from 0.06–27.1 μGy/h.
• No association of radiation with reproductive endpoints in A. aquaticus.
• Findings support proposed benchmarks
for the protection of aquatic populations.
• Data can assist in management of radioactively contaminated environments.
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a b s t r a c t
Nuclear accidents such as Chernobyl and Fukushima have led to contamination of the environment that will persist for many years. The consequences of chronic low-dose radiation exposure for non-human organisms
inhabiting contaminated environments remain unclear. In radioecology, crustaceans are important model organisms for the development of environmental radioprotection. Previous laboratory studies have demonstrated deleterious effects of radiation exposure on crustacean reproduction. However, no studies have documented the
effects of chronic radiation exposure on the reproduction of natural crustacean populations. Based on data
from laboratory exposures, we hypothesised that populations of the freshwater isopod Asellus aquaticus exposed
to radiation for thirty years at Chernobyl would display reduced reproductive output and altered timing of reproduction. To test this hypothesis, A. aquaticus was collected from six lakes at Chernobyl over two years with total dose
rates ranging from 0.06–27.1 μGy/h. No signiﬁcant differences in the fecundity, mass of broods or proportion of reproducing female A. aquaticus were recorded. Signiﬁcant differences in the body mass of gravid females were recorded suggesting different timings of reproduction, however this was not related to radiation contamination. No
signiﬁcant effect of a range of environmental parameters on A. aquaticus reproduction was recorded. Our data suggests current dose rates at Chernobyl are not causing discernible effects on the reproductive output of A. aquaticus.
This study is the ﬁrst to assess the effects of chronic low-dose radiation exposure on the reproductive output of an
aquatic invertebrate at Chernobyl. These ﬁndings are consistent with proposed radiological protection benchmarks
for the maintenance of wildlife populations and will assist in management of environments impacted by radiation.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction
The accident on 26th April 1986 at the Chernobyl nuclear power
plant (CNPP) led to the release of an estimated 5300 PBq (5.3
× 1017 Bq) of radioactivity into the environment (UNSCEAR, 2000).
Vast areas of the former Soviet Union (fSU) and Western Europe were
contaminated with radioactive substances, leading to radiation exposure of human and non-human organisms. A total of 220,000 people
across Belarus, Russia and the Ukraine were permanently evacuated
and a 30 km exclusion zone was established around the CNPP
(UNSCEAR, 2000). Radioactivity in the aquatic environment was of concern owing to the proximity of the CNPP to the Pripyat river system and
potential for contamination of the Kiev reservoir. Whilst dose rates decreased signiﬁcantly in subsequent years owing to decay of short lived
radionuclides and settling of radioactive substances to sediments, a
number of ‘closed’ lake systems around Chernobyl retained relatively
high levels of radioactivity. Such systems are typiﬁed by a lack of significant inﬂow or outﬂows of water, and are widespread in the Pripyat
ﬂood plain area and fSU countries affected by the Chernobyl accident
(Smith and Beresford, 2005). The 2011 accident at the Fukushima Daiichi Nuclear Power Plant (FDNPP) caused by the Great East Japan Earthquake further contaminated a range of aquatic environments with radionuclides (IAEA, 2015), including a range of freshwater irrigation
ponds and closed lakes. Understanding the effects of chronic radiation
exposure on the aquatic environment is therefore a highly pertinent
issue.
Immediately after the Chernobyl accident, wildlife inhabiting the
exclusion zone were subjected to high doses of radiation with significant effects recorded for a range of organisms (See Smith and
Beresford, 2005; Hinton et al., 2007). The chronic effects of
Chernobyl-derived radiation on the environment are much less
clear and remain highly controversial within the scientiﬁc community. No inﬂuence of radioactive contamination was observed on
the abundance and diversity of macroinvertebrate species in Chernobyl affected lakes 18 years post-accident (Murphy et al., 2011).
Recent studies of mammal communities in Chernobyl-affected
areas (e.g Deryabina et al., 2015; Webster et al., 2016) have reported
abundant mammal populations irrespective of the potential for radiation effects at the individual level. Conversely, population-level declines in the abundance of birds (Galván et al., 2011; Møller and
Mousseau, 2007) and mammals (Møller and Mousseau, 2013) have
been recorded in areas around Chernobyl. In Fukushima impacted
coastal areas, a decline in the abundance and density of sessile intertidal biota was recorded (Horiguchi et al., 2016). However, difﬁculties in assessing the combined impact of the tsunami and elevated
radiation dose rates prevent a deﬁnitive understanding of the cause
of the decline. The lack of a scientiﬁc consensus regarding the longterm environmental and human health impacts of nuclear accidents
have caused heightened concern amongst the wider public regarding
radiation safety (Drottz-Sjöberg and Sjoberg, 1990; Orita et al.,
2015). It is imperative that radioecology studies reporting no effect
are regarded in the same manner as those ﬁnding detrimental radiation effects. This will enable a balanced judgement of the risk posed
by anthropogenic radiation in the environment.
Reproductive endpoints are commonly used in environmental
and toxicological studies owing to the potential for long term population level effects and ecological relevance (Lewis and Watson,
2012). A number of studies have documented reproductive effects
on biota at Chernobyl. Møller et al. (2005) studied reproduction of
barn swallows, Hirunda rustica, at Chernobyl and found reduced
clutch sizes, lower hatching success and a smaller brood size of
hatchlings in Chernobyl population as compared to controls. In murine rodents, a number of studies reported perturbations to reproduction and elevated embryonic mortality (Krylova et al., 1991;
Testov and Taskaev, 1990), though effects appeared to be limited to
the initial phase after the accident. In aquatic systems, gonadal

abnormalities including asymmetry and oocyte resorption were positively correlated with contamination levels in a range of ﬁsh species
including roach, Rutilus rutilus, perch, Perca ﬂuviatilis and the goldﬁsh Carassius auratus over a period from 1992 to 2005 (Belova
et al., 2007). Tsytsugina and Polikarpov (2003) studied modes of reproduction and cytogenetic effects on populations of three species of
Oligochaeta in contaminated areas in 1995–1996. The authors described a shift from asexual to sexual modes of reproduction at contaminated sites in two species; reproductive output was not directly
quantiﬁed. This study, however, sampled only a single contaminated
and control site precluding a robust understanding of the drivers of
observed reproductive effects. To the authors' knowledge, no study
has directly studied the impact of chronic radiation exposure on
the reproduction of aquatic invertebrates at Chernobyl.
Members of the subphylum Crustacea are abundant in aquatic ecosystems globally and are gaining prominence as model organisms
owing to increasing knowledge of crustacean genomics and biological
systems. The International Commission on Radiological Protection
(ICRP) developed the concept of reference animals and plants (RAPs)
to use model organisms as a systematic basis for developing environmental radioprotection measures (ICRP, 2008). Due to their ubiquity
in aquatic environments and well characterized biology, a marine crustacean of the family Cancridae has been selected as one of eight RAPs,
highlighting the importance of understanding radiation effects on crustaceans for both members of the scientiﬁc and regulatory communities.
At present, the effects of environmentally relevant doses of radiation on
crustaceans are poorly understood (See Fuller et al., 2015 for review)
owing to a lack of long-term studies in contaminated environments. In
a previous study, no evidence of developmental effects (as measured
using ﬂuctuating asymmetry) of radiation exposure on the isopod crustacean, Asellus aquaticus at Chernobyl (Fuller et al., 2017) were found.
The present study aimed to assess the effects of chronic radiation exposure on the reproduction of A. aquaticus. A. aquaticus is a benthic detritivore widespread in freshwater systems across Europe, playing a
fundamental role in leaf litter degradation and nutrient cycling (Graça
et al., 1993). A. aquaticus are widely considered to be semelparous
(Chambers, 1977; Murphy and Learner, 1982; Steel, 1961 but see
Maltby, 1991), with both the duration of both the breeding period and
duration of embryo development driven by temperature (Andersson,
1969; Murphy and Learner, 1982; Økland, 1978). A. aquaticus has been
used as a model organism in ecotoxicology in response to a range of toxicants including polycyclic aromatic hydrocarbons (De Lange et al.,
2005), pesticides (Lukančič et al., 2010) and heavy metals (Van
Ginneken et al., 2015).
Previous studies of A. aquaticus inhabiting polluted environments
have recorded effects on reproduction. Populations below a coal
mine efﬂuent displayed a lower reproductive effort (deﬁned as mg/
offspring per mg/female) and modiﬁcation of life history toward
fewer larger offspring, which appeared to have a genetic basis
(Maltby, 1991). Similarly, Tolba and Holdich (1981) recorded a
lower fecundity in A. aquaticus individuals collected from sites with
higher degrees of pollution. Controlled laboratory exposures have
demonstrated a range of deleterious effects of chronic alpha and
gamma radiation on crustaceans including delayed reproduction, reduced fecundity and survival of offspring (Alonzo et al., 2006, 2008;
Gilbin et al., 2008 and Parisot et al., 2015). To the author's knowledge, no study has empirically tested the effects of radiation on crustacean reproduction following chronic low-dose radiation exposure
in the ﬁeld. Based on laboratory studies, we hypothesised that
A. aquaticus individuals exposed to radiation at Chernobyl for thirty
generations would display reduced reproductive output and altered
timing of reproduction. To test this hypothesis, A. aquaticus individuals were collected from six lakes along a gradient of radionuclide
contamination in Belarus and the Ukraine and fecundity, brood
mass and maternal weight were assessed. Maternal weight was
used as a proxy of reproductive timing (Donker et al., 1993).
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2. Materials & methods

2.5. Statistical analyses

2.1. Sampling sites & collection of Asellus aquaticus

Differences in brood sizes and weights between sites were tested
using linear mixed effects models via the nlme package (Pinheiro
et al., 2015) in R Studio Version 1.01 (R Studio Team, 2016). Sampling
site, year and developmental stage of the brood were used as ﬁxed effects and maternal weight as a random effect. In crustaceans, larger females typically produce greater numbers of eggs (e.g. Oh and Hartnoll,
1999). Owing to heterogeneity in the relationship between maternal
weight and egg parameters between lakes in the present study, a random slopes and intercepts model was used. Models were ﬁt using maximum likelihood methods and validated by analysis of residuals at each
level of the random effect. Post-hoc multiple comparisons were used
with Tukey contrasts via the multcomp package (Hothorn et al., 2008).
Differences in the percentage of females with broods between sites
of varying contamination and sampling years was tested using binary
logistic regression with the glm function. Female reproductive status
(gravid = 1, non-gravid = 0) was used as the binary dependent variable where site and sampling year were predictors. Differences in the
body mass of gravid A. aquaticus between sample sites were tested
using a Kruskal-Wallis and post-hoc Dunn's test with BenjaminiHochberg correction via the dunn.test package (Dinno, 2017).
Where signiﬁcant differences between sites of varying contamination were present, the relationship between measured environmental
characters and reproductive parameters were tested using linear regression. This was conducted on pooled environmental data for all
sub-sites. Where assumptions of regression were violated, spearman's
rho was used. All statistics were conducted in R Studio (R Core
Development Team, 2016).

A. aquaticus was collected from six lakes along a gradient of radionuclide contamination in Belarus and the Ukraine in May – June of 2015
and 2016 (See Supplementary Information, Fig. S1). Lakes were selected
based on long-term exposure to a gradient of radiation doses and historical measurements of radioactivity. Sites were visited once per sampling
year and samples collected by kick netting in littoral zones from three
different sub-sites at each lake using a 1 mm mesh size net (EFE, UK).
The number of gravid (individuals bearing eggs) and non-gravid females collected is displayed in Table S1. The same sub-sites were visited
the following year. Individuals were sorted lakeside and immediately
preserved in 96% ethanol in individual Eppendorf tubes. A full description of the sampling sites is available in Fuller et al. (2017).
2.2. Hydrochemical parameters
A range of different hydrochemical variables including conductivity,
oxygen saturation, pH and temperature were performed in situ using a
multiparameter probe (HANNA Instruments 9828; see Table 1) at three
sub-sites of each lake.
2.3. Calculation of radiation dose rates
A full description of the methods used to determine external and internal dose rates to A. aquaticus at sampling sites are provided in Fuller
et al. (2017). Brieﬂy, calculations were made using decay corrected deposition values of radiocaesium and strontium and dose conversion coefﬁcients (DCCs) derived from geometry data of A. aquaticus using the
ERICA tool (v 1.2, See Supplementary Information Table S2, Fig. S2). Internal dose rates were calculated based on average, decay corrected
measurements of 137Cs and 90Sr in lakes at various depths taken during
previous sampling in 2003. Total dose rates (individual absorbed dose
rate) are provided in Table 1.
2.4. Reproductive output in Asellus aquaticus at Chernobyl
Adult (N3 mm in length, Hasu et al., 2007) A. aquaticus individuals
were ﬁrst sexed following Bertin et al. (2002) by analysis of the pleopods. Individuals were measured and weighed using the Leica Application Suite (v 4.5) and a Kern ABT 120-5DM (DE) analytical ﬁne balance
with a precision of ±0.02 mg respectively. Embryos were removed from
the marsupium using a glass Pasteur pipette and photographed individually using a Leica DFC310 camera. Individuals were then reweighed to
provide an estimate of the total weight of the brood. Embryos were
staged following the method of Holdich (1968). A total of 354 gravid individuals were analysed over the two years of sampling (See Supplementary Information, Table S1).

3. Results
3.1. Proportion of breeding females
The proportion of females with broods was not related to radiation
dose rate (Fig. 1, linear regression F = 3.262, df = 1, 10, r2 = 0.246 p
= 0.101). The number of adult A. aquaticus with broods was signiﬁcantly different between sites (logistic regression, χ = 8.65, df = 5, p
b 0.001), but not between sampling years (χ = 1.85, df = 1, p =
0.065). The most contaminated site, Glubokoye, had the greatest proportion of females with broods over two years of sampling (Mean ±
SEM 56.4 ± 13.9%), signiﬁcantly greater than all sites excluding Svatoye
3 (49.1 ± 4.7%, Post-hoc Tukey's contrast, p N 0.05). The lowest proportion of females with broods was recorded at Stoyecheye (10.3 ± 7.3%).
The proportion of females with broods was not correlated with any of
the measured environmental parameters; dissolved oxygen (F =
0.3447, df = 1, 10, r2 = 0.033, p = 0.570), water temperature (F =
0.357, df = 1, 10, r2 = 0.034, p = 0.564), conductivity (F = 0.925, df
= 1, 10, r2 = 0.085, p = 0.359) and pH (F = 0.107, df = 1, 10, r2 =
0.011, p = 0.750).

Table 1
Radiation dose rates (individual absorbed dose rate) and environmental parameters at six lakes along a gradient of radionuclide contamination at Chernobyl. Values for environmental
parameters are presented as mean ± SD for values taken at three sub-sites of each lake.
Site

Sampling date

Dose rate (μGy/h)

Temperature (°C)

Oxygen saturation (%)

pH

Conductivity (μS/cm)

Gorova

11/6/2016
23/6/2015
29/05/2016
11/06/2015
27/05/2016
08/06/2015
24/05/2016
05/06/2015
05/06/2016
19/06/2015
03/06/2016
16/06/2015

0.064
0.064
0.691
0.786
0.774
0.872
2.03
2.2
20.42
20.6
26.4
27.1

22.4 ± 0.05
22.2 ± 0.05
23.2 ± 0.06
23.7 ± 0.06
22 ± 0.05
24.1 ± 0.06
20.1 ± 0.23
23 ± 0.70
20.2 ± 0.11
23.3 ± 0.11
23.6 ± 0.06
24.9 ± 0.06

113 ± 16.2
185 ± 26.5
80 ± 1.17
68.9 ± 1.00
102 ± 2.00
89.4 ± 1.76
92 ± 1.80
81.6 ± 1.60
140 ± 2.90
109 ± 2.25
112 ± 14.10
66.3 ± 8.32

8.60 ± 0.02
9.69 ± 0.02
7.60 ± 0.17
7.82 ± 0.17
8.30 ± 0.02
8.70 ± 0.02
8.00 ± 0.15
7.8 ± 0.14
9.00 ± 0.04
9.40 ± 0.04
7.60 ± 0.18
7.92 ± 0.19

256 ± 0.41
179 ± 0.30
197 ± 0.15
200 ± 0.00
241 ± 1.48
230 ± 1.41
114 ± 0.70
122 ± 0.75
265 ± 0.97
275 ± 1.00
199 ± 1.22
185 ± 1.14

Dvorische
Stoyecheye
Svatoye 3
Yanovsky Crawl
Glubokoye
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Fig. 1. Scatterplot of the relationship between the proportion of reproducing female Asellus
aquaticus and total dose rate at six sites of varying contamination at Chernobyl.

Stoyecheye

Svatoye 3

Yanovsky
Crawl

Glubokoye

Fig. 3. Mean brood mass normalised to maternal weight of A. aquaticus collected from six
sites along a gradient of radionuclide contamination. Sites are plotted in order of
increasing contamination from left to right. Error bars represent standard deviations.

interaction between sampling site and developmental stage (F1, 70 =
0.642, p = 0.426).

3.2. Fecundity
The number of eggs (brood size) produced by female Asellus
aquaticus did not vary between sampling year (F1,80 = 7.5, p = 0.740,
See Supplementary Information Tables S3, S4) or with the developmental stage of the brood (F1, 80 = 0.602, p = 0.502). The greatest number of
eggs was produced at Glubokoye Lake over the two sampling years
(Mean ± SD, 6.477 ± 2.259 eggs per mg maternal weight, See Fig. 2)
with the fewest eggs being produced at Stoyecheye Lake (4.811 ±
1.824 eggs per mg maternal weight), however no signiﬁcant effect of
sampling site on brood sizes was recorded (F1, 80 = 2.402, p = 0.494).
This was further emphasised by the lack of relationship between total
dose rate and brood sizes (Spearman's rank-order correlation, rho =
0.008, p = 0.877).

3.3. Brood mass
Brood mass did not vary signiﬁcantly between sampling years (F1, 70
= 3.653, p = 0.441) or between sampling sites of varying radionuclide
contamination (F1, 70 = 0.562, p = 0.456, See Fig. 3). Developmental
stage was found to have a signiﬁcant effect on the mass of the brood
however (F1, 70 = 25.060, p = 0.0018). This was owing to a signiﬁcantly
(Post-hoc Tukey contrasts, p = 0.0018) greater mass of broods in the
ﬁnal stage of development (Mean ± SE, 2.847 ± 0.590 mg) compared
to the ﬁrst stage of development (1.045 ± 0.073 mg). This effect was independent of sampling site as indicated by the non-signiﬁcant

3.4. Maternal body mass
No signiﬁcant differences in the body mass of gravid Asellus
aquaticus were recorded between sampling years (Kruskal-Wallis test,
χ2 = 0.347, df = 1, p = 0.558). Signiﬁcant differences in maternal
body mass were recorded between sampling sites (Kruskal-Wallis
test, χ2 = 109.4, df = 5, p = 0.000), owing to a signiﬁcantly greater
mass of A. aquaticus at Stoyecheye (18.938 ± 6.904) and Svatoye 3
(11.730 ± 4.735) compared to all other sites (See Fig. 4, Dunn's test, p
= 0.000). Differences in body mass were not related to total radiation
dose rate (Spearman's rank-order correlation, rho = −0.081, p =
0.129) or any of the other measured environmental variables; conductivity (rho = −0.062, p = 0.245), temperature (rho = −0.077, p =
0.149), pH (rho = 0.108, p = 0.449) and dissolved oxygen (rho =
0.878, p = 0.878).
4. Discussion
The research hypothesis for this work was that populations of the
isopod crustacean Asellus aquaticus chronically exposed to ionising radiation at Chernobyl would display reduced reproductive output and altered timing of reproduction. In order to test this hypothesis, gravid
females were collected from six sites along a gradient of radionuclide
contamination in areas impacted by Chernobyl in 2015 and 2016. Reproductive output was assessed and weight of gravid females was
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Fig. 2. Mean brood sizes normalised to maternal weight in Asellus aquaticus from six sites
along a gradient of radionuclide contamination in Belarus and the Ukraine. Sites are plotted in order of increasing contamination from left to right. Error bars represent standard
deviation.

0
Stoyecheye
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Fig. 4. Body mass of gravid A. aquaticus from six sites along a gradient of radionuclide
contamination in Belarus and the Ukraine. Matching letters represent no signiﬁcant difference, different letters represent signiﬁcant differences (Dunn's test, p b 0.05). Error bars
are ±SD.
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used as a proxy of timing of reproduction. No signiﬁcant differences in
the numbers or mass of offspring produced at sites of varying radionuclide contamination was found in the present study. Signiﬁcant differences in the body mass of ovigerous females was found, suggesting
different timing of reproduction between localities. However, this was
not related to radiation dose rates or any of the measured potential confounding factors. No support for these hypotheses were found within
the data.
The present study ﬁnds no evidence that current dose rates in
aquatic systems at Chernobyl (maximum total dose rate of 27.1 μGy/h,
See Table 1) are impacting the reproduction of A. aquaticus. However,
reproduction of A. aquaticus populations may have been affected immediately following the accident. Dose rates from sediment in aquatic systems in the immediate aftermath of the accident were estimated to be in
the range of 100–200 mGy/d. Based on laboratory studies of crustaceans
exposed to radiation (e.g. Parisot et al., 2015), such dose rates would be
anticipated to cause deleterious effects on reproduction, though drastic
differences in sensitivities between crustacean species have been recorded (See Fuller et al., 2015 for review).
A range of different organisations have proposed dose thresholds
and benchmarks below which no detrimental impacts on populations
of aquatic organisms are expected. For example, UNSCEAR concluded
that maximum dose rates of ≤400 μGy/h to an individual within an
aquatic population would not have detrimental effects at the population
level, owing to a lack of evidence suggesting signiﬁcant effects on reproduction at ≤200 μGy/h (Copplestone et al., 2008; UNSCEAR, 2008). For
the ICRP's reference crustacean (ICRP, 2008), a derived consideration
reference level (DCRL) of 400–4000 μGy/h has been proposed, within
which there is some chance of deleterious effects to individuals. The
lack of observed effects in the present study at dose rates of up to 27.1
μGy/h is consistent with these benchmark values. Lower dose benchmarks of 10 μGy/h have been proposed as generic screening values for
environmental radioprotection in the absence of detailed organismspeciﬁc data (ERICA & PROTECT projects, Larsson, 2008; Howard et al.,
2010). In this study of reproductive output in a single crustacean species, no negative effects at dose rates higher than those generic values
were observed. Though the possibility of adaptation of populations at
Chernobyl cannot be ruled out, this suggests that these lower benchmarks may be overly conservative for protection at the population
level for some groups of organisms. Emphasis should therefore be
placed on the development of species speciﬁc benchmarks for protection of the environment.
Recent studies have documented reproductive effects in crustaceans
chronically exposed to radiation doses below those in the present study.
Parisot et al. (2015) demonstrated reduced fecundity and delayed reproduction in Daphnia magna following multigenerational laboratory
exposure to 137Cs at 7 μGy/h. Two of the six sampling sites in the present
study exceeded this dose rate (Yanovsky Crawl and Glubokoye Lake, see
Table 1) with no detectable reproductive effects. Disparities between
controlled laboratory studies and those conducted in the ﬁeld have
been reviewed by Garnier-Laplace et al. (2013). In contrast to the present study, the authors found greater sensitivity to radiation in organisms studied in the ﬁeld compared to those exposed under controlled
conditions. One possible explanation for the differences between
the two studies may be adaptation of A. aquaticus to chronic radiation exposure. A. aquaticus populations are univoltine, meaning approximately thirty generations have occurred since the nuclear
accident (Brattey, 1986). Crustaceans have been shown to gain tolerance to pollutants in as few as seven generations (Sun et al., 2014),
further suggesting adaptation as a mechanism for the lack of effect
in the present study. This highlights the necessity of ﬁeld studies to
validate and contextualise the results of laboratory experiments.
Further comparative research into the effects of low-dose radiation
on crustacean reproduction in the lab and ﬁeld will enable a greater
understanding of the importance of adaptation in species response
to radiation.
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In the present study, no signiﬁcant relationship between measures
of female reproduction and a range of environmental parameters was
recorded. In A. aquaticus, duration of both the breeding period and embryonic development is related to temperature and the number of degree days above a minimum temperature (Andersson, 1969; Murphy
and Learner, 1982; Økland, 1978). Studies have further suggested a
role of photoperiod and food availability in governing reproductive patterns in A. aquaticus (Tadini and Valentino, 1969). In the present study,
sampling was conducted once per year at each locality over two sampling years. Analysis of additional environmental conditions throughout
the year such as food availability and the timing of spring would allow
for greater understanding of the factors driving A. aquaticus reproduction within these lakes, and may explain the lack of a relationship between environmental parameters and Asellus reproduction. However,
sampling throughout the year was not possible owing to logistical and
permitting restrictions. In the majority of reported cases A. aquaticus individuals reproduce only once during their lifespan and are considered
semelparous (Chambers, 1977; Murphy and Learner, 1982; Steel, 1961)
though multiple broods have been recorded (e.g. Maltby, 1991). Therefore, sampling once per year is adequate to gain an understanding of
typical reproductive output in A. aquaticus.
The lack of effect on reproduction in the present study may suggest
that metabolic resources are being diverted from other processes in
order to meet the physiological costs of radiation exposure (Jones and
Hopkin, 1996). Similarly, alterations to metabolic requirements may
lead to changes in feeding behaviour. Nascimento and Bradshaw
(2016) demonstrated reduced grazing activity in Daphnia magna exposed to acute gamma radiation from 137Cs. Alonzo et al. (2006) further
suggested a metabolic cost of alpha radiation exposure in D. magna.
Given the importance of feeding in A. aquaticus on leaf litter decomposition and therefore nutrient cycling in freshwater ecosystems (Graça
et al., 1993), future studies should focus on the metabolic impacts of radiation exposure at Chernobyl and knock-on effects on feeding in
A. aquaticus. The advent of advanced techniques such as metabolomics
in environmental toxicology (e.g. Cappello et al., 2013; Xu et al., 2015)
enables greater understanding of the metabolic pathways affected by
stressors in the environment. Given the previous studies suggesting a
metabolic cost of radiation exposure, future studies should employ a
metabolomic approach to assessing the effects of radiation on biota.
5. Conclusions
In conclusion, the present study did not observe any signiﬁcant association of reproductive endpoints in crustaceans with radiation. This
suggests either that there are no such effects in current Asellus populations, or that these effects are so subtle to be undetectable in the natural
environment given other environmental inﬂuences on Asellus reproduction. This study is the ﬁrst to monitor reproduction in crustaceans
at Chernobyl. The results of this study will aid in understanding the
long-term effects of radiation exposure at the population level and support the management and monitoring of radioactively contaminated
environments.
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