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INTRODUCTION

A fundamental aspect of management for species
conservation should be preservation of genetic varia-
tion so that natural selection and other processes
have the potential to respond to environmental

change (Reed & Frankham 2003, Frankham 2005).
The application of molecular techniques to examine
levels of genetic variation may provide valuable
information to aid in the genetic management of
endangered populations for long-term resilience
(e.g. adaptation capacity in the face of new diseases
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ABSTRACT: Conservation of genetic biodiversity in endangered wildlife populations is an
 important challenge to address since the loss of alleles and genetic drift may influence future
adaptability. Reintroduction aims to re-establish species to restored or protected ecosystems; how-
ever, moving a subset of individuals may result in loss of gene variants during the management-
induced bottleneck (i.e. translocation). The endangered Laysan teal Anas laysanensis was once
widespread across the Hawaiian archipelago, but became isolated on Laysan Island (415 ha) from
the mid-1800s until 2004 when a translocation to Midway Atoll (596 ha) was undertaken to reduce
extinction risks. We compared genetic diversity and quantified variation at microsatellite loci sam-
pled from 230 individuals from the wild populations at Laysan (1999 to 2009) and Midway (2007 to
2010; n = 133 Laysan, n = 96 Midway birds). We identified polymorphic markers by screening
nuclear microsatellites (N = 83). Low nuclear variation was detected, consistent with the species’
insular isolation and historical bottleneck. Six of 83 microsatellites were polymorphic. We found
limited but similar estimates of allelic richness (2.58 alleles per locus) and heterozygosity within
populations. However, 2 rare alleles found in the Laysan source population were not present in
Midway’s reintroduced population, and a unique allele was discovered in an individual on Mid-
way. Differentiation between island populations was low (FST = 0.6%), but statistically significant.
Our results indicate that genetic drift had little effect on offspring generations 3 to 6 yr post-
release and demonstrate the utility of using known founder events to help quantify genetic
 capture during translocations and to inform management decisions.
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or other biotic and abiotic environmental changes). If
endangered species recovery strategies include re -
introduction, translocations with small numbers of
founders and no immigration can lead to loss of
genetic variation over time via genetic drift or low
initial genetic capture (Weeks et al. 2011) and can
potentially reduce the reintroduced population’s
long-term persistence or its potential to serve as a
suitable source for future translocations (Tarr et al.
1998, Groombridge et al. 2012, Weiser et al. 2013).

The endangered Laysan teal (or Laysan duck, Anas
laysanensis) was isolated on a small remote atoll (412
ha) in the Northwestern Hawaiian Islands, Laysan
Island, for >150 yr (Olson & Ziegler 1995). Ancient
DNA testing, historical accounts, and sub-fossil
remains indicate the Laysan teal occurred through-
out the Hawaiian archipelago approximately 800 yr
ago, but, like other Hawaiian birds, it was extirpated
from islands following the arrival of humans and
introduced mammals (Olson & James 1991, Cooper
et al. 1996). The Laysan teal declined to near extinc-
tion (7 to 20 individuals) following the intentional
introduction of European rabbits (Oryctolagus
cuniculus) to Laysan Island around 1905 (Dill &
Bryan 1912). The last remaining Laysan teal popula-
tion grew to the island’s carrying capacity of about
400 to 600 (Seavy et al. 2009) in the decades after
rabbits were eliminated from Laysan Island in 1924.
Two recent population declines were documented,
first in 1993 to 1994, when abundance fell to about
150 adults during a severe drought and epizootic
(Seavy et al. 2009), and then an estimated decline of
about 42% in 2011 to 2012 after the Tōhoku earth-
quake-generated tsunami (Reynolds et al. 2015).
Since Laysan teal do not migrate or immigrate
between distant Northwestern Hawaiian atolls, the
establishment of 4 additional populations is a recov-
ery criterion to reduce the inherently high extinction
risk associated with a single small population (USFWS
2004, 2009). An experimental translocation (wild to
wild) was implemented  in 2004 and 2005, moving 20
and 22 juvenile birds, respectively (<4% of the total
post-fledgling population at Laysan Island; Reynolds
et al. 2008, 2015). The translocated population grew
rapidly to 471−535 post-fledglings by 2008 (Reynolds
et al. 2012, 2013).

Since recovery strategies for Laysan teal empha-
size translocations (USFWS 2009), periodic genetic
assessments of populations are valuable to under-
stand how genetic variation changes over time (i.e.
genetic drift) between source and translocated
 populations. This information is useful in informing
management decisions such as the optimal number

of founders and immigrants to translocate. These
decisions are likely to influence both short- and long-
term retention of genetic diversity within reintro-
duced populations. In this study, we examined micro-
satellite variation in Laysan teal from the source
island population of Laysan and from the reintro-
duced population of Midway Atoll. We compared
microsatellite genetic diversity of the 2 populations
and tested for evidence of allelic loss in the offspring
generations produced at Midway Atoll 2 to 6 yr post-
translocation.

MATERIALS AND METHODS

On Laysan Island (25°46’N, 171°44’W) from 1999 to
2009, we caught Laysan teal and collected blood (n =
84) or feathers, including rectrices or body feathers
(n = 27). Additionally, we recovered carcasses and
froze tissue samples (n = 22). The 133 ducks sampled
from Laysan Island (62 females, 59 males, and 12 ju-
veniles of unknown sex) included 22 of the 42 original
founders of Midway Atoll (28° 11’−28° 16’ N,177° 18’−
177° 25’ W). We also trapped birds at Midway Atoll
and collected feathers from 5 individuals and tissue
samples from 91 fresh carcasses representing the F1 to
F6 generations, from 2007 to 2010 (39 females, 48
males, and 9 juveniles of unknown sex). Samples
were preserved in lysis buffer (0.1 M Tris, pH 8.0,
0.1 M EDTA, 2% SDS [sodium dodecyl sulfate]) and
frozen. The source population size varied from about
435 to 674 birds from 1999 to 2009 (Reynolds et al.
2015), and the translocated population varied from
about 250 to 475 between 2007 and 2010 (Reynolds et
al. 2012), so our population sampling approached ap-
proximately 20 to 31% of the population at Laysan
and 20 to 38% of the population at Midway.

We used a subset of samples to screen for variation
in microsatellite genetic markers with the intent of
examining the larger dataset once variable markers
were identified. For microsatellite loci, we screened
18 to 31 samples from Laysan Island for a total of 83
microsatellite primer pairs and examined results for
allelic variation. The majority of these primers came
from published sources examining the variation of
microsatellites in waterfowl (Fields & Scribner 1997,
Buchholz et al. 1998, Cathey et al. 1998, Maak et al.
2003, Paulus & Tiedemann 2003, Denk et al. 2004,
Munoz-Fuentes et al. 2005) and other species (Prim-
mer et al. 1995). PCR amplification of all nuclear loci
during screening and data collection involved identi-
cal reagent cocktails as described in Pearce et al.
(2004), except that all were amplified with the same
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PCR temperature profile (94°C for 2 min followed by
40 cycles of 94°C for 2 min, 50°C for 1 min, and 72°C
for 1 min) by means of an MJ Research PTC-200
 thermal cycler. PCR products were visualized on 6%
polyacrylamide gels with a LI-COR 4200 DNA se -
quencer. Genotypes were scored according to allele
size on the basis of an initial comparison to an M13
DNA sequence ladder and then to samples estab-
lished as size standards that were run on each subse-
quent gel.

Of the 83 microsatellite loci screened, a total of 68
primer pairs yielded a PCR product and, of those, 9
loci (13.2%) were variable among the test samples.
However, 3 of these 9 loci were difficult to reliably
score and were subsequently dropped. Thus, we ana-
lyzed all 229 samples comprising 133 individuals from
Laysan Island and 96 from Midway Atoll with the 6
loci that were polymorphic and reliably scored: Bca3
(Buchholz et al. 1998), Smo4, Smo6, Smo11 (Paulus &
Tiedemann 2003), Aph21 (Maak et al. 2003), and
Sifu8 (Fields & Scribner 1997; Table 1). Approximately
25% of genotypes (range per locus: 10 to 50%; 342
samples) were amplified more than once across the 6
microsatellite loci to verify genotypes, and all geno-
types were scored twice by independent observers.
From these data, 6 discrepancies were observed, yield-
ing an overall error rate of 1.8%. We used MICRO-
CHECKER (Van Oosterhout et al. 2004) to test for evi-
dence of null alleles in our microsatellite data set. We
calculated allelic richness (i.e. the number of alleles
per locus), expected (He) and observed heterozygosi-
ties (Ho), and inbreeding co efficient (FIS) for micro-
satellite loci in FSTAT v. 2.9.3 (Goudet 1995). Hardy-
Weinberg equilibrium and linkage equilibrium (LE)
were tested in GENEPOP v. 3.1 (Raymond & Rousset
1995; Markov chain para meters: dememorization
number 1000; number of batches: 100; and number of
iterations per batch: 10 000).

A relative estimate of differentiation (FST) between
Laysan Island and Midway Atoll samples was esti-
mated in ARLEQUIN v. 3.5 (Excoffier & Lischer 2010).
Population structure was further analyzed in the pro-
gram STRUCTURE v. 2.1 (Pritchard et al. 2000),
which uses Bayesian clustering methods to determine
the number of genetic populations. Datasets were an-
alyzed for (K) populations ranging from 1 to 5. Data
were analyzed using an admixture model assuming
correlated frequencies, without a priori knowledge of
island source. Burn-in periods of 10 000 steps
followed by 100 000 Markov chain Monte Carlo itera-
tions were used. Analyses at each K were repeated 5
times to evaluate consistency across runs. The log
likelihood was used to determine the optimum K.

RESULTS

Observed heterozygosity conformed to expected
Hardy-Weinberg proportions for the 6 microsatellite
loci, and there was no evidence of linkage disequilib-
rium for the data set (n = 229). For the 6 microsatellite
loci, the number of alleles per locus and allelic rich-
ness were nearly the same for the 2 island groups
(Table 1), with an average of 2.58 alleles per locus
(range: 2 to 4 alleles per locus; Table 2). However, 2
alleles were unique to the source population (Smo4,
Allele 291: 2 individuals; Sfiu8, Allele 144: 4 individ-
uals), while a third allele (Aph21 locus, Allele 176)
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Genetic diversity metric Laysan Island Midway Atoll
(source) (translocated)
n = 133 n = 96

No. of alleles 2.67 2.50
Allelic richness 2.64 2.45
Observed heterozygosity (Ho) 0.476 0.442
Expected heterozygosity (He) 0.476 0.442
Inbreeding coefficient (FIS) −0.009 0.020
Fixation index (FST) between 0.006 (p = 0.03)
populations

Table 1. Metrics of genetic diversity across 6 nuclear
 microsatellite loci for 2 populations (source and trans -
located) of the Laysan teal Anas laysanensis in the 

Hawaiian archipelago

Locus Allele Laysan Island Midway Atoll
(source) (translocated)
n = 133 n = 96

Bca3 169 0.238 0.244
173 0.761 0.755

Smo4 279 0.028 0.010
283 0.580 0.636
287 0.383 0.352
291 0.081 0.000

Smo6 146 0.435 0.542
151 0.564 0.457

Smo11 199 0.608 0.688
205 0.392 0.311

Aph21 169 0.647 0.724
176 0.000 0.052
177 0.325 0.255
181 0.027 0.015

Sfiu8 144 0.018 0.000
146 0.476 0.533
152 0.504 0.466

Table 2. Microsatellite allele frequencies for 2 populations of
the Laysan teal Anas laysanensis in the Hawaiian archi -
pelago. Private  alleles present in only 1 population are 

shown in bold
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was found only in the Midway group from an
unbanded juvenile bird in 2008 (offspring genera-
tions F1 to F4) that died of avian botulism type C
(Clostridium botulinum) (Table 2). The presence of
this unique allele on Midway could be due to a muta-
tion post-translocation or a rare allele that has not yet
been sampled in the source population. Analysis run
in MICRO-CHECKER found no evidence for null
alleles across all loci and both populations.

Observed heterozygosity ranged from 32 to 57%
across loci and for both island groups (Table 1).
Although the inbreeding coefficients (comparing
the heterozygosity within sampled individuals from
the population) were not significantly different
from zero (p > 0.05), they were higher on Midway
Atoll (0.020) compared to Laysan Island (−0.009).
Overall FST between the 2 populations was low but
statistically significant (FST = 0.006, p = 0.03).
STRUCTURE identified an optimum K of 1, sug-
gesting populations on the 2 atolls were undiffer-
entiated genetically.

DISCUSSION

The low genetic variation at these loci for Laysan
teal is consistent with historical accounts of a popula-
tion bottleneck and a genome-wide loss of variation.
The Laysan teal harbors low genetic diversity com-
pared to other island endemics (e.g. Tarr et al. 1998,
Fowler et al. 2009, Bowker-Wright et al. 2012), likely
due to its comparatively long isolation and radical
range restriction from across the Hawaiian Archipel-
ago to a 412 ha remote island. Long-term genetic
management of reintroduced species is often a low
priority when short-term population establishment is
successful. Fortunately, the 42 birds trapped and
translocated from Laysan Island to Midway Atoll
were selected from different family groups during
2004 and 2005, and our results confirm genetic cap-
ture of some rare alleles detected in the source
Laysan population. Importantly, our results indicate
very little genetic drift on Midway’s offspring (gener-
ations F1 to F6) within the early years post-release.
Rapid population growth after a population bottle-
neck has been shown to reduce the magnitude of
genetic drift (Murphy et al. 2015), and indeed this
rapid population growth was observed at Midway
Atoll (λ = 1.73; Reynolds et al. 2008). Allele retention
in isolated populations over time is also influenced by
the rate of population growth, population abun-
dance, and species’ life-history characteristics (Tracy
et al. 2011).

In addition to the rare alleles documented in this
study, Lavretsky et al. (2014) revealed genetic varia-
tion for Laysan teal in exon 2 of the major histocom-
patibility complex (MHC) I, putatively a functional
marker. Although neutral markers (e.g. microsatel-
lites) are not known to be shaped by natural selection
(Holderegger et al. 2006), studies have shown a high
positive correlation between the functional and neu-
tral marker types in other island birds (Hansson &
Richardson 2005, Wright et al. 2014), suggesting that
neutral forces (i.e. genetic drift), rather than selection,
may be a predominant force acting on genetic diver-
sity of small island populations. Studies of the Sey-
chelle’s warbler indicate that stochastic genetic cap-
ture (i.e. number of founding breeders) was the main
determinant of allele loss observed in trans located
populations and that the loss of rare alleles was pri-
marily due to incomplete genetic capture (Wright et
al. 2014). Consequently, maximizing MHC diversity
and retaining rare alleles is assumed to be important
for the persistence and resilience of species (Frank -
ham 2005, Weeks et al. 2011), as lack of genetic diver-
sity correlates with a species’ risk of extinction and
disease susceptibility (Frankham 2005).

Given that genetic variation in an isolated species
can be lost over time and during translocations, to
improve probabilities of retaining the Laysan teal’s
limited genetic variation, computer simulations of
allele retention in small isolated populations (Weiser
et al. 2012, 2013) have been used to explore the opti-
mal number of founders and the frequency and num-
ber of immigrants needed at translocation sites
(Reynolds et al. 2013). New tools, such as next-gener-
ation sequencing, may also be useful for future stud-
ies to detect elusive genomic variation in Laysan teal
and to apply those data to evidence-based conserva-
tion and management practices (Allendorf et al.
2010, Angeloni et al. 2012, Wright et al. 2014).

Our results suggest that the Laysan teal, regardless
of island, can genetically be considered a single pop-
ulation 6 generations post-release. The presence of
unique rare alleles in both populations, however,
suggests that a mixture of individuals from Laysan
Island and Midway Atoll will help maximize the
genetic diversity of future reintroduced populations.
In 2014, for example, a nascent reintroduction
attempt to Kure Atoll (28°23’33’’N, 178°17’36’’W,
100 ha; PMNM 2014, 2015) was sourced from Mid-
way Atoll without founders from Laysan Island. Our
study describes the utility of using documented
founder events and periodic genetic assessments for
informing reintroduction management decisions to
aid retention of allelic diversity.
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