Radiation-mediated supply of genetic variation outweighs the effects of selection and drift in Chernobyl Daphnia populations
Running title: Genetic structure of Chernobyl Daphnia populations 
Authors: Jessica Goodman1, David Copplestone1, June Brand1, Gennady Laptev2, Stuart K. J. R. Auld*1
1Biological & Environmental Sciences, University of Stirling, Stirling, United Kingdom 
2Ukrainian HydroMeteorological Intstitute, Kiev, Ukraine 

*Corresponding author  
Article type: Primary research
Abstract word count: 222; Main text word count: 3988.
Figures: 4. 
Tables: 3.
References: 72.
Correspondence address: Dr Stuart Auld, Biological & Environmental Sciences, University of Stirling, Stirling, FK9 4LA, UK. 
Email: s.k.auld@stir.ac.uk


[bookmark: _Toc535481821]Abstract
Populations experiencing varying levels of ionising radiation provide an excellent opportunity to study the fundamental drivers of evolution. Radiation can cause mutations, and thus supply genetic variation; it can also select against individuals that are unable to cope with the physiological stresses associated with radiation exposure. Since the nuclear power plant explosion in 1986, the Chernobyl area has experienced a spatially heterogeneous exposure to varying levels of ionising radiation. We sampled Daphnia pulex (a freshwater crustacean) from lakes across the Chernobyl area, genotyped them at eleven microsatellite loci, and also calculated the current radiation dose rates. We then investigated whether the pattern of genetic diversity was shaped primarily by radiation-mediated supply of variation consistent with increased supply of de novo mutations, or by greater radiation-mediated selection at higher dose rates. We found that measures of genetic diversity, including expected heterozygosity (an unbiased indicator of diversity) were significantly higher in lakes that experienced higher radiation dose rates; this is consistent with mutation outweighing selection as the key evolutionary force in populations experiencing high radiation dose rates. We also found significant but weak population structure, and clear evidence for isolation by distance between populations. This evidence suggests that gene flow between nearby populations is eroding population structure, and that mutational input in high radiation lakes could, ultimately, supply genetic variation to lower radiation sites. 
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The explosion of the Chernobyl nuclear power plant in 1986 released approximately 1.85x1018 Bq of radionuclides into the atmosphere (IAEA, 2006) that were subsequently deposited over the surrounding landscape in a very heterogeneous manner, leading to radiation dose rates that vary considerably over very small spatial scales (Shestopalov, 1996; Goodman et al., 2019). Wildlife populations in the Chernobyl area have thus experienced varying levels of radiation exposure depending on their locations (Hinton et al., 2007). High doses of ionising radiation are known to have strong negative effects on organismal fitness (IAEA, 1992; Barnthouse, 1995; Real et al., 2004) and can cause genetic mutations (Breimer, 1988; von Sonntag, 2007) that can be passed on to future generations (Adewoye et al., 2015). However, very little is known of how chronic exposure to lower doses of radiation over multiple generations affects the structure and genetic diversity of populations. Precisely, how does ionising radiation shape evolution?
Nuclear accidents like Chernobyl provide a window through which to view the net outcome of three fundamental processes in evolutionary biology: mutation, selection and genetic drift. Ionising radiation generates mutations (Breimer, 1988; von Sonntag, 2007) and can thus increase the supply of genetic variation to populations (Haldane, 1937; Kimura & Maruyama, 1966). This is important, because genetic diversity is the currency for both evolution and adaptation (Lande & Shannon, 1996). The dose rates across the Chernobyl area have considerably declined since 1986 because of radioactive decay. Nevertheless, if the current dose rates are sufficient cause mutations, there will be a greater supply of genetic variation at high radiation sites relative to their low radiation counterparts. Long-term exposure to chronic radiation may also have exerted selection on populations. This could lead to the removal of individuals with inadequate mechanisms for protecting against radiation-mediated cellular damage (Ramana et al., 1998; Khodarev et al., 2004; Diehn et al., 2009; Smirnov et al., 2012), thus reducing genetic variation within and among high radiation exposed populations as a selective sweep (Schlotterer et al., 1997). Finally, the initial fallout from the accident could have caused bottlenecks across the whole area, indiscriminately depleting diversity and causing non-selective differentiation, i.e., drift, among populations (Frankham et al., 2002); this would leave its mark in the form of strong population structure (Hartl & Clark, 1997), provided there was low gene flow (Slatkin, 1987; Gilpin, 1991). 
Here, we used 11 microsatellite loci to examine the population genetic structure of the freshwater crustacean, Daphnia pulex, in seven Daphnia-inhabited lakes in the Chernobyl area. Five of the lakes were within the Chernobyl Exclusion Zone (CEZ) and the other two were situated outside the CEZ. Daphnia are perfectly poised to study the effects of radiation because their populations are defined by the boundary of the water body that they inhabit (i.e., they do not move great distances across landscapes), and the heterogeneous nature of radionuclide deposition across the CEZ provides variation in radiation exposures that are independent of distance between populations (Shestopalov, 1996; Goodman et al., 2019). Migration between populations is therefore limited, and gene flow is more restricted than in terrestrial animal species.
This study tested whether measures of population genetic diversity increased with dose rate, consistent with increased mutational supply at more contaminated sites, or if genetic diversity was reduced with increasing dose rate, as would be expected if radiation-mediated selection was eliminating stress-susceptible genotypes. Finally, we also tested if there was a high degree of genetic structure among populations, as would be consistent with a genetic bottleneck following acute exposures immediately following the 1986 Chernobyl disaster, or if gene flow had broken down genetic differences among populations, as would be evidenced by greater genotypic similarity among Daphnia living in lakes that are closer together. 
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Live Daphnia, sediment and water samples were collected from seven of the eight Daphnia-inhabited lakes within and immediately outside the CEZ from the 7th – 16th July 2016. Individual daphnids were immediately stored in 1.5 mL Eppendorf tubes in absolute ethanol at ambient temperatures and transported back to the UK, where they were stored at -20 °C before genotyping. A total of 93 samples were collected from seven lake populations (12-22 samples per lake; see Table 2). Radiation dose rate was calculated according to the protocol detailed in our previous study (Goodman et al., 2019), where the water and sediment activity concentrations of the different radionuclides were measured for each lake and used to estimate the dose rates to Daphnia. In brief, concentrations for the dominant radionuclides in the CEZ (137Cs and 90Sr) and radionuclides that were considered representative of others present within the water column and top sediment layer (241Am and 239Pu) (IAEA, 2006) were used to estimate dose rates. Where information was available, data on radionuclide concentrations was extracted from the Ukraine atlas (Intelligence Systems GEO, 2008). Where information was unavailable, water and sediment samples were collected at each sampling site and analysed at the Ukrainian Hydrometeorological Institute (see Goodman et al., 2019).
To estimate dose rates experienced by Daphnia, we used the ERICA (version 1.2) software program. ERICA calculates dose rates to selected reference taxa based on information on radionuclide transfer through the environment and the activity concentrations given by the user (Beresford et al., 2007; Brown et al., 2008; ICRP, 2009). In this case, Zooplankton was selected as the reference taxon, and the contribution of sediment and water radioactive dose rates was set to 75% and 25% respectively to reflect the period of time Daphnia spend in the water column and as dormant eggs in the sediment (see Alekseev and Lampert, 2001). These percentages are conservative as the majority of radionuclides will accumulate in the surface sediment (Nazarov & Gudkov, 2008). It should be noted that radiation is not confounded with lake location, i.e., there is no positive relationship between pairwise distances between populations and pairwise differences in radiation dose rate (Mantel test r = -0.24, p = 0.16).

[bookmark: _Toc535481825]DNA extraction and Microsatellite genotyping
Microsatellite genotyping was used to identify differences in allele frequencies and population structure within and across lake populations following the protocol previously outlined by Auld and Brand (2017). First, genomic DNA was extracted from 93 whole organism Daphnia samples from seven lake populations (see Table 2 for details) using protocols provided in NucleoSpin Tissue XS (Machery Nagel). We successfully amplified eleven microsatellite markers for each Daphnia across two multiplexes (Table 1; Jansen et al., 2011). Multiplex PCR reactions consisted of 5 µL 2 ×Type-it Multiplex PCR Mastermix (Qiagen), 3 µL Nuclease Free H2O, 1 µL primer mix solution and 1 µL DNA to give a total volume of 10 µL per reaction. The PCR programme was as follows: 15 minutes at 95 ºC for Taq activation, followed by 30 cycles of 30 seconds at 94 ºC for denaturation of the DNA into separate strands, 90 seconds at 57 ºC for annealing of the DNA strands to template DNA and 90 seconds at 72 ºC for extension. The final extension was performed for 30 minutes at 60 ºC. The final PCR products were analysed with an ABI 3730XL DNA Analyzer using the GeneScan-500 LIZ size standard (Applied Biosystems). Microsatellite band scoring was completed manually using GENEIOUS software (Biomatters, version 9.1.8). The strongest peak(s) within the loci were selected to determine allele size. 
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The total number of alleles, mean allelic richness, the total number of private alleles, and both observed and expected heterozygosities (HO and HE respectively)  were calculated (PopGenReport package; Adamack & Gruber, 2014, adegenet package; Jombart, 2008; Jombart and Ahmed, 2011). Kruskal-Wallis rank sum tests were then used to assess any differences in HE, HO, mean allelic richness, the total number of alleles and the total number of private alleles and across populations. Linear models were used to test the relationship between each of these measures of genetic diversity and log10 of the radiation dose rate. 
The number of multi-locus genotypes (MLGs) was determined (poppr package; Kamvar et al., 2014) and departures from Hardy-Weinberg equilibrium were assessed across loci (pegas package; Paradis, 2010). The index of unbiased association (D; Brown et al., 1980) was then calculated in order to evaluate the level of linkage disequilibrium within populations; this was done using a permutation approach that estimates the levels of recombination in order to detect association between alleles (poppr package; Kamvar, Tabima and Grünwald, 2014). 
The next step was to test which populations were significantly different from each other. First, an analysis of molecular variance (AMOVA) was used to partition variation within and between populations; the significance of these within- and among-population variation was then estimated using 999 permutations (ade4 package; Dray & Dufour, 2007; Bougeard & Dray, 2018). We then used fixation indices (F-statistics) to quantify the extent of population structure. Specifically we calculated the inbreeding coefficient (FIS) and the fixation index (FST) (adegenet package; Jombart, 2008; Jombart and Ahmed, 2011); these measure genetic differentiation within and among populations, respectively (Wright, 1951; Weir & Cockerham, 1984). Confidence intervals for the FIS values for each population were computed by bootstrapping over loci, with 999 permutations using the hierfstat package (Goudet and Jombart, 2018). 999 permutations were used as it eliminates sufficient variation associated with resampling (Hesterberg et al., 2003). 
We then examined each pairwise FST comparison to assess the extent to which populations differed from each other. Specifically, the observed values for each pairwise FST were compared to 999 permutations of randomly allocated populations; by comparing the observed data to the simulated reference distribution, we were able to determine which lake populations exhibited a significantly different genetic composition (ade4 package, which uses Monte Carlo simulations, Dray & Dufour, 2007; Bougeard & Dray, 2018). Finally, we tested whether populations in close proximity to each other were more similar than those separated by larger geographic distances (i.e., whether there was isolation by distance). This was done using a Mantel test (implemented using the ade4 package), which quantified the association between two matrices of pairwise Edward’s genetic distances (Edwards, 1971) and pairwise Euclidean geographic distances between populations.
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Greater genetic diversity at higher radiation dose rates
Estimated dose rates are given in Table 2 (see Table S1 for activity concentrations used to calculate dose rates in Smolin lake, located in Slavutych outside of the CEZ). There was a significant effect of dose rate on HE (F1,5= 7.01, p< 0.05. Figure 1A), but no effect of population identity on HE (χ26= 6.00, p= 0.42). We tested the robustness of the relationship between dose rate and HE by calculating the correlation coefficient (r = 0.76) and then performing a randomization test where we compared this correlation coefficient with 5000 resampled correlations where each of the HE values was assigned a random dose rate value; we found the relationship between dose rate ad HE to be robust (p = 0.029; Figure S1). There was no effect of either population identity or dose rate on HO (population: χ26= 6.00, p= 0.42, dose rate: F1,5= 1.32, p= 0.30. Table 3.2, Figure 1B). Mean allelic richness did not vary across populations (χ26= 6.00, p= 0.42), but showed a marginally non-significant positive relationship with dose rate (F1,5= 5.91, p= 0.06. Figure 1C). The number of alleles per locus ranged from 29 to 45. The number of alleles did not differ significantly among populations (χ26= 6, p= 0.42), but did show a marginally non-significant relationship with dose rate (F1,5= 4.28, p= 0.09). Neither population, nor dose rate affected the number of private alleles (population: χ26= 6, p= 0.42, dose rate: F1,5= 0.07, p= 0.80). 

[bookmark: _Toc535481829]Hardy–Weinberg and linkage disequilibrium
We identified 92 multilocus genotypes (MLGs, Table 2) among the 93 individuals. The replicate genotype was removed from subsequent analysis as this was indicative of a clone (as a result of parthenogenetic reproduction). Observed heterozygosity ranged from 0.31 to 0.58 and expected heterozygosity ranged from 0.47 to 0.65 (Table 2). There were significant departures from Hardy-Weinberg equilibrium across the majority of loci (10 out of 11 loci, see Table S2 in the Supplementary Material) and significant linkage disequilibrium was found in Yampol, Buryakovka and Krasnyansky lake populations (see D values in Table 2). 

[bookmark: _Toc535481830]Population structure and gene flow
An AMOVA found that there was significant variation within populations (p< 0.01, Table 3) and between populations (p< 0.01), confirming that there was significant population structure (see Figure 2). 
The FIS values ranged from -0.12 and 0.34 across lake populations (Table 2), but were significantly greater than zero (i.e., indicative of inbreeding) in only three populations, Glinka, Buryakovka and Krasnyansky (Figure 1D). Overall FST was 0.09, which is particularly low for Daphnia populations and demonstrates that although there is population structure exists and is significant, it is very is weak (see Figure 2, Figure 3, Figure S1; Thielsch et al., 2009). There were no significant differences in pairwise FST values between Yampol and Vediltsy populations (p= 0.17. Figure 2), or Gluboke and Krasnyansky (p= 0.23); all other pairwise FST values were significant (p< 0.05). There was a significant positive relationship between genetic and geographical distances, i.e., isolation by distance (p< 0.001. Figure 4). 
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Discussion 
Ionising radiation can cause mutations and thus supply genetic variation to populations (Adewoye et al 2015; Breimer, 1988). This genetic variation is of fundamental importance, because it is the substrate for evolution and potentially adaptation within populations (Muller, 1927; Haldane, 1937; Kimura and Maruyama, 1966). On the other hand, radiation also has the potential to select against genotypes that are unable to cope with high radiation environments (Courtenay, 1965; Møller, 1993, 2002; Khodarev et al., 2004; Ellegren et al., 1997), and thus deplete variation. Our previous work found that there was no evidence for phenotypic fitness differences due to radiation exposure in Daphnia populations across the CEZ (Goodman et al., 2019). However, this does not mean radiation has no effect on populations: evolutionary processes such as the supply of de novo variation through mutation, or the removal of variation by radiation-mediated selection could continually eliminate phenotypic differences among populations.  
Data from this study provide compelling evidence for radiation-mediated supply of genetic variation in wild populations (sensu Geras’kin and Volkova, 2014). Lakes experiencing higher radiation dose rates contained Daphnia populations with greater population genetic diversity. This manifested as significant relationship between dose rate and expected heterozygosity across eleven microsatellite loci (there was no effect of population ID on expected heterozygosity). This is particularly noteworthy given that there were only seven available populations. We also uncovered a marginally non-significant positive association between dose rate and mean allelic richness, and also between dose rate and total number of alleles (Table 1, Figure 1). Other studies have revealed significantly higher mutation rates in microsatellite loci from samples within the CEZ experiencing contamination from the Chernobyl accident compared to local control sites (Dubrova et al., 1996; Ellegren et al., 1997; Kovalchuk et al., 2000), even at very low dose rates (approximately 8.60 µGy h-1, Kovalchuk et al., 2003), but ours is the first, to our knowledge, to show continuous variation in genetic diversity associated with dose rate across the Chernobyl area. 
Microsatellites are neutral markers (Li et al., 2002), whereas selection acts directly on functional genes. As such, one must be careful not to over-interpret patterns of selection using microsatellites. Nevertheless, since most mutations are deleterious, it is a reasonable hypothesis that radiation-mediated selection, and thus genetic load, also correlates with the radiation dose experienced by populations. Any long-term directional selection associated with chronic exposure would deplete genetic variation (Mort and Wolf, 1986) as genotypes with poor anti-stress mechanisms are removed from high but not low dose populations (Ramana et al., 1998; Khodarev et al., 2004; Diehn et al., 2009). The strong positive relationship between radiation dose rate and genetic diversity demonstrates that any mutational supply outweighs genetic depletion due to radiation-mediated selection in these Chernobyl Daphnia populations. This does not, of course, mean that radiation-mediated selection is absent or weak. It could be that radiation-mediated selection for Daphnia with effective anti-stress or DNA repair mechanisms was particularly strong at the time of the accident (which could explain the departures from Hardy-Weinberg equilibrium in our microsatellite marker alleles), and acted on populations across the whole area, and that current radiation dose rates are below a threshold required to exert further selection. It is also possible that radiation-mediated selection from chronic exposure is weaker and thus slow to act.
We next tested whether the Chernobyl accident may have indiscriminately culled genetic diversity within populations, driving genetic drift (Frankham et al., 2004), reducing the effective population size (Nei & Tajima, 1981). This is crucially important, as when effective population sizes are low, both beneficial and deleterious mutations behave as if they are neutral (Hartl and Clark, 1997), and there is little capacity for selection to drive adaptive evolutionary change (Lande, 1993; Hartl and Clark, 1997). As well as low diversity, genetic drift leads to increased differentiation among populations and strong population structure. We found little evidence for either. As discussed earlier, genetic diversity is surprisingly high and, whilst populations are generally genetically distinct from each other (Table 3; Figure 2), inter-population differentiation is weak: only 9% of the overall genetic variation is due to between-population differentiation (Table 3), and both the overall FST and pairwise FST values are also all low. Together, these results provide strong evidence that genetic drift is not a strong force among Chernobyl Daphnia populations.
We further uncovered evidence of significant within-population structure (i.e., inbreeding) in three of the populations (at intermediate dose rates), and no evidence for heterozygote excess. This is in stark contrast to the related Daphnia magna, where heterozygote excess is the norm and systematic inbreeding is either rare or completely absent (Hebert, 1974a; b; Hebert & Ward, 1976; Haag et al., 2006; Walser & Haag, 2012). One possible reason for our findings is that the sex ratios varied among lake populations. The production of males in Daphnia populations is known to be determined by environmental change (such as increased population density, light levels or high levels of toxins) (Hobaek & Larsson, 1990; Eads et al., 2008), and biased sex ratios are known to cause inbreeding, though this is more of a risk in small populations (Mills & Smouse, 1994). Alternatively, there could have been multiple episodes of hatching from the Daphnia resting egg bank within these three lakes and within seasons; this could have led to matings and thus sexual reproduction occurring within subsets of genotypes within lakes, thus facilitating within-population structure (termed the Wahlund effect; see also Thielsch et al., 2009). In any case, radiation is unlikely to be driving either of these possible scenarios, as within-population structure was not clearly linked to higher dose rates, suggesting that alternative ecological factors are responsible.
It is important to consider the complex reproductive biology of Daphnia when evaluating population genetic structure. Genetic recombination is followed by a period of asexual reproduction and asexual reproduction is often accompanied by clonal selection, where selection on any one trait involves selection on the whole genome (Lynch, 1987). Clonal selection means the same MLG is represented in multiple individuals (Halkett, 2005), FIS values become negative within years as heterozygotes become overrepresented in the population and linkage disequilibrium can accumulate (this is in contrast to selection acting across bouts of sexual reproduction, which could generate positive FIS values). We found only one instance, in Gluboke lake, where the same MLG was collected twice and, as discussed earlier, there were no significantly negative FIS values for that population. This could be because the sampled populations are sufficiently large to host very large Daphnia populations where the frequency of sex is high (Allen & Lynch, 2012). These sampled populations may therefore be behaving as if they were purely sexual. However, we did uncover signatures of past linkage disequilibrium (D) and thus past clonal selection in Yampol, Buryakovka and Krasnyansky lakes.  The strength of this past linkage disequilibrium is not, however, associated with dose rate, suggesting that past bouts of clonal selection are caused by other biotic or abiotic conditions.
Finally, we found evidence that gene flow from dispersal from neighbouring populations is reducing levels of population structure (in the form of strong isolation by distance: Figure S2, Figure 4). High radiation environments could thus potentially supply genetic variation to other nearby populations as Daphnia resting stages disperse, fuelling within-population evolution and adaptation in the manner of a metapopulations (Hanski, 1998). As such, it is plausible that the lack of phenotypic variation among Chernobyl Daphnia populations (Goodman et al. 2019) is likely concealing highly dynamic demographic and evolutionary processes that are driven by ionising radiation.
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Table 1: Information for the 11 microsatellite loci used for genotyping Daphnia samples. M = multiplex.

	Locus
	Size range
	NCBI accession number
	Primer sequence (5’-3’) 
	M
	Dye label

	B008
	150 - 175
	HQ234154
	F: TGGGATCACAACGTTACACAA 
R: GCTGCTCGAGTCCTGAAATC 
	1
	VIC

	B030
	150 - 176
	HQ234160
	F: CCAGCACACAAAGACGAA 
R: ACCATTTCTCTCCCCCAACT 
	1
	PET

	B050
	229 - 248
	HQ234170
	F: TTTCAAAAATCGCTCCCATC 
R: TATGGCGTGGAATGTTTCAG 
	1
	6FAM

	B064
	135 - 155
	HQ234172
	F:  CTCCTTAGCAACCGAATCCA 
R: CAAACGCGTTCGATTAAAGA 
	1
	6FAM

	B065
	323 - 408
	HQ234173
	F: AATCGCTCCCATCAACTCTG 
R: AGGCTCTCTTTCGTGTGAGG
	2
	6FAM

	B174
	330 - 375
	HQ234205
	F: CATATTGGCACGACGTTCAC 
R:  GTTCCCTCATTCCCGATTTT 
	2
	NED

	B031
	196 - 248
	HQ234161
	F: GTTGGCGCTGGCATATGTA 
R: AAGAATTTTTGCAGCCGTTG 
	2
	6FAM

	B075
	124 - 150
	HQ234175
	F: GCTTGGGATCTCGAGAAGAA 
R: ACTTGCTAGTGGCTGCTGCT 
	2
	PET

	B088
	155 - 170
	HQ234179
	F: GGACAGTCGGCGTTCACT 
R: CCTGTCGTGTTTTGATTTCCT 
	2
	NED

	B135
	170 - 200
	HQ234191
	F: AAAGAGGGAGAATGTTGTTAGGC 
R: TAAGGAGGGGGAAAAAGTGG 
	2
	VIC

	B155
	290 - 321
	HQ234195
	F: GCGCATATGCAACAATTCAC 
R: ACCTCCCCCTCACTTTGATT 
	2
	PET






	[bookmark: _Hlk534192362]Table. 2: Estimates of genetic diversity among seven Daphnia populations at 11 microsatellite loci across Chernobyl. 
	D
	0.04
	0.02
	0.07
	0.07
	0.25
	0.16
	0.06
	(n) number of individuals, (MLG) multilocus genotypes, (HE) expected heterozygosity, (HO) observed heterozygosity, (A) number of alleles, (PA) number of private alleles, (MAR) mean allelic richness, (D) Index of unbiased association (linkeage disequilibrium). Upper dose estimate is in µGy h-1.


	
	FIS
	-0.12
	0.21
	0.24
	0.34
	0.3
	0.19
	-0.02
	

	
	MAR
	2.26
	2.68
	2.30
	2.41
	2.60
	3.06
	2.74
	

	
	PA
	0
	2
	1
	1
	0
	3
	0
	

	
	A
	29
	39
	30
	31
	34
	45
	39
	

	
	HO
	0.53
	0.45
	0.35
	0.31
	0.34
	0.5
	0.59
	

	
	HE
	0.47
	0.57
	0.48
	0.50
	0.55
	0.65
	0.60
	

	
	MLG/n
	1
	1
	1
	1
	1
	1
	0.92
	

	
	MLG
	12
	12
	12
	12
	12
	24
	11
	

	
	n
	12
	12
	12
	12
	12
	24
	12
	

	
	Upper dose estimate 
	0.1
	0.12
	0.2
	1.17
	1.77
	55.79
	181.15
	

	
	Coord E
	30.8385
	31.0333
	30.1767
	29.9371
	29.8931
	30.0764
	30.0653
	

	
	Coord N
	51.4352
	51.2757
	51.2095
	51.2174
	51.3978
	51.4429
	51.4454
	

	
	Sampling date
	07.06.2016
	07.06.2016
	11.06.2016
	16.06.2016
	11.06.2016
	13.06.2016
	13.06.2016
	

	
	Lake
	Vediltsy
	Smolin
	Yampol
	Glinka
	Buryakovka
	Krasnyansky
	Gluboke
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	[bookmark: _Hlk534192401]Figure 1: The relationships between (A) expected heterozygosity (B) observed heterozygosity and (C) mean allelic richness and log10 dose rate. Points for figures A, B and C show the raw data and the shaded area shows 95% confidence intervals. The R2 value is indicated for each model fit. (D) FIS values and confidence intervals (computed using Monte Carlo simulations with 999 permutations) by population.



	Table 3: Analysis of molecular variance (AMOVA) assessing the partitioning of genetic variation. Significant values are highlighted in bold. 

	Source of variation
	df
	Sum of squares
	Variance
	% total
	p

	Between populations
	6
	27.16
	0.2
	9.43
	0.001

	Within populations
	86
	164.52
	0.191
	90.57
	0.007

	Total
	92
	191.67
	2.11
	100
	0.001
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	[bookmark: _Hlk534192570]Figure 2: Genetic distance tree generated based on pairwise FST values using the ape package in R (Paradis & Schliep, 2018). The scale bar shows the scale of the branch lengths. The pairwise genetic distances between Yampol and Vedilitsy, and between Krasnyansky and Gluboke were not significant.
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	Figure 3: Principal component analysis (PCA) plots of the microsatellite data from the seven lake populations specified in Table 2. 
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	[bookmark: _Hlk534192598]Figure 4: Isolation by distance plot based upon a Monte Carlo simulation using 999 permutations to test between two matrices of pairwise Edward’s genetic distances and Euclidean geographic distances (see Table S3 for relative distance estimates). The heatmap shows the data distributions using local density estimations using a two-dimensional kernel density estimation, implemented using the MASS package (Venables & Ripley, 2002). 
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