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Abstract
Translocation of conspecific individuals to reduce extinction risk of small, isolated populations and prevent genetic deple-
tion is a powerful tool in conservation biology. An important question is how the translocated individuals influence the 
long-term genetic composition of the recipient population. Here, we experimentally reinforced a house sparrow (Passer 
domesticus) population, and examined the impact of this translocation on allele frequencies, levels of heterozygosity and 
genetic differentiation over six cohorts. We found no permanent increase in the mean number of alleles across loci or lev-
els of observed heterozygosity, but a few alleles private to the translocated individuals remained in the population and we 
found a short-term increase in heterozygosity. Consequently, genetic differentiation of the recipient population compared 
to the genetic composition prior to reinforcement was small. The limited genetic impact was due to combined effects of a 
small probability of establishment and low mating success for the translocated individuals, together with increased genetic 
drift in the recipient population. Our findings emphasize the importance of selection and genetic drift as forces that may 
decrease the genetic contribution of reinforcement, especially in small populations. Conservation managers should aim to 
improve habitat quality in the recipient population to reduce genetic drift following translocation and thereby avoid the need 
for continued reinforcement. Furthermore, by facilitating establishment success and selecting individuals expected to have 
high mating success, possibly indicated by sexually selected traits, genetic contribution of released individuals is increased 
which in turn will decrease reproductive skew and genetic drift.

Keywords Allelic diversity · Assortative mating · Genetic drift · Genetic rescue · Heterozygosity · Reinforcement · 
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Introduction

Human-induced habitat destruction and over-harvesting are 
important causes for population declines and threats to bio-
diversity (Clavero and García-Berthou 2005; Haddad et al. 
2015). The persistence of small populations depend on the 
deterministic growth rate, and their susceptibility to demo-
graphic and environmental stochasticity (Lande et al. 2003). 
Furthermore, small and isolated populations are strongly 
influenced by genetic drift (Wright 1931; Frankham et al. 
2011) and increased levels of inbreeding (Keller and Waller 
2002), which may decrease levels of heterozygosity, reduce 
fitness (Charlesworth and Charlesworth 1999), and ulti-
mately increase extinction risk (Saccheri et al. 1998; Willi 
et al. 2006).

Because mutation rates are generally low in vertebrates 
(Lynch et al. 2016), immigration (gene flow) is the main 
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process counteracting the negative impacts of genetic drift 
and inbreeding (Allendorf and Luikart 2007). Immigration 
may introduce novel alleles (Hansson et al. 2000; Keller 
et al. 2001), increase genetic variation (Willi et al. 2006), 
and decrease levels of inbreeding in receiver populations 
(Keller et al. 2001; Vilà et al. 2003).

Translocation of conspecific individuals into small and 
isolated populations (i.e. reinforcement) has demonstrated 
to be a useful tool for conservation (Griffith et al. 1989; 
IUCN/SSC 2014). Reinforcements may result in increased 
growth and recovery of recipient populations (Westemeier 
et al. 1998; Madsen et al. 1999, 2004). Moreover, reinforce-
ments may also improve the genetic composition by intro-
ducing novel alleles, i.e. genetic rescue (Tallmon et al. 2004; 
Whiteley et al. 2015). For example, in bighorn sheep (Ovis 
canadensis), reinforcement had positive effects on reproduc-
tion and survival, leading to increased allelic diversity and 
heterozygosity (Hogg et al. 2006). Similarly, survival and 
heterozygosity increased following reinforcement in Florida 
panther (Puma concolor coryi) (Johnson et al. 2010). How-
ever, such examples of genetic rescue from reinforcement in 
conservation are still few (Frankham et al. 2014; Frankham 
2015). Therefore, experimentally derived information com-
plementing knowledge from conservation is important for 
our understanding of long-term genetic consequences of 
reinforcements.

Here we examined multi-generational genetic conse-
quences of a large-scale reinforcement in a house sparrow 
(Passer domesticus) population. In the first breeding season 
following the reinforcement, establishment rates and male 
mating success were lower for translocated individuals than 
for residents, and individuals mated assortatively based on 
origin (Ranke et al. 2017). We quantified changes in sev-
eral genetic parameters: mean number of alleles across loci, 
proportion of private alleles originating from the translo-
cated and resident individuals, heterozygosity, and pairwise 
genetic differentiation, FST (proportion of genetic diversity 
due to allele frequency differences among populations; 
Holsinger and Weir 2009), between the admixed cohorts 
and respectively the translocated and resident individuals. 
The temporal change in FST was also compared to simulated 
values expected from random genetic drift and demographic 
stochasticity. In each cohort in the simulation, demographic 
parameters such as recruit production and survival were 
acquired from pedigree and ecological data, including the 
production of recruits based on parental origin in the first 
breeding season. We predicted that: (1) translocation of 
genetically unrelated individuals with novel alleles would 
result in an immediate increase in the mean number of 
alleles across loci in the recipient population; (2) breeding 
between translocated and resident individuals would result in 
an increase in the levels of heterozygosity. However, assorta-
tive mating based on origin may delay such an increase in 

heterozygosity. Finally, if the genetic contribution of translo-
cated and residents is equal, we predict that (3) the admixed 
cohorts will be equally differentiated from both translocated 
and resident individuals based on pairwise FST.

Materials and methods

Study area

In 2002, we performed a large-scale experimental reinforce-
ment in a house sparrow population. Individuals were trans-
located from a source population situated on the island Vega, 
12 km off the coast of northern Norway (140  km2, 65.65° N, 
11.90° E, Fig. S1), and released into a recipient population 
inhabiting a similar habitat on the three main islands in the 
Vikna archipelago (Inner-Vikna, Mellom-Vikna and Ytter-
Vikna, 360  km2, 64.91° N, 10.90° E; henceforth referred to 
as Vikna) located about 95 km south of Vega, and closer 
to the mainland (ca. 1 km, Fig. S1). We examined genetic 
consequences of the reinforcement in terms of allelic diver-
sity, levels of heterozygosity and genetic differentiation, in 
the admixed population and in six subsequent cohorts (i.e. 
hatched 2002–2007). The house sparrow has low dispersal 
rates (juveniles < 10% and adults < 2‰; Altwegg et al. 2000) 
and disperse only short distances (see also, Tufto et al. 2005; 
Finnish data: 90% < 16 km, Kekkonen et al. 2011), consist-
ent with genetic patterns (Kekkonen et al. 2011; Jensen 
et al. 2013). In both source and recipient populations, house 
sparrows live in small colonies on dairy farms (hereafter 
denoted “subpopulations”, Fig. S1). The subpopulations are 
separated by at least 1 km and are genetically differentiated 
(Table S1), despite being interconnected by dispersal, albeit 
at a low rate (Skjelseth et al. 2007). Some subpopulations 
have become extinct during the study period (Table 1), and 
a few have been (re-)colonized after the current study (own 
personal observations). In addition to the focal subpopu-
lations, sparrows were captured and observed annually in 
six adjacent populations (within < 5 km) to detect potential 
dispersal both into and out of the study system.

Experimental design

We describe the protocol prior to the translocation, in the 
(1) source and (2) recipient populations respectively, (3) 
the translocation and release of individuals in the recipient 
population, and (4) monitoring of the admixed population 
following translocation.

Source population (Vega)

In late February and early March 2002, before onset of 
breeding, we captured virtually all (~ 90%) house sparrows 
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using mist nets, in the source population on Vega (n = 246 
individuals; Table 1; Fig. S1). Birds were marked with an 
aluminium ring with a unique number and coloured plas-
tic leg-rings. We collected a small blood sample (25 µL) 
from the brachial vein, which we stored in pure ethanol in 
a − 25 °C freezer until genotyped (for genotyping proce-
dure, see Online Appendix A). After handling, we released 
the birds into a large aviary (an inactive and sealed farm-
building) in which the birds were kept warm and dry, and 
supplied with food and water ad libitum. Among the cap-
tive birds, 93 individuals were returned to their original 
colonies on Vega, as part of a selection experiment on tar-
sus length (Kvalnes et al. 2017). Another 126 individuals 
were used in the translocation from Vega to the recipient 
population on Vikna.

Note that between individuals translocated to Vikna and 
resident individuals on Vikna, neither tarsus length nor 
body mass (a good predictor of body size; Araya-Ajoy 
et al. 2019) differed between translocated and resident 
individuals (Ranke et al. 2017).

Recipient population (Vikna)

In early March 2002, we performed a similar capture session 
(see methods above) in the recipient population on Vikna. In 
total 192 individuals were captured in 17 different subpopula-
tions (Table 1; Fig. S1) and transferred to an aviary. Among 
the birds in the aviary, between 50 and 80% of the individuals 
of each sex from each subpopulation were randomly selected 
and then returned to their original subpopulation (n = 120 
individuals; Table S2) the 15 March. The remaining individu-
als (n = 72) were transported by car and released in a suitable 
habitat on the mainland ca. 110 km southeast of the study 
area. The removal of individuals mimicked a severe population 
decline and reduced density regulating effects on population 
growth.

Table 1  Sample sizes in a 
house sparrow translocation 
experiment

Columns (a) and (b): number of adults originating from the recipient (Resid.) and source population 
(Transloc.), at different time steps: prior to reinforcement  (2002a), at the time of release  (2002b), success-
fully established  (2002c), and the number of these individuals that were recorded in each year 2003–2008. 
Column (c): Former recruits, represents the number of additional older adults (i.e. not among the trans-
located or resident individuals from the year of reinforcement, or new recruits (1  year old individuals) 
the respective year). Column (d): number of individuals that recruited to the population a given year (i.e. 
hatched the year before), either from the admixed population, or potential immigrants (also hatched the 
year before). Column (e): total population size, includes all recorded adults (i.e. recruits and older adults) 
within the breeding population the respective year (the potential parents of offspring produced that year). 
Column (f): annual number of offspring produced that recruited to the next year’s breeding population 
(Recruits prod.), with the cohort specified in parenthesis. Column (g): annual number of subpopulations, 
with the number of extinct due to farm closures in parenthesis
a Prior to translocation, sampled in 25 February 2002–15 March 2002
b Released individuals, 15 March 2002–17 March 2002
c Established individuals, 15 April 2002 and onwards
d In 2002, 192 individuals were captured in March. After 15 April 2002, an additional 16 adults were cap-
tured, and were considered to be residents

Year Adults Recruits

(a) Resid (b) Transloc (c) Former 
recruits

(d) Recruits (e) Total 
population

(f) Recruits 
prod. (cohort)

(g) 
Subpop. 
(extinct)

2002a 208d 246 – – – – –
2002b 136d 126 – – – – –
2002c 99d 64 – – 163 89 (Y1) 17
2003 45 24 – 89 158 68 (Y2) 17 (0)
2004 14 10 23 68 115 69 (Y3) 16 (1)
2005 9 4 36 69 118 51 (Y4) 14 (2)
2006 3 2 41 51 97 59 (Y5) 12 (2)
2007 2 1 42 59 104 38 (Y6) 11 (1)
2008 0 1 43 38 82 – 10 (1)
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Translocation and release in the recipient population 
(Vikna)

The 15–17 March, the source individuals were transported 
by car in cages from Vega to Vikna. The translocated indi-
viduals were allocated to 17 subpopulations in the recipient 
population so that ratios of origin and sex were equal in 
each subpopulation (Table S2). To account for an expected 
loss of individuals commonly associated with translocations 
(Roe et al. 2010; Germain et al. 2017), the population size 
of each recipient subpopulation was increased by on average 
3.2 individuals (Table S2).

Post‑translocation monitoring

In all years from 2002 to 2008, the admixed population was 
monitored annually during the breeding season from May 
(from mid-April in 2002) to August, and for 2 weeks during 
autumn (within the period September–November). Individu-
als were captured using mist nets and any bird not previously 
ringed was marked. During each breeding season, nests were 
located. At 7–13 days after hatching, nestlings were ringed 
and a blood sample collected (as described for adults above). 
Annual adult population size was estimated as the total num-
ber of adult individuals captured or observed each year (see 
Table 1). Furthermore, individuals not recorded in year t, 
but before and after year t, were considered to be present 
also in year t.

During the first breeding season following reinforce-
ment (2002), 16 unringed individuals were captured in the 
admixed population. Due to the very low dispersal rate in 
adult house sparrows (Pärn et al. 2009), these individuals 
were defined as residents. Thus, the total population size 
of the admixed population at the time of release was 262 
individuals; 126 translocated and 136 residents (Table 1). 
Out of these, 163 individuals (64 translocated and 99 resi-
dents) were still present after one month or later following 
the release, and were considered established (Table 1).

Genetic analyses

In the genetic analyses for 2002, we included all individu-
als present at the time of release, i.e. translocated and resi-
dent individuals released on Vikna, and additional adults 
recorded in the recipient population that year. We therefore 
assume > 90% the individuals present in the admixed popu-
lation were marked and genetically sampled. In the subse-
quent years (2003–2008), we included only new recruits (i.e. 
birds that hatched 2002–2007 and survived to the next year). 
This was done to avoid influences of overlapping generations 
and adult age-structure on the temporal genetic dynamics. 
Note that analyses including all individuals present, instead 
of only new recruits, gave similar results (Fig. S2), which 

indicates that our results from the cohorts reflect popula-
tion wide effects. The cohort year of recruits refers to their 
hatch year. Within each subpopulation and cohort, very few 
siblings were detected, reducing potential effects of restric-
tive breeding. Individuals had to be successfully genotyped 
at minimum 11 microsatellite loci (of 13 loci in total) to be 
included. Six individuals were excluded from the genetic 
analyses (four individuals were unsuccessfully genotyped, 
and two were incompletely genotyped). An analysis of 
population genetic structure found a strong correspondence 
between results based on the same set of neutral microsatel-
lite markers we use in this study and 10 K Single Nucleotide 
Polymorphisms (SNPs) distributed across the house sparrow 
genome (Hagen et al. 2013). This suggests that variation in 
these microsatellite loci reflects genome-wide genetic vari-
ation. BLAST searches showed that none of the microsatel-
lites were linked (Table S3).

Statistical analyses

We performed an analysis using STRU CTU RE (Pritchard 
et al. 2000), STRU CTU RE HARVESTER (Earl and von-
Holdt 2012) and the ‘Evanno method’ (Evanno et al. 2005) 
to determine the number of genetic clusters prior to rein-
forcement (Online Appendix B). Then we examined the 
admixed population at the time of release (both residents 
and translocated individuals separately and pooled together) 
and at the time of establishment. Thereafter, we examined 
the same genetic metrics in all subsequent cohorts. We 
examined the number of different alleles within and across 
microsatellite loci using HP-Rare 1.0 (Kalinowski 2005). 
In the main text we present results based on mean numbers 
of different alleles, but to account for any potential varia-
tion in detection rates between years, we also calculated the 
allelic richness using rarefaction (i.e. allelic richness across 
equal population samples; Fig. S2). For individuals consid-
ered established and for each subsequent recruit cohort, we 
quantified alleles private to either the translocated or resi-
dent individuals (referred to as “private” also in subsequent 
cohorts) by first calculating the proportions of each of these 
two types of alleles within loci and then the mean proportion 
private alleles across all loci. We assessed differences in the 
mean number of alleles using paired t-tests, and differences 
between the mean proportions of private alleles across loci 
with z-scores predicted from Wilcoxon signed rank tests. To 
examine temporal trends in the proportions of private alleles 
present per cohort we used Spearman’s rank correlation (r). 
We examined the average expected and observed mean 
heterozygosity across loci using the HIERFSTAT-package 
in R (Goudet 2005), and assessed differences in mean het-
erozygosity levels with z-scores predicted from Wilcox 
signed rank test due to non-normality. Finally, we exam-
ined genetic differentiation between the admixed population 
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and all individuals when released, and between established 
individuals, the subsequent cohorts and (1) translocated 
individuals from Vega, (2) resident individuals still present 
at Vikna (see Table 1), based on pairwise FST from HIERF-
STAT  (Goudet 2005). Significant genetic differentiation was 
based on 95% confidence intervals not overlapping zero. To 
examine potential population stratification, deviations from 
Hardy Weinberg Equilibrium (HWE) were examined using 
the R-package ‘genepop’ (Rousset 2008; see Table S4).

Simulation

To evaluate the expected influence of genetic drift and demo-
graphic stochasticity, we used an individual-based model to 
simulate allele frequencies in the recipient population in six 
recruiting cohorts, starting with the established translocated 
and resident individuals. We assumed equal rates of adult 
survival of the two groups (see Ranke et al. 2017) and no 
population structure within the recipient population. The 
distribution of recruits produced in the first breeding season 
among parental origin and sex corresponds to the distribu-
tion of parent origin and sex following the pedigree (Ranke 
et al. 2017). All individuals carried their actual microsatel-
lite genotype in year t (year of reinforcement). We obtained 
annual mean number of recruits produced ( λt ) and survival 
rate ( pt ) from empirical data. First, gametes from females 
( ft ) and males ( mt ) were obtained by randomly selecting 
one allele from each locus, from each genotype of potential 
parents in year t. The number of gametes from each female 
and male respectively was given by the individual recruit 
production rate ( rt ~ Poisson ( �t)). For each cohort, the geno-
types of individuals present in year t + 1 were acquired by 
randomly combining male and female haplotypes present 
in year t (i.e. to “zygotes” equal to the number of recruits 
produced in year t + 1), and adding the genotypes of surviv-
ing individuals from year t to year t + 1 based on the adult 
survival rate ( st ~ Bernoulli ( pt)). We calculated 95% CI 
of pairwise FST-values for each post-reinforcement cohort, 
based on 1000 simulations. Statistical analyses and simula-
tions were performed in R (R Core Team 2018). Whenever 
needed, significance levels were adjusted to avoid false dis-
coveries (Benjamini and Hochberg 1995).

Results

Genetic changes in the year of reinforcement

The STRU CTU RE (Pritchard et al. 2000) and STRU CTU RE 
HARVESTER (Earl and vonHoldt 2012) analysis of source 
and recipient populations prior to reinforcement inferred two 

distinct genetic clusters (Online Appendix B: Fig. B1), with 
a low, but significant level of genetic differentiation.

Mean number of alleles was (a) lower for translo-
cated individuals than for residents (translocated ± SE: 
10.54 ± 0.96; residents ± SE: 12.08 ± 0.89; t12 = − 6.32, 
P < 0.001), and (b) higher in the admixed population at 
time of release than in the recipient population prior to 
reinforcement (admixed ± SE: 12.54 ± 1.00; resident ± SE: 
12.08 ± 0.89; t12 = − 2.52, P = 0.027), and (c) did not dif-
fer between the admixed population at time of establish-
ment and the recipient population prior to reinforcement 
(admixed establishment ± SE: 12.31 ± 0.97; resident ± SE: 
12.08 ± 0.89; t12 = − 1.00, P = 0.337; Fig. 1).

Of 163 different alleles distributed across the 13 micro-
satellite loci, present in the admixed population at release 
(Table S5), only six alleles (distributed over five loci) were 
private to translocated individuals, whereas 26 alleles (dis-
tributed over all 13 loci) were private to residents. From 
release to establishment, one private allele from the trans-
located individuals and two from the residents were lost.

The mean proportion of alleles private to translocated 
individuals was lower than those originating from resident 
individuals at release (translocated ± SE: 0.008 ± 0.004; 
residents ± SE: 0.020 ± 0.004; z = 2.10, P = 0.036; Fig. 2) 
and establishment (translocated ± SE: 0.007 ± 0.004; resi-
dents ± SE: 0.024 ± 0.005; z = 2.24, P = 0.025; Fig. 2). These 
differences did not remain significant after accounting for 
multiple tests.

Heterozygosity did not differ between (a) translocated and 
resident individuals prior to reinforcement, (b) the admixed 
population and translocated individuals, and (c) the admixed 
population and residents, neither at release nor at establish-
ment (all comparisons: z ≤ 0.76, P ≥ 0.449; Fig. 3).

Fig. 1  Mean number of alleles (± standard errors) across 13 micros-
atellite loci in an admixed house sparrow population following rein-
forcement. The left part of the figure shows translocated (triangles), 
and resident (squares) individuals, and the admixed population (cir-
cles) at release (Release), and when established (Establ.) in 2002. 
The right part shows each subsequent cohort (Y1–Y6, hatched 2002–
2007) after reinforcement (circles). Mean number of alleles across 
loci in the recipient population prior to reinforcement is shown as a 
dashed horizontal line with ± standard errors as dotted lines
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At release, observed and expected heterozygosity did 
not differ in translocated (z = − 0.31, P = 0.754) or resident 
individuals (z = − 1.00, P = 0.319) when analysed sepa-
rately. However, when admixed, observed heterozygosity 
was significantly lower than expected heterozygosity at 
time of release (z = − 2.81, P = 0.005), but not at establish-
ment (z = − 0.75, P = 0.451; Fig. 3).

Finally, prior to reinforcement, translocated and resident 
individuals were significantly differentiated genetically 
(pairwise FST = 0.0176, 95% CI 0.0135–0.0219; Fig. 4). At 
release, the admixed population did not differ significantly 
from translocated or resident individuals, respectively. How-
ever, at establishment, the admixed population was signifi-
cantly differentiated from the established translocated indi-
viduals (FST = 0.0042, 95% CI 0.0020–0.0069; Fig. 4), but 
not from the established resident individuals (FST = 0.0000, 
95% CI − 0.0010−0.0011; Fig. 4).

Genetic changes in post‑reinforcement cohorts

The mean number of alleles across loci of the last cohort of 
the study (Y6) was significantly lower than for the recipient 
population immediately after population reduction, prior to 
reinforcement (t12 = − 6.68, P < 0.001; Fig. 1), the admixed 
population at release (t12 = − 6.38, P < 0.001) and at estab-
lishment (t12 = − 5.90, P < 0.001).

The mean proportion of alleles private to residents was 
significantly larger than for translocated individuals in all 
cohorts except one (Y1–Y4 and Y6: z ≥ 2.61, P ≤ 0.009; 
cohort Y5: z = 1.79, P = 0.073; Fig. 2). Differences in cohort 
Y2–Y4 remained significant after correcting for multi-
ple tests. There was no significant overall temporal trend 
in the proportion alleles private to translocated (r = 0.14, 

Fig. 2  Mean proportion of private alleles (± standard errors) within 
each locus in an admixed population of house sparrows following a 
reinforcement (translocated: n = 5 loci with private alleles; resident: 
n = 13 loci hosting private alleles). The left part of the figure shows 
mean proportion of alleles in loci for individuals in the admixed 
population that were private to translocated (triangles) and resident 
(squares) individuals at release (Release), and when established 
(Establ.) in 2002. The right part shows the mean proportion of pri-
vate alleles from each of the two origins in each subsequent cohort 
after reinforcement (Y1–Y6, hatched 2002–2007). Mean proportion 
across loci (n = 5 loci with novel alleles) of alleles that were novel/
immigrant alleles (diamonds) is also presented for each of the cohorts 
after reinforcement. Mean proportion of private alleles in the recipi-
ent population prior to reinforcement is shown as a dashed horizontal 
line with ± standard errors as dotted lines

Fig. 3  Levels of heterozygosity (± standard errors) in an admixed 
population of house sparrows following reinforcement. The left part 
of the figure shows expected (black) and observed (grey) heterozy-
gosity in translocated (triangles), resident (squares), and individuals 
from both origins pooled in the admixed population (circles) at the 
time of release (Release), and when established (Establ.) in 2002. The 
right part shows expected (black) and observed (grey) heterozygosity 
in each subsequent admixed cohort (circles) after reinforcement, Y1–
Y6. Observed heterozygosity in the recipient population prior to rein-
forcement is shown as a dashed horizontal line with ± standard errors 
as dotted lines

Fig. 4  Genetic differentiation estimated as pairwise FST (with 95% 
confidence intervals) in an admixed population of house sparrows fol-
lowing reinforcement. The left part of the figure shows FST between 
the admixed population and the translocated (triangles) and resident 
individuals (squares), respectively, at the time of release (Release) 
and when established (Establ.) in 2002. The right part shows pairwise 
FST between each subsequent admixed cohort (Y1–Y6) and the estab-
lished translocated individuals (triangles) and established resident 
individuals from the recipient population (squares), respectively. The 
horizontal dashed lines represent the pairwise FST estimated between 
the translocated and resident individuals prior to reinforcement 
(FST = 0.0176), and the horizontal dotted lines represent the 95% con-
fidence interval (CI 0.0135–0.0219). FST = 0 (i.e. recipient popula-
tion prior to reinforcement compared with itself) is also shown as a 
dashed horizontal line. The shaded areas show results from simula-
tions representing expectations under random genetic drift: 95% CI of 
expected pairwise FST between the admixed cohorts and (1) translo-
cated individuals (light grey), and (2) recipient population (dark grey) 
at the time of establishment, respectively
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P = 0.803) or resident individuals (r = − 0.37, P = 0.497; 
Fig. 2), and private alleles from both origins were still pre-
sent in the last cohort (Fig. 2; translocated: three alleles at 
three loci, mean proportion across loci 0.004 ± 0.002; resi-
dents: 13 alleles at nine loci, mean proportion across loci 
0.031 ± 0.008).

Six alleles at five different loci (mean proportions across 
loci and cohorts: ≤ 0.002 ± 0.001, Fig. 4) did not originate 
from translocated or resident individuals. At least four of 
these novel alleles were present in adjacent subpopulations 
outside our study area, and thus likely introduced by natural 
immigration. Fifteen immigrants were captured during the 
study period, five originating > 20 km away and 10 from 
adjacent populations (< 5 km away; Table S6). Unexpect-
edly, none of the known immigrants carried either of these 
novel alleles.

In the first cohort of recruits (Y1), observed heterozygo-
sity was significantly lower than expected heterozygosity 
(z = − 2.01, P = 0.045; Fig. 3). Observed heterozygosity 
increased significantly between Y1 and Y2 cohort (z = 1.99, 
P = 0.048; Fig. 3). However, these differences were not 
significant after correcting for multiple tests. In the follow-
ing cohorts, heterozygosity decreased to a level similar to 
pre-reinforcement; thus, it did not differ significantly from 
the recipient population prior to reinforcement (z = 0.22, 
P = 0.824).

Finally, we investigated genetic differentiation between 
each cohort in the admixed population (2002–2007) and 
(1) translocated and (2) resident individuals at the time of 
establishment respectively. All cohorts of the admixed popu-
lation were significantly differentiated from the established 
translocated individuals (all comparisons: FST ≥ 0.0042, 95% 
CI ≥ 0.0020–0.0069; Fig. 4). Interestingly, using results from 
our simulation, the differentiation between established trans-
located individuals and recruits from the three first cohorts 
(Y1–Y3) was larger than expected from random genetic 
drift and demographic stochasticity (Fig. 4). In contrast, the 
genetic differentiation between established resident indi-
viduals and five subsequent cohorts was low and not sig-
nificantly different from zero (all comparisons: FST ≤ 0.0021, 
95% CI’s ≤ − 0.0001–0.0056; Fig. 4). Only cohort Y6 dif-
fered significantly from the established resident individuals 
(FST = 0.0048, 95% CI 0.0008–0.0087; Fig. 4).

Discussion

Genetic changes in the year of reinforcement

Prior to reinforcement, genetic differentiation between 
the source and recipient populations was low but signifi-
cant (Online Appendix B: Fig. B1; Fig. 4). Only two indi-
viduals were recorded to disperse between the source and 

recipient population during the study period. Such low rate 
of exchange, but at the same time low rate of differentia-
tion between the two populations, may indicate immigra-
tion from genetically similar populations (Kekkonen et al. 
2011; Jensen et al. 2013). Thus, the small genetic differences 
between the source and resident populations (Fig. 4; Online 
Appendix B) are likely a result of genetic drift counteracted 
by low levels of gene flow (Holand et al. 2011).

Low allelic variation and few private alleles among trans-
located individuals suggest that the source population may 
not have been sufficiently genetically variable and differenti-
ated to increase allelic diversity of the recipient population. 
In fact, this may reflect the constraints often faced by manag-
ers: genetic information prior to translocation is limited and 
suitable source populations are scarce (Heber et al. 2013). 
However, monitoring the trajectories of private alleles from 
both origins should provide a representative evaluation of 
genetic contribution from translocated individuals, also 
into genetically diverse populations. Though, it provides no 
information regarding the introgression of individuals car-
rying these alleles.

At release, the admixed population were equally differ-
entiated from both the source and recipient population. This 
was expected, given that equal numbers of translocated and 
resident individuals were released. However, already at the 
time of establishment, the admixed population was more dif-
ferentiated from the translocated individuals than from the 
resident individuals (Fig. 4). This is likely due to the lower 
establishment success of translocated individuals compared 
to residents found in this experiment (50.8% vs. 71.3%; 
Table 1; Ranke et al. 2017), and in other translocations (Roe 
et al. 2010; Germain et al. 2017). Translocated individuals 
often move over larger distances experiencing higher mor-
tality following translocations (Roe et al. 2010). Low estab-
lishment success may at an early stage thus contribute to a 
long-term limited genetic impact of reinforcements.

Genetic changes in the post‑reinforcement cohorts

There was a temporal decrease in mean number of alleles 
in the admixed population (Fig. 1), opposite of the intended 
outcome of reinforcements (Tallmon et al. 2004; Whiteley 
et al. 2015). The decrease in mean number of alleles across 
all cohorts was likely caused by genetic drift resulting from 
an overall decline in population size (Engen et al. 2007; 
Table 1). This highlights the importance of mitigating the 
initial conditions leading to population decline, in order to 
avoid sustained negative influences on population size and 
a corresponding increased genetic drift (Bouzat et al. 2009; 
Heber et al. 2013; Bateson et al. 2014). Thus, to decrease 
the dependence of repeated reinforcements, improvement of 
habitat quality would be needed (Frankham 2015).
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In the admixed population, the mean proportion of 
alleles private to resident individuals was higher than for 
translocated individuals in three cohorts. This suggests 
a larger genetic contribution from resident individuals, 
at least in some cohorts (Fig. 2). In this experiment, the 
source population was more isolated than the recipient 
population based on the different distance to mainland, 
which may have contributed to the lower allelic diversity 
in the source population. Moreover, higher establishment 
rate and mating success further contributed to the larger 
proportion of private alleles originating from the recipient 
population (Fig. 2). This difference in genetic contribution 
is apparent already after the first breeding season (Online 
Appendix C). Six novel alleles were detected during the 
study period, indicating some immigration from adjacent 
populations where at least four of these alleles were pre-
sent (Fig. 2). None of these naturally introduced alleles 
were present for more than two consecutive cohorts. This 
contrasts other more inbred recipient populations, where 
immigrant alleles may have a large impact on population 
genetic diversity (Åkesson et al. 2016), especially after 
recent bottlenecks (Keller et al. 2001). Natural immigrants 
into the recipient population might have been subject to 
lower establishment rates and mating success, similarly as 
the translocated individuals. Moreover, these novel alleles 
were also present in low numbers, and were therefore more 
vulnerable to be lost due to genetic drift.

In the first cohort following the reinforcement, there was 
no increase in observed heterozygosity, but instead lower 
observed heterozygosity than expected (Fig. 3). Fewer het-
erozygotes is expected according to the Wahlund effect, i.e. 
lower observed than expected heterozygosity in subdivided 
populations (Wahlund 1928). Genetic mixing between the 
two origins were low likely due to assortative mating based 
on origin i.e. recruits in the first cohort were mostly off-
spring of translocated-translocated pairs or resident-resident 
pairs (Ranke et al. 2017). In the second cohort, these restric-
tions seem to disappear (Fig. 3), increasing the observed het-
erozygosity, suggesting that the delayed increase in observed 
heterozygosity by one cohort was due to limited mixing of 
the two origins following the translocation. In contrast to 
our result, other studies have demonstrated more immediate 
increase in heterozygosity already in the first cohort follow-
ing reinforcement (Yamamoto et al. 2006; Heber et al. 2013). 
For example, even when using inbred source populations, 
heterozygosity increased following reinforcements into two 
inbred populations of South Island robin (Petroica austra-
lis) (Heber et al. 2013). In our experiment, the increase in 
observed heterozygosity was only temporary. During the 
four subsequent cohorts, it returned to a pre-reinforcement 
level (Fig. 3), likely due to the high levels of heterozygo-
sity in the recipient population prior to reinforcement. In 
contrast, for severely inbred populations, reinforcement may 

lead to long-term increase in heterozygosity, as found in e.g. 
the Florida panther (Johnson et al. 2010).

Temporal changes in genetic differentiation are common 
in reinforced populations (reviewed in Champagnon et al. 
2012), due to the influence from genetically distinct indi-
viduals (Frankham 2015). However, in the focal reinforced 
population, only the last cohort showed genetic differentia-
tion when compared to the recipient population prior to rein-
forcement (Fig. 4). Populations unaffected by reinforcement 
often show such small temporal change in allele frequencies 
(Tessier and Bernatchez 1999), provided that populations are 
sufficiently large and genetic drift negligible. In contrast, all 
cohorts were genetically differentiated from the translocated 
individuals (Fig. 4). The genetic differentiation was actu-
ally more rapid than expected from random genetic drift and 
demographic stochasticity according to our simulation, even 
when accounting for the assortative mating present among 
the parental individuals (Fig. 4). Together, these findings 
suggest small genetic contributions from translocated indi-
viduals to the recipient population. In contrast, reinforce-
ment of isolated and genetically depleted recipient popula-
tions may have large impact on genetic differentiation. For 
instance, in white-spotted charr (Salvelinus leucomaenis) 
genetic differentiation between source and recipient popu-
lations had disappeared already in the cohort following the 
reinforcement (Yamamoto et al. 2006).

Implications for conservation

Our results suggest that interactions between translocated 
and resident individuals following reinforcement may intro-
duce additional challenges compared to reintroductions (see 
Ewen et al. 2012). This study underlines the importance of 
detailed temporal genetic assessment following reinforce-
ment of populations, monitoring the allelic diversity, unique 
alleles, heterozygosity and genetic differentiation. Thorough 
genetic analyses on several time steps were needed to iden-
tify the underlying reasons for the limited genetic effects of 
reinforcement. In our study, both establishment and mat-
ing success were lower for translocated individuals than 
residents. We reveal how these important ecological and 
behavioural factors might impede genetic contribution of 
reinforcement in threatened populations. Any fitness disad-
vantage for translocated individuals may reduce their long-
term genetic impact on the recipient population. Moreover, 
during this study, several farms in the recipient population 
ceased operation i.e. equivalent to habitat destruction for 
the house sparrow. This resulted in local population extinc-
tions (Table 1), reduced population size and increased frag-
mentation, which in turn increased genetic drift and loss 
of genetic diversity. Therefore, any threats to the resident 
population should be reduced prior to reinforcement. Oth-
erwise, sustained negative impacts on population size and 
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allelic diversity will lead to the population being dependent 
on repeated reinforcements (Bouzat et al. 2009; Frankham 
2015). Our findings highlight the importance of careful 
genetic examination of both source and recipient popula-
tions prior to reinforcement, and we stress the importance 
of implementing guidelines for translocations (Bateson et al. 
2014; Frankham et al. 2014; IUCN/SSC 2014). Still, our 
experiment reveals that even when allelic diversity of the 
source population is low relative to the recipient population, 
reinforcement may introduce novel alleles and cause a short-
term increase in heterozygosity.
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