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Abstract

1. The use of translocations to establish new or ‘refuge’ populations for species

with high conservation value is controversial but widely used in conservation

management. One of the risks of this approach is that an establishing population

does not adequately capture the genetic diversity of the donor gene pool. This

effect, rarely examined, is tested here.

2. In this study the genetic consequences of two conservation translocations after

five generations (16 years) of the European whitefish, Coregonus lavaretus, were

quantified. Both translocations were made using almost the same genetic groups

and thus represent a partly replicated natural study.

3. Analysis of 12 informative microsatellites showed that expected heterozygosity,

the mean number of alleles per locus and allelic richness did not differ between

donor and translocated populations. There was also no loss of heterozygosity in

the translocated populations, nor deviations from Hardy–Weinberg equilibrium

expectations, nor signs of linkage disequilibrium.

4. All populations were genetically differentiated but pairwise FST values were low,

indicating that the magnitude of divergence was small.

5. There was no evidence of inbreeding but there were significant differences in

private allelic richness between donor and translocated populations. Of 50 alleles

found in the donor population, 16% of the rarer alleles were lost in one

translocated population and 8% in the other.

6. Allele loss without a reduction in heterozygosity strongly points to stochastic drift

effects having occurred following translocation. The evidence indicates that

alleles that were not detected in the donor population have arisen de novo in the

translocated populations.

7. It is concluded that conservation translocations comprising even a modest

number of propagules can successfully capture a high proportion of genetic

variation of the host population, and that reduced genetic variation in the
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translocated population may be mitigated by the emergence of new variation

over short time periods.
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1 | INTRODUCTION

The intentional movement and release of organisms to the wild at a

site outside their natural range as a conservation tool to establish a

new population of a species important for conservation, often termed

a conservation translocation (sensu Griffith et al., 1986), is highly

controversial (Ricciardi & Simberloff, 2009; Müller & Eriksson, 2013).

Despite this, the immediate and pressing needs of conservation

agencies and wildlife managers for pragmatic management tools to

mitigate biodiversity loss have resulted in the widespread use of such

techniques for a wide range of taxa (Linklater et al., 2011; Müller &

Eriksson, 2013; Thrimawithana et al., 2013).

Where enhancement of an existing population of high

conservation value is considered, the goal is usually to promote

gene flow between discrete or isolated populations occupying

fragmented habitats. The ultimate aim is thus to maintain genetic

variation in the recipient population by preventing the loss of

genetic diversity by genetic drift or bottlenecking or through

inbreeding depression (Storfer, 1999). The risk of this strategy for

population enhancement is that, if successful, a flow of genes may

constrain the speed and direction of local adaptation, a common

feature of species that use fragmented habitats (Van Andel, 1998;

Stockwell, Hendry & Kinnison, 2003; Salminen et al., 2012). This

might occur by simple swamping of the gene pool with maladapted

genes – a situation that would be more likely if the population

receiving the translocation was small and the number of

translocated individuals relatively large. Alternatively, outbreeding

depression could result in a reduction in fitness of offspring from

the hybridization of translocated individuals with those of native

origin (see review in Hufford & Mazer, 2003). This risk increases

with the degree of genetic divergence between the translocated

individuals and the recipient population.

Where the establishment of a conservation refuge (elsewhere the

equivalent terms ‘safeguard’ or ‘ark’ populations are used) outside

the native range of a species is considered, the risks magnify. The

dangers of moving species outside their native range to establish new

populations may be significant, but they are generally well understood

theoretically, and supported by a considerable weight of empirical

evidence. These risks include causing significant perturbations to the

recipient ecosystem through competitive, predatory and parasitic

interactions as well as the introduction of new diseases or parasites

(Ricciardi & Simberloff, 2009). The risk of impact from deliberate

translocations, even for laudable conservation goals, carries the same

risks to the ecosystem. Our current, relatively poor, understanding of

community ecology and invasion dynamics means that prediction of

the impact of any specific translocation remains relatively limited

(Ricciardi & Simberloff, 2009).

In addition to the impact on the recipient ecosystem, there are

also significant risks to the establishing population of the translocated

species of conservation value. The most obvious is that translocation

efforts will fail to establish a new population. Translocations generally

have a low success rate (Chauvenet et al., 2013). If translocated

populations do establish successfully, then there are several additional

genetic risks that have the capacity to compromise the ultimate

success of the conservation measure.

Founder effects: if the individuals that are translocated do not

encapsulate the full diversity of the donor population gene pool, then

the resultant establishing translocated population may not fully

represent the genetic diversity of the donor population targeted for

action. This means that although a conservation refuge population

may become established, it may fail to represent adequately the

donor population. This effect is more likely to occur if the

translocated group comprises a small number of individuals, if they

are closely related, or potentially if they are drawn from a limited

geographical area (Stockwell, Mulvey & Vinyard, 1996).

Genetic drift: similarly, a small number of translocated individuals

drawn from a restricted genetic group of the donor population is

more likely to be subject to the stochastic effects of genetic drift

following establishment in the conservation refuge.

In-breeding depression: Even if the translocated group size is large but

there is a high degree of relatedness within that group, then reduced

fitness in subsequent generations as a result of in-breeding

depression is possible (Hufford & Mazer, 2003; Stockwell, Hendry &

Kinnison 2003).

Despite being widespread throughout northern Europe, the

European whitefish, Coregonus lavaretus (L.) (hereafter ‘whitefish’), is
considered rare in the British Isles, where it is only naturally extant in

seven locations (Winfield et al., 2013), only two of which are

in Scotland (Loch Lomond and Loch Eck; Etheridge et al., 2012, and

references therein). The species is strictly protected through national

conservation legislation and it is a priority species in the UK

Biodiversity Action Plan published by the Joint Nature Conservation

Committee (JNCC, 2007). At an international level, whitefish are

included in Annex V of the European Union Habitats Directive

requiring member states to limit exploitation to ensure ‘favourable
conservation status’ (Council of the European Communities, 1992)

and the species’ global status is identified as ‘Vulnerable’ in the

International Union for the Conservation of Nature Red List
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(IUCN, 2015). Whitefish in the British Isles are therefore a

conservation priority, and this has led to the development of

a conservation programme to protect existing sites and to establish

new refuge populations.

In 1982, a non-native fish species, the ruffe (Gymnocephalus

cernuus), was discovered in one of the two sites supporting whitefish

in Scotland, Loch Lomond (Maitland, East & Morris, 1983). The

population expanded rapidly over the following decade (Adams &

Maitland, 1998). Ruffe was shown to be preying heavily upon the

eggs of whitefish and because of this, was identified as a significant

threat to the whitefish population (Adams & Tippett, 1991; Etheridge,

Bean & Adams, 2011). Consequently, action was undertaken to

establish conservation refuge populations for this valuable whitefish

population.

Between 1988 and 1990, eggs were stripped from 22 ovulating

whitefish females collected from the wild at spawning time from the

mid and south basins of Loch Lomond (56� 07.30 N 004� 37.70 W).

Egg batches comprising those from a single female were fertilized

with milt from at least two males in vitro and the eggs incubated in

the laboratory. The resultant ca. 25,300 fry (which were about to

begin exogenous feeding) were released to two previously identified

conservation refuge sites: ca. 13,100 to Carron Valley Reservoir

(56� 01.90 N 004� 06.10 W) and ca. 12,200 to a second reservoir site,

Loch Sloy (56� 16.30 N 004� 46.60 W); both sites are located within

the Loch Lomond catchment (Figure 1). In addition, 85 adult whitefish

(sex ratio unknown) were also translocated from Loch Lomond to

Loch Sloy (Maitland & Lyle, 1991; Etheridge et al., 2010; Lyle,

Stephen & Adams, 2017). Thus a maximum of 44 families, of which

22 family pairs comprised half sibs, was translocated to Carron Valley

Reservoir and to Loch Sloy with a maximum of 42 breeding pairs also

translocated to Loch Sloy. Thus, Loch Sloy is likely to have received a

significantly higher number of propagule families than Carron Valley

Reservoir. Multiple subsequent surveys to examine the status of

these translocated populations have shown that the whitefish

populations have become well established at both sites (more detail in

Maitland & Lyle, 2013).

The study described here examined this relatively mature

(16 years) and replicated conservation translocation of whitefish to

new locations within the same catchment, with similar

environmental conditions, but which are effectively isolated from

each other, to empirically test for evidence of consequential genetic

effects.

F IGURE 1 Map showing the locations of Loch Lomond (the donor site) and Loch Sloy and Carron Valley Reservoir (the translocation sites)
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The following hypotheses were specifically tested:

• there will be clear genetic differences between the gene pools of

the translocated populations compared with that of the donor

population;

• there will be reduced genetic diversity in the established,

translocated populations;

• genetic drift has significantly modified the gene pool of the

translocated populations; and

• inbreeding has modified the gene pools of the translocated

populations.

2 | METHODS

Whitefish were collected for genetic analysis by gill net from the

translocation donor site, (Loch Lomond) and from the two

conservation refuge sites, (Loch Sloy and Carron Valley Reservoir)

around the breeding season, November to January, between 2006

and 2009. Nordic-pattern gill nets comprising 12 panels, ranging from

5 to 55 mm, knot-to-knot mesh were set overnight at sites in the

south and mid basins of Loch Lomond (including the same sites from

which fish were taken for the original translocation) and in Loch Sloy

and Carron Valley Reservoir (Figure 1). An adipose fin clip was taken

from each fish and stored in 100% ethanol.

Genomic DNA was extracted from adipose fin tissue using an

E-Z96 Tissue DNA Kit (Omega Bio-Tek) following the manufacturer’s
instructions. In total, 15 microsatellite loci – BFRO-018 (Susnik, Snoj

& Dovc, 1999) BWF1, BWF2 (Patton et al., 1997), C2-157 (Turgeon,

Estoup & Bernatchez, 1999) Cla-Tet01, Cla-Tet03, Cla-Tet10,

Cla-Tet13, Cla-Tet15, Cla-Tet18 (Winkler & Weiss, 2008), Cocl-lav04,

Cocl-lav06, Cocl-lav10, Cocl-lav18 and Cocl-lav49 (Rogers, Marchand

& Bernatchez, 2004) – were amplified using forward-labelled primers

in four polymerase chain reaction (PCR) multiplexes following a

published protocol (Præbel et al., 2013). The PCR products were

separated on an ABI 3130 XL Automated Genetic Analyzer (Applied

Biosystems; Massachusetts, USA) using Genescan LIZ-500 (Applied

Biosystems; Massachusetts, USA) as an internal size standard. The

binning and scoring were performed in Genemapper 3.7 (Applied

Biosystems, Massachusets, USA) and manually verified. Replicate

(5–9%) and blind (4%) samples were included in all PCRs to

confirm consistency of scoring and absence of contamination. The

repeatability and consistency of genotypes were 100%. The samples

were screened for abnormalities in the software Micro-Checker 2.2.3

(Van Oosterhout et al., 2004) using 1,000 bootstraps to generate the

expected homozygote and heterozygote allele size difference

frequencies.

Population-wide expected heterozygosity (He), Wrights

inbreeding coefficient FIS, departures from the Hardy–Weinberg

equilibrium and linkage disequilibrium were tested by exact tests

(Guo & Thompson, 1992) as implemented in Genepop 4.0

(Rousset, 2007). The pair-wise comparisons were corrected for

multiple comparisons using sequential Bonferroni corrections,

following Rice, Schork & Rao (2008). Standard genetic diversity

measures – the number of alleles (NA) and expected (He) and

observed (Ho) heterozygosity for each locus – for each population

were estimated in GenAlEx (Peakall & Smouse, 2006). To investigate

whether the translocations have affected the mean NA and mean He

of the translocated populations, means were compared using a

general linear mixed model (GLMM; including locus as a random

effect) with a Poisson distribution and a linear model, respectively, in

the R programming environment (R Core Team, 2017). Post hoc tests

for the GLMM were undertaken using the multcomp package

(Hothorn, Bretz & Westfall, 2008) and Tukey Honest Significant

Difference (HSD) test for the linear model.

The effects of translocation on the genetic diversity of the

translocated populations were also addressed by estimating the allelic

richness (NAR) and private allelic richness (NPAR) in HP-Rare

(Kalinowski, 2005) using the smallest sample size from a single site

(38 individuals) for rarefaction. The mean number of distinct alleles

(analogous to allelic richness, NADR) and the mean number of private

distinct alleles per locus (NPDAR) in generalized sample sizes (two to

38 diploid individuals) and their associated standard errors were

determined using ADZE (Szpiech, Jakobsson & Rosenberg, 2008).

ADZE uses a rarefaction approach (e.g. Kalinowski, 2005) to compute

a measure of the generalized private allelic richness. ADZE thereby

allows for estimates of the number of distinct alleles, private to a

group of populations. This approach was also used to estimate the

proportion of missing alleles in the translocated populations by

assessing the mean number of private distinct alleles per locus

(NMPDAR) in combinations of the donor and the translocated

populations. The between-population number of alleles per locus and

allelic richness were compared using GLMM. To gain further insight

into the effect of the translocation process the mean number of

private distinct alleles (NPDAR-L) and allele frequency distributions for

each locus were examined separately. Between-population private

allelic richness derived from ADZE was compared using a paired t-test

(paired by locus).

Genetic differentiation between each of the populations was

estimated by FST (equivalent to θ; Weir & Cockerham, 1984) and

tested for significance by 10,000 permutations using Arlequin 3.5.1.2

(Excoffier & Lischer, 2010).

To assess the possibility of a contribution of random genetic drift,

the effective population sizes (Ne) using OneSamp 1.1 (Tallmon

et al., 2008) were also assessed. This software uses approximate

Bayesian computation to estimate variance Ne from summary

statistics that are related to Ne. Varying prior upper and lower bounds

for Ne of 2–150 to 10–1,000 were tested in three replicate runs per

prior. The prior bound that produced the most consistent Ne estimate

and the smallest 95% credible intervals was then chosen for all runs.

The mean ± SEM of 10 replicate estimates using prior upper and

lower bounds for Ne of 20–200 are reported here. The neutrality of

the loci used for the estimates was tested in BayesScan (Foll &

Gaggiotti, 2008) and DetSel (1.0) (Vitalis et al., 2003), which use

Bayesian and coalescent approaches, respectively. The locus BWF2

was indicated as a potential outlier (balancing selection) at the 95%

2578 PRÆBEL ET AL.



credible level in BayesScan but was not revealed as an outlier in

DetSel. The locus was thus maintained in the dataset to ensure

statistical power. There was no other evidence of loci used here being

subject to selection. The sample size for each locus analysed is given

in Table S1.

The study described here conformed fully with the UK Animals

(Scientific Procedures) Act 1986.

3 | RESULTS

3.1 | Genotype validation and summary statistics

Standard indices of within-population genetic variation for each locus

are given in Table S1. Three loci (BFRO-018, Cocl-lav04 and

Cocl-lav10) were monomorphic and omitted from further analysis.

The mean NA per locus for each lake varied from two to eight across

the remaining 12 loci. The He and Ho per locus per lake varied from

0.000 to 0.777 and from 0.000 to 0.897, respectively (Table S1).

Deviations from Hardy–Weinberg equilibrium at individual loci,

returned three out of 36 tests that were initially statistically

significant (P < 0.05), but all statistical significance was lost after

applying sequential Bonferroni corrections (Supplementary Table S1).

Similarly, five out of 66 tests for linkage disequilibrium were initially

significant (P < 0.05), but significance was lost after applying

sequential Bonferroni corrections. The Micro-Checker analysis

indicated no abnormality for any of the per locus tests. Thus, overall

there was no evidence of deviations from Hardy–Weinberg

expectations, signatures of linkage disequilibrium or any other

abnormality for any locus in any of the three populations.

3.2 | Genetic differences between translocated
and donor populations

The estimates of pair-wise genetic differentiation showed that the

translocated populations are significantly discriminated from the donor

population (Loch Lomond vs. Loch Sloy, FST = 0.027, P < 0.001; Loch

Lomond vs. Carron Valley, FST = 0.014, P < 0.005). Notably, the FST

calculated between the translocated populations exceeds that of the

genetic differentiation between the donor and the translocated

populations (Loch Sloy vs. Carron Valley, FST = 0.061, P < 0.001),

suggesting that stochastic effects of genetic change are operating.

3.3 | Translocation changes allele frequencies and
favours accumulation of rare and private alleles

A total of 54 alleles were identified among the 12 microsatellite loci

assayed in samples from the three lakes. Fifty of these alleles were

found in the donor population, Loch Lomond; 43 alleles were found in

the population from Loch Sloy (of which 42 were also seen in fish

from Loch Lomond) and 48 alleles were found in the population from

Carron Valley Reservoir (of which 46 were also seen in Loch Lomond).

A similar pattern was observed for the mean NA. Loch Lomond had a

higher mean number of alleles per locus (NA = 4.3 ± 0.6, mean ± SEM)

than both Loch Sloy (NA = 3.6 ± 0.5) and Carron Valley Reservoir

(NA = 3.8 ± 0.4) (Table 1). Similarly, Loch Lomond also displayed the

highest allelic richness (NAR = 4.2 ± 0.6) compared with Loch Sloy

(NAR = 3.6 ± 0.6) and Carron Valley Reservoir (NAR = 3.7 ± 0.4)

(Table 1), although none of the differences were statistically

significant (P > 0.05). Loch Lomond did have a significantly higher

private allelic richness (Loch Lomond NPAR = 0.5 ± 0.1) than Loch Sloy

(Loch Sloy NPAR = 0.1 ± 0.1, P = 0.03), but this was similar to that of

Carron Valley Reservoir (Carron Valley NPAR = 0.3 ± 0.1, paired t-test,

P > 0.05). The private allelic richness did not significantly differ

between Loch Sloy and Carron Valley Reservoir (P > 0.05).

Unsurprisingly, the number of distinct alleles per locus increased

with sample size (Figure 2a). Despite this, the number of alleles per

locus did not differ significantly (P > 0.05) between fish from Loch

Lomond and either Loch Sloy or Carron Valley Reservoir. Similarly, the

mean number of private distinct alleles per locus increased with sample

size but this was higher for fish from Loch Lomond compared with

Loch Sloy (P < 0.03) and Carron Valley Reservoir (P < 0.05) (Figure 2b).

A pairwise comparison between the three sites showed that the mean

number of missing private distinct alleles per locus was similar between

fish from Loch Lomond and Carron Valley Reservoir and between Loch

Lomond and Loch Sloy, but that distinct private alleles are missing

between Carron Valley Reservoir and Loch Sloy (Figure 2c).

To reveal the patterns of allelic change related to the

translocations, a closer examination was made of the allelic identity

and frequency for three loci (BWF1, Cla-Tet03 and Cla-Tet18) where

there was at least one allele present in the donor (Loch Lomond)

population, but which was not detected in one or both of the

translocated populations (Loch Sloy or Carron Valley Reservoir).

Examination of these loci indicates that some of the alleles with low

frequencies have been lost in the translocated populations of Loch

Sloy and Carron Valley Reservoir (Figure 3a). Allele 221 at locus

TABLE 1 Summary of samples and
the genetic indices reported in the study
for the three lakes

Lake N He FIS PHWE NA NAR Ne

Loch Lomond 40 0.433 �0.018 N.S. 4.3 ± 0.6 4.2 ± 0.6 46 ± 1

Loch Sloy 39 0.394 0.015 N.S 3.6 ± 0.5 3.6 ± 0.5 40 ± 1

Carron Valley 38 0.455 �0.025 N.S 3.8 ± 0.4 3.7 ± 0.4 36 ± 1

Note: Lakes sampled, sample size (N), expected heterozygosity (He), the inbreeding coefficient (FIS), the

significance from the Hardy–Weinberg equilibrium test (PHWE), mean number of alleles (NA ± SEM), the

allelic richness (NAR ± SEM, 38 individuals) and the mean effective population size (Ne) ± SEM are shown

for 10 replicated runs.

PRÆBEL ET AL. 2579



BWF1, allele 272 at locus Cla-Tet03 and allele 307 on locus

Cla-Tet18 were all not detected in fish from either Carron Valley

Reservoir or Loch Sloy (Figure 3a). When examining the loci

Cla-Tet01, Cla-Tet13 and Cocl_lav49 in more detail, marked

differences were also observed in the pattern of private alleles across

the three populations. At Cla-Tet01, allele 178 was not detected in

fish from the sample taken from Loch Sloy but it was detected in Loch

Lomond and Carron Valley Reservoir. In addition, the translocated

population in Carron Valley Reservoir had a high allelic frequency of

the 190 allele at locus Cla-Tet01 compared with the Loch Lomond

donor population for which allele 182 was the most common allele. At

the Cla-Tet13 locus, allele 266 was not detected in fish from Loch

Sloy but it was in fish from the other two sites. Allele 278 was

detected at relatively high frequency at Carron Valley Reservoir, but it

was not detected at the other two sites.

Analysis of the number of private alleles per locus suggests that

sample size is not constraining the differences between sites

(Figure 3) and strongly suggests that the accumulation of the new

private allele in fish at Carron Valley Reservoir is the result of a

private allele arising at this site. Similarly, fish from Carron Valley

Reservoir returned a low frequency of allele 174 at locus Cocl_lav49,

which was not detected at the other two sites. Loch Sloy fish also

displayed allele 170, which was also not seen in fish collected from

the other two sites. Analysis of the number of private alleles per locus

with sample size indicates that sample size is not constraining the

detection of these private alleles at the two translocation sites

(Figure 3). Thus, the evidence presented here indicates that although

alleles have been lost during the translocation process, new private

alleles have also emerged in translocation sites.

3.4 | Stochastic contribution of genetic drift to the
gene pools of the translocated populations

The translocated populations (Loch Sloy Ne = 40 ± 1; Caron Valley

Ne = 36 ± 1, mean ± SEM) had significantly smaller effective

population sizes than the donor population (Loch Lomond

Ne = 46 ± 1, mean ± SEM; Loch Lomond vs. Loch Sloy, P = 0.006;

Loch Lomond vs. Carron Valley Reservoir, P < 0.001). The Ne of the

two translocated populations also differed significantly (P = 0.011).

3.5 | Signatures of inbreeding

All populations showed high levels of heterozygosity, with Carron

Valley Reservoir displaying the highest expected heterozygosity

(He = 0.455) of the three (Table 1). With low FIS indices for all

populations there were no significant signatures of inbreeding

(Table 1).

4 | DISCUSSION

The translocations of rare whitefish from the threatened population in

Loch Lomond to two conservation refuge sites that were not

connected to each other or to the donor population site, and thus

technically outside its historically recorded native range in Scotland,

both survived and established viable self-sustaining populations

F IGURE 2 The mean number of distinct alleles (allelic richness)
per locus (a), the mean number of private distinct alleles per locus (b),
and the mean number of missing private distinct alleles per locus (c) in
the donor lake (Loch Lomond, LL) and the two translocation sites
(Loch Sloy [LS] and Carron Valley Reservoir [CV]) using standardized
sample sizes of 38 diploid individuals from each site. Error bars
denote standard error of the means
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(Maitland & Lyle, 2013; Adams et al., 2014). This contrasts with the

generality that translocations made for whatever reason have a low

rate of successful establishment (Chauvenet et al., 2013). These

replicated translocation populations have sustained over at least

16 years and as whitefish in Scotland typically first become sexually

mature at age 3 (Brown & Scott, 1994) these populations have

persisted over at least five generations. In the study presented here,

there was a notable level of genetic similarity between the donor

population and the replicated translocation populations. However, the

differences that were manifest are informative.

F IGURE 3 The effect of translocation at the locus level. Examples of allele frequencies and the associated estimates of private distinct alleles
of loci in situations where alleles have not been translocated (a) and in situations where the allele frequencies have been greatly changed and/or
new private alleles are accumulating (b). In the pie plots, Loch Lomond (LL), Loch Sloy (LS) and Carron Valley Reservoir (CV) are represented by
the outer, mid and inner ring, respectively. The estimates of mean number of private distinct alleles of loci were made using standardized sample
sizes from two to 38 diploid individuals
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Conservation translocation is a tool that is relatively widely used

in conservation management (Griffith et al., 1986; Linklater

et al., 2011; Müller & Eriksson, 2013; Thrimawithana et al., 2013), but

there have been surprisingly few studies that have attempted to

evaluate the consequences of this management practice on

population genetics. In the study reported here the newly founded

translocated populations showed subtle but detectable genetic

differentiation from the donor population but there was no evidence

of loss of heterozygosity, deviations from Hardy–Weinberg

equilibrium expectations, inbreeding or signs of linkage disequilibrium.

Although there was some loss of rarer alleles associated with the

translocated populations suggesting that genetic drift had occurred,

there was evidence of de novo emergence of novel alleles in the

translocated populations.

As the foundation for this study, four potential genetic risks to

the establishment of conservation refuges for whitefish were

postulated. The first was that there would be detectable population

genetic differences between the gene pools of the translocation

populations compared with the donor population. This study has

shown clear and statistically significant differences between whitefish

from the donor population in Loch Lomond and both of the

translocated populations. Analysis of 12 informative microsatellite loci

across Loch Lomond (the donor population) and the two translocated

populations (Carron Valley Reservoir and Loch Sloy) returned FST

values of 0.014 and 0.027, respectively. Although these differences

are detectable and statistically significant, they are relatively small.

For example, the level of difference between donor and translocated

populations reported here is similar to that reported between

whitefish from the different localities within the donor lake, Loch

Lomond (FST = 0.001 � 0.024; see Adams et al., 2016). In contrast,

the FST between the two native populations (Loch Lomond and Loch

Eck) in Scotland that are isolated from each other and do not

interbreed is 0.056 (Adams et al., 2016) and is comparable with FST

values for recently diverged sympatric morphs of whitefish from

Norway (FST range from 0.04 to 0.1; Østbye et al., 2006; Siwertsson

et al., 2013). The level of differentiation is also comparable with that

observed in translocations of other coregonids (Coregonus albula L.,

FST = 0.011, after �12 generations) and other groups: smelt

(Osmerus eperlanus L., FST = 0.011, after �4 generations); Arctic charr

(Salvelinus alpinus L., FST = 0.066 after �20 generations and

FST = 0.01–0.14 after �25 generations); and Arctic grayling (Thymallus

thymallus L., FST = 0.05–0.21, �25 generations, 80–120 years)

(Koskinen, Haugen & Primmer, 2002; Præbel et al., 2013; Hagenlund

et al., 2015; Præbel et al., 2016; Hassve et al., 2020).

In one of the few studies to look for similar effects in other

species, Wright et al. (2014) showed values of FST ranging from

0.001 to 0.07 between donor and translocated populations of the

passerine bird, the Seychelles warbler Acrocephalus sechellenis

(Oustalet), that had become established for a maximum of 23 years.

Over a longer period of time and with some translocated

populations being used to establish additional secondary

translocations, Taylor & Jamieson (2008) showed for the

New Zealand saddleback Philesturnus carunculatus (Gmelin), another

small passerine, that FST values ranged from 0.006 to 0.132. The

data from the study presented here strongly point to donor and

translocated populations being genetically different, but the

magnitude of this difference is relatively modest. Interestingly, the

genetic difference between translocated populations (FST = 0.06)

was more than twice that observed between donor and translocated

populations. This suggests that the mechanisms resulting in the

divergence between donor and translocated populations are

stochastic but that they are magnified between translocations.

A second prediction tested was that the conservation

translocation did not capture the full genetic diversity of the donor

population. Weeks et al. (2011) suggest that for a conservation

translocation outside the natural range of the species being

translocated (an ‘introduction’, sensu Weeks et al.) to be regarded as

successful, it should capture greater than 95% of the standing genetic

variation. This study was unable to detect significant differences in

the mean number of alleles per locus or allelic richness between the

donor and translocated populations. The donor population (Loch

Lomond) did have a higher private allelic richness than one of the

translocated populations (Loch Sloy) but not the other (Carron Valley

Reservoir) and a higher number of distinct private alleles than both of

the translocated populations.

Comparing the alleles identified in the donor population with

those found at the two translocated populations, of the 50 alleles

detected in Loch Lomond, eight (16%) were not detected in the

translocated population at Loch Sloy and four (8%) were not detected

at Carron Valley Reservoir. This suggests superficially that greater

than 5% of the standing genetic variation was not captured in the

translocation process to these two sites; however, there were no

significant differences in the mean number of alleles per locus, allelic

richness or heterozygosity between the donor and translocated

populations. In their study on a conservation translocation of

New Zealand saddlebacks, Taylor & Jamieson (2008) concluded that

translocation had not resulted in reduced diversity, on the basis that

there was no significant difference between donor and translocated

populations in the number of alleles, allelic richness and

heterozygosity despite five alleles (out of 22) found in the donor

population not being found in the translocated populations. Similarly,

in their study on Seychelles warblers, Weeks et al. (2011) showed

that, although a small number of rare alleles were lost and

translocations produced subtle changes in gene frequencies, there

was very little loss of neutral genetic diversity (<5%) when the

number of translocated individuals was approximately 30 pairs. An

examination of the presence or absence of specific alleles in this study

shows a very similar pattern, with the loss of a small number of alleles

that were rare in the donor population but a non-significant loss of

overall genetic diversity. This study focused only on selection-neutral

genetic diversity; however, the study on Seychelles warblers also

looked at functional genetic diversity and showed that a change in

neutral diversity was a good proxy for changes in functional genes

(Wright et al., 2014). It is thus reasonable to assume that the genetic

change described in this study of selection-neutral markers is also

likely to be reflected in functional genes.
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In the study presented here, it is surprising that both translocated

populations exhibited alleles that were not found in the donor

population. At the locus Cocl-lav49, fish from the translocated

population at Carron Valley Reservoir contained an allele that was not

found among Loch Lomond fish. Similarly, the translocated population

from Loch Sloy exhibited a different allele at the same locus that was

not seen in fish in either the donor or the other translocated

population. At locus Cla-tet13, fish from Carron Valley Reservoir

showed a high frequency of allele 278 that was not detected either in

the donor population or in the other translocated population.

In addition, allele 190 at locus Cla-tet01 was found at high frequency

in the Carron Valley Reservoir population but only at low frequency

in the donor population, the most common allele being 182 in Loch

Lomond fish. In their study on New Zealand saddlebacks, Taylor &

Jamieson (2008) also recorded a small increase in the number of

alleles in translocated populations compared with the donor

population (an increase of three alleles in 22 recorded).

There are several possible explanations for this apparent increase

in genetic diversity. It is possible that these alleles do exist in the Loch

Lomond population but at a frequency that is low enough to prevent

detection by the sample sizes used in this study, and that the

population expansion in the donor populations allowed very rare

alleles to become relatively more common. There are several strands

of evidence that seem to make this explanation unlikely. The analysis

of the effect of sample size on the number of private alleles indicates

that the size of the sample is not constraining detection of private

alleles at any of the three sites (Figure 3). In addition, the individual

fish used to form the new translocated populations almost solely

comprised a mixed genetic group of juveniles from multiple families

that were randomly allocated to each translocation site (the exception

to this being the few adult individuals that were translocated directly

to Loch Sloy – see Methods and Maitland & Lyle (2013) for details).

As a consequence, any rare allele in these selection-neutral loci

carried in fish from a family might be expected to be translocated and

become numerous in both translocated populations simultaneously.

This pattern was not observed; in fact, all private alleles that were

novel to a translocated population were found in only one of the two

populations, not in both. Lastly, this explanation for increased genetic

diversity seems less likely given that the frequency of allele 278 at

locus Cla_Tet13 was particularly high in fish at Carron Valley

Reservoir and yet this allele was not detected in Loch Lomond

(or Loch Sloy). At the very least the frequency of this allele must have

significantly increased in the Carron Valley Reservoir population. An

alternative explanation is that new private alleles have arisen de novo

through mutation in situ in both of the translocated populations,

creating novel genotypes. Although there is no way of definitively

distinguishing between these two alternatives from the study

presented here, this latter explanation is the more plausible.

The third prediction tested was that genetic drift has

significantly modified the gene pool of translocated populations. In

the translocated populations there is evidence of allele loss but no

change in heterozygosity compared with the donor populations. In

fact, one of the translocated populations (Carron Valley Reservoir)

had the highest level of expected heterozygosity of the three

populations, although for all populations expected heterozygosity

was high. Allele loss, at a rate that is faster than heterozygosity loss,

strongly points to the existence of genetic drift in the translocated

populations. The significantly lower effective population sizes in the

translocated populations compared with the donor population

supports the conclusion that stochastic processes have resulted in

the rarer alleles in the donor population being lost from the

translocated populations. In contrast, studies on Seychelles warblers

(Wright et al., 2014) concluded that genetic variation between

donor and translocated populations was the result of genetic

capture during the translocation process and not the result of

subsequent genetic drift. Thus, genetic drift, although detectable,

seems to have had relatively low impact on the gene pool of the

replicated translocated populations of whitefish.

The fourth prediction tested is that inbreeding resulting from the

relatively small population sizes created during the initial translocation

process has had an effect on the translocated populations. In this

study both translocated populations returned low levels of the

inbreeding coefficient FIS. This strongly points to there being no

signature of any inbreeding in any of the three populations, and

importantly after five generations in the translocated populations.

Altogether, there were detectable and statistically significant

differences between the gene pools of the replicated translocated

populations compared with that of the donor population, but these

are relatively small. There were no clear signs of reduced genetic

diversity in the established translocated populations. Furthermore,

genetic drift and inbreeding seem to have a relatively low effect on

the gene pool of the translocated populations. Thus, the general

conclusion from this study is that even when the number of

propagules transferred is relatively low, conservation translocations

can capture a high proportion of the genetic variation found in the

donor population. This is sufficient to avoid the adverse effects of

inbreeding, heterozygosity loss and linkage disequilibrium that have

the potential to impose significant impacts on the success of the

conservation action. In addition, the potential negative effects of drift

that may well be expected following translocation can be mitigated by

the rapid emergence of novel genetic diversity. Fish species, with

their high fecundity and thus an inherent high capacity for rapid

population expansion, may have greater capacity for avoiding the

potential deleterious effects associated with translocation. It remains

to be tested if the outcomes of this study are reflected across taxa

with lower inherent rates of population expansion.
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