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Abstract
On the basis of morphological differences, three subspecies of Black-tailed Godwit (Limosa limosa) have been recognized (L 
I. limosa, L. I. islandica and L. I. melanuroides). In previous studies mitochondrial DNA (mtDNA) sequence data showed 
minimal genetic divergence between the three subspecies and an absence of sub-structuring within L. I. limosa. Here, 
population genetic structure and phylogeographlc patterns have been analyzed using COI, HVR1 and HVR2 mtDNA 
sequence data as well as 12 microsatellite loci (nuDNA). The nuDNA data suggest genetic differentiation between L. I. limosa 
from Sweden and The Netherlands, between L. I. limosa and L. I. islandica, but not between L. I. limosa and L. I. melanuroides. 
However, the mtDNA data were not consistent with the nuDNA pattern. mtDNA did support a split between L. I. 
melanuroides and L. I. limosa/L. I. islandica and also demonstrated two L. I. limosa haplotype clusters that were not 
geographically isolated. This genetic structure can be explained by a scenario of isolation of L. I. melanuroides from L. I. 
limosa In Beringia during the Last Glacial Maximum. During the Pleistocene separation of L. I. islandica from L. I. limosa 
occurred, followed by colonization of Iceland by the L. I. islandica during the  Holocene. Within L. I. limosa founder events, 
followed by population expansion, took place during the Holocene also. According to the patterns observed in both 
markers together  and their geographic separation, we propose that the three traditional subspecies Indeed represent three 
separate genetic units.
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Introduction

Black-tailed Godwits are m igratory shorebirds b reeding m ainly 
in tem perate and  boreal lowlands. T h eir b reeding range extends 
across Eurasia, from  Iceland to K am chatka and  Sakhalin [8], 
Ehitil a  few centuries ago, b reeding Black-tailed Godwits (Limosa 
limosa L inneaus, 1785) were confined to raised bogs, m oorlands, 
lake m argins and  dam p grassy depressions in steppe [2,21]. Since 
the early M iddle Ages the bog habitats in north-w estern Europe 
becam e converted into increasingly nutrient-rich  m eadows for 
dairy farm ing. Black-tailed Godwits were p robably  quick to exploit 
this new  opportunity  an d  as a  result the num ber o f b reeding pairs 
in T h e  N etherlands alone increased to approxim ately 120,000 in 
1967 [35]. How ever, over the last few decades further agricultural 
intensification w ith increasingly early m owing dates has led to low 
recruitm ent [27,50], In  addition, u rbanization  of rural areas has 
led to fragm entation of their b reeding habitat. As a  result, the 
m ain land  E uropean  breeding population  has been in decline over 
the last 40 years [4,50,65]. T his has p rom pted  the IETCN to qualify 
the species as N ear-T hreatened  [3].

C urrently , three subspecies are recognized (Figure 1): the 
E uropean  Black-tailed Godw it (Limosa limosa limosa), Icelandic 
Black-tailed Godw it (L. I. islandica) and  Asian Black-tailed Godwit 
(L. I. melanuroides) [8], T hese subspecies have been distinguished on 
the basis o f m orphological traits. L. I. islandica has a  shorter bill and  
tarsus an d  has m ore extensive rufous-cinnam on an d  b a rred  
p lum age th an  L. I. limosa, while L. I. melanuroides is distinctly 
smaller com pared to L. I. limosa [8,44], H ow ever, the phenotypic 
variation  w ithin and  betw een different Limosa subspecies overlaps 
and  varies th roughout the seasons, often m aking it difficult to 
identify them  with 100% certainty [31]. Aside from  external 
characters, Limosa subspecies also differ in b reeding range and  
m igratory routes, although there  is some overlap [17,31]. T he 
breeding range o f L. I. limosa extents from  Britain to W est Russia. 
L. I. islandica breeds m ainly on  Iceland, w ith some breeding pairs 
occasionally found in Scotland an d  N orthern  N orw ay. L. I. 
melanuroides breeds a t isolated locations in Russia, east o f  the 
Yenisey river. L. I. limosa w inters in parts o f southern  E urope and  
south-west Asia, bu t m ainly in sub-Saharan  Africa. L. I. islandica 
m igrates to Britain, w estern France, T he N etherlands an d  Iberia. 
T h e  w intering grounds o f L. I. melanuroides are in south-east Asia,
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Figure 1. Sample locations of the Black-tailed Godwit Limosa limosa. Sample locations o f the Black-tailed Godw it Lim osa lim osa. L. I. lim osa: 
the Netherlands, Mid-Germany, Northern Germany, Denmark, Sweden, Belarus/Moscow, Kazachstan/SW Russia; L. I. is landica: Iceland; and L  /. 
m elanuroides: Eastern Russia/Selanga delta. 
doi:10.1371/jou rna l.pone.0083949.g001

from  the Bay of Bengal to T aiw an, the Philippines an d  A ustralia 
[8,17].

H öglund  et al. (2009) [23] found slight diagnostic differences 
betw een the subspecies on  the basis o f  m itochondrial DN A  
(mtDNA) sequence data, bu t found no population  structure within 
L. I. limosa. A lthough they had  sequenced p a rt o f the highly 
variable control region (CR) o f the m tD N A , they used a  relatively 
conserved p a rt in their analyses [29,48], T his m ay have caused an 
underestim ation  o f the genetic splits th a t are actually present 
betw een L. I. limosa populations. Using microsatellite m arkers 
targeting  nuclear D N A  (nuDNA), T rim bos et al. (2011) [57] found 
m oderate levels o f  genetic variation am ong Black-tailed Godwits 
b reeding in T h e  N etherlands, and  also did not detect any form  of 
population  structure. This suggests that: either fragm entation o f 
Black-tailed Godw it b reed ing  populations is too recent for lineage 
sorting to be  com plete, o r gene flow has not been restricted on the 
scale o f  T h e  N etherlands. H ow ever, genetic structure has yet to be 
studied in detail th roughout the entire b reeding range o f the Black- 
tailed Godwit.

O w ing to its four times smaller effective population  size, 
m tD N A  exhibits faster lineage sorting com pared to nuD N A  
[34,47,64], T his difference in effective population  size is a ttribu ted  
to the different ways in w hich the two genom es are inherited. 
N uclear D N A  is diploid, and  recom bined betw een bo th  parents in 
every generation, w hereas m tD N A  is haploid  and  only inherited 
m aternally. In  theory, m tD N A  could thus reflect changes in 
population  structure faster. It has been argued, however, that the 
best m easures o f population  genetic structure derive from  the 
accum ulated  signals from  m ultiple loci [10], whilst the entire 
m tD N A  is effectively a single locus. W ith  this in m ind, we used a 
com bination o f bo th  nuD N A  and  m tD N A  da ta  to account for the

shortcom ings o f each [32,46], M ore specifically, to clarify 
population  genetic structure o f the Black-tailed Godw it in detail, 
genetic differentiation w ithin L. I. limosa w ith respect to the 
divergence betw een the different Limosa limosa subspecies was 
studied using the m tD N A  C O I, H V R 1 and  H V R 2 regions next to 
12 nuD N A  m icro satellite loci.

Materials and Methods

Sample collection and DNA extraction
Sam ples were collected betw een 1991 an d  2010 from  sites 

across the Limosa limosa b reeding range (Figure 1). Anim al w ork in 
this study included taking b lood o f individual Black-tailed 
Godwits. Additionally, birds were colour ringed an d  biom etrics 
were done for o ther research purposes. T h e  anim al work done 
here was approved by the Institutional Anim al C are  and  Use 
C om m ittee o f the U niversity o f  G roningen (IA C U C -R uG ). T o 
limit stress, individual birds w ere handled  for a  m axim um  of 20 
m inutes. A blood sample o f 20 ul was taken from  the brachial wing 
vein before body size an d  p lum age m easurem ents w ere taken. T he 
area  a round  the vein was cleaned with a cotton ball dipped in 
ethanol. T h e  blood was draw n from  the puncture  w ith a  sterilized 
m icro-capillary tube. T h e  sample was stored in 96% ethanol at 
— 20"C for the first weeks and  a t —80"C thereafter. Blood samples 
were taken in the field close to the nesting site so that the birds 
were handled  in the m ost com fortable environm ent. Blood 
samples were taken a t the beginning o f the work to ensure that 
b leeding had  stopped w hen all the work on the b ird  was finished 
and  the birds could fly back to their nesting site instantly. Birds 
that expressed signs o f high stress levels (fast panting, leg cramps) 
were freed im m ediately. Since the Black-tailed Godw it is a
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pro tected  species exem ption was needed an d  obtained from  the 
D utch  Flora & F auna  act article 75 and  the D utch  Anim al W elfare 
Act article 9. M ost b lood samples w ere collected in T he 
N etherlands. O th e r blood samples, previously collected (in 
Sweden, R ussia/M oscow , K azakhstan, western Russia, Iceland, 
E astern  R ussia /Selenga D elta and  C anada) by  H öglund  et al. 
(2009) [23], were m ade available by the U niversity o f G roningen, 
w here they w ere stored (Table 1). Permissions to catch  Black-tailed 
Godwits, collect egg shells and  take blood in reserves were 
obtained from  the appropria te  authority  in this case Staatsbos­
beheer an d  It Fryske G ea. T h e  rest o f the sample collection was 
done on  private land  w here we got perm ission o f the different 
owners to conduct our studies.

A dditionally, eggshells were obtained betw een 2008 an d  2010 
[56] in T h e  N etherlands, G erm any, Belarus and  D enm ark, all 
b reeding areas o f L. I. limosa (Table 1). For the collection o f egg 
shell m em branes no Black-tailed Godw it individuals were handled. 
Eggshell rem ains were collected in the nest (after hatching) and  
were individually stored in plastic bags a t room  tem perature. DN A  
was extracted from  6—10 pi o f blood using am m onium  acetate 
[43] or the Q iagen DN easy Blood and  Tissue K it according to the

m anufacturer’s protocol [40]. D N A  from  eggshell m em branes was 
also extracted  using the Q iagen DN easy B lood and  Tissue K it
[40], w ith m inor m odifications as described by T rim bos et al. 
(2009) [56], Publicly available sequences from  the B arcoding of 
Life D atabase (BOLD) w ere used to supplem ent the C O I barcodes 
and  to provide an  outgroup for the C O I tree. T h e  H udsonian 
Godw it Limosa haemastica, an  arctic-breeding godwit o f  C an ad a  and  
Alaska, was used as outgroup for the H V R  analysis.

Microsatellite analysis
For the nuD N A  data  we used a set o f microsatellite m arkers 

[60] w hich were previously utilized in T rim bos et al. (2011) [57]. A 
total o f  289 birds from  10 different b reeding locations were 
genotyped at 12 microsatellite loci. T hese 12 loci (LIM3, LIM 5, 
LIM 8, L IM 10, L IM I 1, L IM 12a, L IM 24, L IM 25, LIM 26, 
LIM 30, LIM 33) w ere specifically developed for Black-tailed 
Godwits [60], A Fisher’s exact test for linkage disequilibrium  
was carried  out using all 289 samples, w ith 1,000 dem em orization 
steps, 100 batches and  1,000 iterations per batch  (G E N E PO P web 
version 4.0; [41]). D eviations from  H ardy-W einberg  equilibrium  
and  heterozygote excess o r deficiency were tested for each locus

Table 1. Geographical and genetic information of the used samples.

R egio n  S a m p le  lo c a tio n  n u D N A  H V R  C O I Lim osa species /su bspecies

N etherlands (140) Eem nes polder/A rkem  heen 24 6 2 Limosa limosa limosa

G ro te  Z oe terw oudse  polder 11 4 1 Limosa limosa limosa

Vijfheeren landen 10 4 3 Limosa limosa limosa

Uitdam 11 3 1 Limosa limosa limosa

Polder Zeevang 11 4 2 Limosa limosa limosa

N orm erpolder 7 4 4 Limosa limosa limosa

Overijssel/Zwolle 10 4 4 Limosa limosa limosa

South-w est Frysland 38 12 7 Limosa limosa limosa

V echtplassen 2 1 1 Limosa limosa limosa

Idzegea 18 4 0 Limosa limosa limosa

G erm any (35) M id-Germany, S chneckenbruch 3 2 2 Limosa limosa limosa

M id-Germany, D um m er 20 7 6 Limosa limosa limosa

Northern G erm any, Fohr 11 3 3 Limosa limosa limosa

N orthern G erm any, M eggerdorf 1 1 1 Limosa limosa limosa

D enm ark (11) Tipperne 11 4 3 Limosa limosa limosa

Belarus (6) Belarus 3 3 3 Limosa limosa limosa

M oscow 3 3 1 Limosa limosa limosa

Sw eden (42) K ristianstad/Faludden/H um m elbosholm /O land 42 4 2 Limosa limosa limosa

Kazakhstan, SW Russia Novosibirsk 
(23)

5 2 0 Limosa limosa limosa

Lake Ubinsky 2 0 0 Limosa limosa limosa

Lake Sharkol 5 2 1 Limosa limosa limosa

Lake Baitu ma 2 1 0 Limosa limosa limosa

Lake Big Aksuhat 1 0 0 Limosa limosa limosa

Lake Shoskaly 2 2 2 Limosa limosa limosa

Juganski 6 1 2 Limosa limosa limosa

Iceland (27) W. Iceland 27 5 3 Limosa limosa islandica

Eastern Russia (3) River Selenga Delta 3 3 1 Limosa melanuroides

Canada (2) Churchill, M anitoba 2 2 1 Limosa heamastica

Region, Sam ple location, num ber o f sam ples per sam ple location used for m icrosatellite analysis (nuDNA), num ber o f sam ples per sam ple location used for HVR mtDNA 
analysis (HVR), n um ber o f sam ples per sam ple location used for COI mtDNA analysis (COI) and th e  Limosa species or Limosa limosa subspecies per sam ple location. 
dol:10.1371 /journal, pone.0083949.t001
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and  sam pling location separately using 1,000 dem em orization 
steps, 100 batches and  1,000 iterations per batch  (G EN EPO P;
[41]). B onferroni correction for m ultiple testing was applied [42]. 
T o  detect scoring a n d  am plification errors, we em ployed M IC R O ­
C H E C K E R  with a 95% confidence interval over 10,000 runs
[59]-

For each location, observed (H0) an d  expected (He) heterozy­
gosities and  inbreeding values (Fis) w ere estim ated using 
A R L E Q U IN  3.11 [13] set a t 20,000 perm utations. An analyses 
o f  m olecular variance (AMOYA) was perform ed, allowing 
variance am ong sample locations (Va), variance w ithin sample 
locations (Vb) and  residual variance to be com puted  (Vc), using 
A R L E Q U IN  with 20,000 perm utations, followed by Bonferroni 
correction. Additionally, D was calculated w ith 10,000 bootstraps 
using SPADE [7], as recent studies have indicated th a t this statistic 
provides m ore accurate estimates o f genetic differentiation than  
F st [25,33]. T h e  num ber o f  private alleles was determ ined using 
C O N V E R T  1.31 [18], EST A T  2.9.3.2 [19] was used to calculate 
allelic range, num ber o f alleles pe r sample location an d  allelic 
richness per sample location. T o  correct for sam ple size, this 
p rogram  uses the rarefaction index.

S T R U C T U R E  2.3.1 [39] was used to cluster genotypes from  all 
sam pling locations. W e determ ined the deltaK  (Structure 
Harvester), a  calculation o f the second-order rate o f change in 
log likelihood L n P(X  | K), as recom m ended by E vanno et al. (2005) 
[12]. T h e  m ost likely num ber o f genetic clusters (K) in our sample 
set was also investigated by  determ ining the m axim um  average log 
likelihood Ln P(X | K). Values com puted  with bo th  m ethods were 
plo tted  using Structure H arvester 0.56.3 [9]. T h e  S tructure m odel 
was run  using adm ixture an d  correlated allele frequencies. 
Additionally, the L O C P R IO R  m odel, incorporated  into S T R U C ­
T U R E  2.3.1, was used. T his m odel assumes th a t individuals 
sam pled close together a re  often from  the same population  and  
can assist in the clustering w hen population  structure is weak. T o 
choose an  appropria te  burn-in  length, we used the values o f 
sum m ary a  statistics th a t are p rin ted  ou t by  the p rogram  to see 
w hether they appeared  to h ad  converged. T h e  p rogram  was 
initially ru n  5 times with a  burn-in  period  of 200,000 iterations 
and  a length o f 1,000,000 M C M C  iterations for K  (1-13) for the 
entire dataset. Additionally, S T R U C T U R E  was run, 10 times 
with a  burn-in  o f  500,000 and  a  length o f 1,000,000 M C M C  
iterations for K (l-1 0 ), for the dataset w ithout the Limosa heamastica 
samples, to m ake sure th a t the genetic signal o f the Limosa 
heamastica w ould no t bias the outcom e o f the S T R U C T U R E  
analysis. Since bo th  datasets gave the same picture, we chose to 
show the S T R U C T U R E  picture o f the entire dataset here.

C onvergence was assessed by checking w hether the alpha 
graphs provided by  the p rogram  reached  equilibrium  before the 
end o f the burn-in  phase. C L U M P P was used to estim ate the 
num ber o f identical repeat runs pe r K . T h e  ou tpu t o f C L U M P P 
was accordingly used to generate graphs from  the S T R U C T U R E  
results using M icrosoft Excel.

A  M antel test w ith 9999 perm utations was perform ed using 
G E N A LE X  6.2 to test for correlation betw een the genetic and  
geographic distance m atrices [38].

Mitochondrial DNA sequencing
W e first sequenced p a r t o f the m itochondrial C ytochrom e C 

O xidase I (COI) gene, for a  subset o f samples. T h ere  is a  large and  
growing database o f C O I barcodes [5], including barcodes for 
m any b ird  species [51]. C O I data  allowed for easy com parison of 
the results from  our samples with those o f o ther studies. Secondly, 
we used next-generation sequencing on the Illum ina H iSeq 
platform  to determ ine prim er sites for the am plification of the

hypervariable regions H V R 1 an d  H V R 2 of the m itochondrial 
control region (CR). T o  identify suitable p rim er sites a round  the 
hypervariable sites (HVR1 and  H V R 2) in the control region o f the 
m tD N A , we sequenced the entire m tD N A  of three  L. I. limosa 
samples (from T h e  N etherlands, Sw eden and  SW  Russia) a t low 
coverage. For each sample, 1000 ng o f genom ic D N A  was sheared 
to 500 bp fragm ents using a  Covaris S2. T hese fragm ents were 
end-repaired  and  fitted w ith an  A -overhang a t the 3 ' end using 
N EB N ext T ruSeq. A dapters were ligated to these fragm ents, after 
w hich they were sequenced on an  Illum ina H iSeq2000. T he 
resulting reads were aligned against the com plete m itochondrial 
sequence o f the R uddy  T urnstone Arenaria interpres [37] using 
Stam py [58]. B arcoded D N A  pools sequenced on p a rt o f a  single 
lane o f an  Illum ina H iSeq resulted in 817,335, 6,804,981 and  
3,273,078 pa ired-end  reads from  L. limosa samples from  the 
N etherlands, Sw eden an d  SW  Russia, respectively. A lignm ent o f 
the Illum ina reads to the A. interpres m tD N A  w ith the substitution 
ra te  set to 0.1 resulted in 982, 10,068 and  806 aligned reads, 
respectively. T hese covered the m tD N A  genom e 0.58, 9.37 and  
2.6 times, respectively. A consensus sequence was constructed 
using Samtools pileup [49]. O n  the basis o f  this consensus 
sequence, prim ers were developed amplifying the first an d  th ird  
dom ain  of the L. limosa C R  (5 '-3 '; F-prim er: L13F 16650 -  
A G C A G T T C C T G C T T G G C T T T , R -prim er: L 13R  465 -  
C C A A G T T G T G C T A G G G G T T T  and  5 '-3 ';  F-prim er: L23F 
749 -  T T C A A G T G T C C G G G G A A T C A , R -prim er: L 23R  1225 
- T T T G T  C T C T G G G T G C  A T  C G C ). As sequencing w ith L13F 
and  L23R  proved to be problem atic owing to long T -trains and  
CAAACAAAA repeats, fu rther sequencing was perform ed unidi­
rectional using only prim ers L 13R  an d  L23F. For H V R 1 and  
H V R 2, 649 bp were sequenced in 91 samples, including 81 L. 
limosa individuals from  23 different L. I. limosa b reed ing  locations, 
five L. I. islandica individuals from  Iceland, three  individuals L. I. 
melanuroides from  E astern R ussia and  two L. haemastica individuals 
(Table 1). H ow ever, for o ther H V R 1 and  H V R 2 analysis five 
sequences o f poor quality, including the two samples from  L. 
haemastica w ere excluded, add ing  up to a  sample set o f  78 samples 
from  L. I. limosa b reeding locations, five L. I. islandica from  Iceland 
and  three  L. I. melanuroides from  E astern  Russia.

T h e  universal C O I m itochondrial barcode region was amplified 
using prim ers B ird F l, B ird R l an d  B irdR2 with the addition of 
M 13 tails [22]. A cocktail o f  all three  prim ers was used to increase 
P C R  success rate. A section o f 658 bp  o f the C O I gene was 
sequenced for a  subset o f 56 samples, w hich included 52 
individuals from  several L. I. limosa b reeding locations, three L. I. 
islandica from  Iceland an d  one L. I. melanuroides from  Eastern 
Russia.

P C R  am plification reactions for L13 an d  L23 p rim er pairs were 
carried  ou t in a  total volum e o f 25 pi consisting of 10 ng  genom ic 
DN A, 2.5 pi P C R  Buffer lO x  including 15 m M  M gC l2, 2.5 m M  
dN T P, 110 pm ol o f each prim er, 1.25 U  T a q  D N A  polym erase 
(Qiagen) an d  18.8 pi D N A  m Q  w ater. For C O I the same volume 
and  P C R  m ix reagents were used w ith the exception o f the 
am oun t o f prim er, w hich was now  250 pm ol o f each prim er 
(M 13F-B irdF l, M 13R -B irdR l and  M 13R -B irdR 2). P C R  was 
conducted  on  a B IO R A D  S 1000 therm al cycler using the 
following P C R  program : 94°C for 3 m in; 40 cycles o f 94°C for 
15 s, locus-specific T a  30 s, 72°C 40 s; 72°C for 5 m in. T a  was 
50°C for C O I an d  58°C for L Í3  and  L23. W ith each P C R  a 
negative control was included and  sequenced to check for 
contam ination  issues. Sequencing was outsourced to M acrogen 
E urope. Forw ard  an d  Reverse chrom atogram s were com bined in 
Sequencer v 4 .10.1 (Gene Codes C orporation), checked m anually 
for ambiguities, exported  as FA STA  files and  aligned using
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Table 2. Genetic diversity values of mitochondrial sequences and microsatellite fragment lengths.

S a m p le  lo c a t io n /! ,  limosa subspecies C O I (n) h nh  H V R  (n) h nh M sats  (n)

N e th e rla n d s  Limosa limosa limosa 25 0.22 2 46 0.896 16 140 123 2.689 11 0.041*

M id -G e rm a n y  Limosa limosa limosa 8 0.25 2 9 0.972 8 23 84 2.673 0 -0 .0 2 3

N o rth e rn  G e rm a n y  Limosa limosa limosa 4 0.00 1 4 1.000 4 12 70 2.582 0 0.072

D e n m a rk  Limosa limosa limosa 3 0.00 1 4 0.833 3 11 68 2.579 1 0.002

B e la ru s /M o s c o w  Limosa limosa limosa 4 0.00 1 6 1.000 4 6 55 2.581 0 0.189*

S w ed en  Limosa limosa limosa 2 0.00 1 4 0.500 2 42 100 2.656 3 0.034

K a zach stan /S W  Russia Limosa limosa limosa 4 0.40 2 8 0.929 6 23 97 2.695 4 -0 .0 0 2

Ice land  Limosa limosa islandica 3 0.00 1 5 0.900 4 27 62 2.355 0 0.054

Eastern Russia Limosa limosa melanuroides 1 na Na 3 0.667 2 3 41 2.667 0 0.143

Sam ple location and Limosa limosa subspecies; num ber o f seq u en ce  a lignm ents (n), hap lo type  diversity (h), num ber o f haplo types (nh) for COI and  HVR mtDNA; and 
num ber o f individuals (n), ab so lu te  n um ber o f alleles (A), allelic richness (AR), num ber o f private alleles (Pa) and  Inbreeding coefficient (F|S) for m lcrosatelllte fragm en t 
analysis (Msats).
dol:10.1371 /journal.pone.0083949.t002

BioEdit v7.0.9 [20], All novel sequences generated  for this study 
are deposited at G enB ank (accession num bers JQ 657268- 
JQ 657500). T h e  C O I fragm ents were checked for NETMTs by 
exam ining chrom atogram s for double signal and  by translating all 
fragm ents into am ino acids and  m aking sure there  were no stop- 
codons, w hich w ould indicate a  non-functional gene.

Mitochondrial DNA analysis
For the m tD N A  the num ber o f haplotypes, haplotype diversity 

were calculated using dnaSP  v5.0 [28], w ith gaps excluded as 
potential sequence variability. For FIV R the num ber o f indels and  
variable sites w ere given additionally. T o  detect past population 
expansions we calculated F u’s F s statistic and  T ajim a’s D-test 
[15,54], T o  test for background selection Fu an d  L i’s D* and  F* 
statistics were used [16], T o  obtain  paitw ise <Dst betw een sam pling 
sites, pairwise Juke  and  C an to r distances and  haplotype frequen­
cies w ere calculated in A R L E Q U IN  3.11 [13] with 20,000 
perm utations. A m edian-joining haplotype netw ork was construct­
ed using N E T W O R K  v. 4600 (Fluxus-engineering).

D N A  barcodes are available for 91%  o f all b ird  species [51], 
allowing for a  com parison o f the genetic variation o f the m tD N A  
w ithin Limosa limosa w ith o ther b ird  species [26,51]. As DN A  
barcod ing  aims to identify species, the B O LD  da ta  structure does 
not recognize subspecies. How ever, subspecies clusters were 
recognized nonetheless th rough  our own added  subspecies C O I 
sequence da ta  and  com m ents in the ‘notes’ field in some B O LD  
records. Some o f the B O L D  specimens had  accom panying 
m useum  voucher pictures w ithin the B O L D  database. W hile 
these voucher pictures in theory  can be used to determ ine if the 
plum age fits the designated subspecies, this was of little use in these 
cases as the voucher pictures did no t show the correct profile to do 
this adequately. Phylogenetic analysis o f the m tD N A  was 
perform ed using m axim um  likelihood analysis. For the H V R  tree 
L. haemastica (CAN) was used as an  outgroup an d  for the C O I tree 
public sequences o f Limnodromus scolopaceus an d  Limnodromus griseus 
were used as an  outgroup, bu t cropped  from  the final image. 
A ccording to previous phylogenetic studies Limnodromus is the 
closest sister genus o f Limosa [55]. R axM L  [14] was used for the 
m axim um  likelihood analysis, w ith au tom ated  halting  for boo t­
strap support.

Results

Microsatellite analysis (nuDNA)
A total o f 132 different alleles were amplified. T h e  num ber o f 

alleles pe r locus ranged  from  4 to 15, w ith no m ore than  2 alleles 
pe r individual. After sequential B onferroni correction the breeding 
populations in T he N etherlands showed a  significant global 
heterozygote deficit at 6 loci, indicating low heterozygosity in this 
population. No significant linkage disequilibrium  was found 
betw een any o f the loci after sequential Bonferroni correction. 
M IC R O C H E C K E R  detected no null alleles at any of the loci in 
the com plete dataset.

For each sam pling location, T ab le  2 reports the absolute 
num ber o f alleles, allelic richness, Fjg, and  private alleles. N either 
L. I. islandica no r L. I. melanuroides showed the presence o f private 
alleles. Fjg values w ere significantly different from  zero in T he 
N etherlands and  Belarus. A M O V A  calculations showed signifi­
cance for all the calculated variances. T h e  m olecular variance 
present in the sample set was explained for 3% by differences 
betw een sample locations. An additional 3% o f the variance was 
explained by  differences betw een individuals w ithin locations. T he 
rem aining 94%  was random ly distributed over populations, 
indicating the existence o f genetic differentiation, although small, 
betw een populations. D supported differentiation betw een samples 
from  Iceland an d  the o ther sam pling locations (Table 3). Also, D 
indicated weak bu t significant differentiation betw een D utch and  
Swedish samples (Table 3).

Results from  STRETCTETRE strongly supported a  scenario with 
four genetic groups. T h e  m axim um  average log likelihood Ln 
P (X |K ) showed a  m axim um  at K  = 4 (Figure 2). Birds from 
Iceland (L. I. islandica) and  C an ad a  (L. hemistica) were assigned to a 
separate cluster (group 3 and  4 respectively). Birds from  the 
breeding range o f L. I. limosa were assigned to two different genetic 
groups, hereafter groups 1 and  2 (Figure 2). G enotypes from 
individuals out o f T h e  N etherlands were assigned to group 1 
alm ost completely. Assignment o f  the o ther L. I. limosa individuals 
was m ore am biguous, w ith individuals o f different sample locations 
being assigned mostly to group 1 o r bo th  groups 1 and  2. O nly  in 
the Swedish population  did assignm ent o f the genotypes to group 2 
exceed 60%  in m ost individuals. E astern  Russian birds (L. I. 
melanuroides) were no t recognized as a  distinct genetic entity, 
showing adm ixture o f all groups. It is know n that program s like 
STRETCTETRE are very conservative in assigning samples from  a
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Table 3. D values for the microsatellite loci and pairwise <Dst for mtDNA HVR sequences.

N e th e rla n d s  M  G e rm a n y  N G e rm a n y  D e n m a rk  B e larus S w ed en  K a z /W  Rus Ice la n d  E Russia

N e th e rla n d s - -0 .0 3 5 2 9 -0 .0 6 1 3 5 -0 .0 4 6 9 8 -0 .0 5 7 9 6 0.23901 -0 .0 0 3 9 4 0.53332* 0.91115*

M  G e rm a n y 0.005 - -0 .13251 -0 .1 1 0 3 4 -0 .0 9 7 7 3 0.32468 -0 .0 5 2 4 3 0.51159 0.91407

N G e rm a n y 0.026 0.022 -0 .2 1 0 4 9 -0 .1 1 0 9 8 0.33619 -0 .1 3 1 4 3 0.47302 0.92038

D e n m a rk 0.009 0.029 0.018 - -0 .0 6 5 5 5 0.30287 -0 .0 9 8 2 9 0.44205 0.90956

Belarus 0.000 0.039 0.037 0.030 0.39894 -0 .0 9 0 6 7 0.51269 0.92515

S w eden 0.022* -0 .0 1 0 0.036 0.027 0.018 - 0.32384 0.59999 0.97015

K az/S W  Rus 0.011 0.002 0.019 0.019 -0 .0 0 0 0.017 0.54314 0.93078

Ice land 0.106* 0.088* 0.111* 0.094* 0.175* 0.134* 0.129* - 0.90610

E Russia -0 .071 -0 .061 -0 .0 0 4 -0 .0 4 0 -0 .1 2 7 -0 .0 4 2 -0 .0 9 3 0.081 -

Below th e  diagonal: D values for th e  m icrosatellite loci; abo v e  th e  diagonal: pairw ise O st for mtDNA HVR sequences. Confidence Intervals n o t overlapping w ith zero for 
D values and  significant P values after sequen tial bonferroni correction for O st are Indicated by *. 
dol:10.1371 /journal.pone.0083949.t003

certain  group to a  cluster w hen the sample sizes o f  such a  group is 
small or sam pling scheme is biased [53]. T herefore additional 
S T R U C T U R E  analysis were preform ed with p ru n ed  sets o f three 
random ly chosen samples pe r sample location, for the entire 
dataset and  for the dataset w ithout L. heamastica. T h e  analysis with 
the entire dataset only showed differentiation betw een L. heamastica 
and  all o ther Limosa individuals according to m axim um  average 
log likelihood Ln P (X |K ) (K = 2). T h e  S T R U C T U R E  analysis 
w ithout the L. heamastica failed to detect any genetic groups (K = 1). 
This additional analysis, indicates th a t STRETCTETRE is very 
sensitive to small sam ple size w hen having to assign individuals to 
genetic groups.

M antel tests detected significant correlation betw een genetic 
distance and  geographic distance (P = 0.006), bu t not when 
Icelandic birds were excluded (P =  0.313).

Mitochondrial analysis (mtDNA)
No NETMT issues could be detected in o u r C O I sequences. T he 

subset o f C O I barcode sequences from  our dataset was com bined 
with the public Limosa sequences on B O LD  (Figure 3). Genetic 
distances betw een C O I barcodes have been  shown to be a  good 
indicator o f phylogenetic relationships [63]. In  the C O I tree, the 
clade contain ing L. haemastica and  L. fedoa was the nearest sister to 
L. limosa, w ith 8.3%  and  8.5% pairwise distance to each species, 
respectively. T his makes them  b o th  appropria te  as outgroup for 
the H V R  phylogenetic analysis. L. lapponica was placed as sister to 
the above, with 10.4% paitw ise distance to L. limosa. W ith in  L. I. 
limosa, C O I sequences were 100% identical for 57 individuals from 
samples th roughout the b reeding distribution o f L. I. limosa. C O I 
sequences w ere derived from  different P C R  batches, w ith samples 
from  diverse sources including blood, eggshell and  muscle tissue, 
from  w hich D N A  was extracted by different people and  in 
different laborato ry  room s. M oreover, all the public B O LD  
sequences also consisted o f this m ost com m on haplotype. Lack of 
variation due to large-scale contam ination  issues can  thus be ruled 
out. L. I. islandica sequences were placed w ithin the L. I. limosa 
cluster, distinguished by a  single diagnostic character. O u r L. I. 
melanuroides sequence (H I09) as well as several B O LD  sequences 
form ed a paraphyletic sister cluster to L. I. limosa an d  L. I. islandica, 
w ith m inim ally 2.0%  paitw ise distance. How ever, four B O LD  
sequences o f specimens from  the distribution range of L. I. 
melanuroides contained C O I haplotypes th a t differed at a  single 
position from  the m ost com m on L. I. limosa haplotype an d  form ed 
a  m onophyletic cluster. T hree  o f these four specimens were

collected in V ietnam  an d  could therefore not be  linked to a  specific 
b reeding location. How ever, one was collected a t the Selanga river 
delta a rea  (KBPBET780-06), w hich is a  known L. I. melanuroides 
b reeding area  an d  the same location as our L. I. melanuroides 
samples.

H aplotype diversity (h) and  num ber o f haplotypes (nh) are 
sum m arized in T able  2. A total o f 37 different haplotypes are 
found w ithin the H V R  dataset and  in the C O I dataset, w ithin the 
genus Limosa, 1 different haplotypes were found. In  the H V R  
dataset the num ber o f variable sites was 117 and  7 indels were 
present. Phylogenetic trees o f the m itochondrial H V R  derived 
from  the M axim um  Likelihood analysis are shown in a  M axim um  
Likelihood tree (Figure 4). Support values are displayed on  the 
respective tree branches. M axim um  Likelihood analyses support 
two m onophyletic clades: one containing the individuals from 
Eastern  R ussia (bootstrap value 100%), the o ther containing all 
o ther individuals (bootstrap value 98%). T he resolution of the 
H V R  da ta  was greater th an  that o f C O I barcode. All Icelandic 
samples bu t one were recovered on a  m onophyletic sister clade to 
the L. I. limosa clade, while a  single sample from  Iceland (H072) fell 
w ithin the L. I. limosa clade, m aking L. I. limosa an d  L. I. islandica 
paraphyletic.

A m edian  jo in ing  netw ork based on  the H V R  sequences is 
shown in Figure 4. T h e  basic structure o f the netw ork strongly 
resembles the phylogenetic tree bu t visualizes the relationships o f 
the haplotypes w ithin an d  betw een subspecies in a  different way. 
H aplotypes o f the individuals from  E astern Russia (d) are 
separated from  all others ( a /b /c j  by at least 45 steps (Figure 4). 
Four Icelandic samples (cj are grouped together bu t separated 
from  sample locations w ithin the L. I. limosa b reed ing  range (a/b) 
by a t least 11 steps, while one Icelandic sample is found within the 
L. I. limosa cluster (red arrow  in Figure 4). T he individuals from  the 
L. I. limosa b reeding locations group into two star-shaped clusters 
(a/b), w ith the m ost com m on haplotypes separated by eight steps. 
T h e  two star-shaped clusters do no t correspond to geographically 
separated populations (Figure 4). G roup  haplotypes a  and  b  were 
present evenly w ithin al the sample locations (Netherlands, M id 
and  N orthern  G erm any, Belarus, D enm ark, K azach stan /S W  
Siberia) o f the L. I. limosa, except for Sw eden w here only group a 
haplotypes were found, as shown in the STRETCTETRE analysis. 
Swedish L. I. limosa individuals belong to cluster a, bu t display two 
unique haplotypes. T hese results are supported  by  <Dst calcula­
tions, w hich showed higher values for pairw ise differences betw een 
Eastern  R ussian and  all o ther individuals (<Dst values betw een
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Figure 2. Mean log likelihood, DeltaK and assignment value plot o f microsatellite STRUCTURE analysis. Above: mean log likelihood Ln 
P(XIK) and DeltaK as a function o f the num ber o f genetic clusters (K) averaged over 5 consecutive STRUCTURE runs fo r each K (error bars indicate one 
standard deviation). Below: representation o f the assignment values, estimated relative con tribu tion  o f each m em ber o f the population to  that 
individual's microsatellite-based genome, per individual at the d iffe ren t sample locations fo r K = 4. The red arrow  indicates sample H072. 
doi:10.1371/jou rna l.pone.0083949.g002

0.91-0.97) as com pared w ith pairw ise differences betw een 
Icelandic an d  o ther individuals (<Dst values betw een 0.44-0.54). 
Ost values betw een Sw eden and  o ther sample locations are 
m oderate (Ost values betw een 0.24-0.40). N either F u ’s Fs (ranging 
from  —9.47 to 1.61, P > 0 .50) no r T ajim a’s D (ranging from  —1.32 
to 1.32, P > 0 .10) no r Fu and  L i’s D* (ranging from  —1.01 to 1.29, 
P > 0 .10) and  F* (ranging from  —0.95 to 1.32, P > 0 .1 0 ) are 
significant for the total population  or any of the sam pling 
locations.

Discussion

T h ree  subspecies have been recognized m orphologically within 
Limosa limosa (L. I. limosa, L. I. islandica and  L. I. melanuroides) and

have been confirm ed to be genetically identifiable as well in a 
previous study using the ‘conserved dom ain ’ o f the m itochondrial 
C R  [23]. Flere we confirm  this distinction. Nevertheless, the 
signals found in the nuD N A  did not support the split betw een L. I. 
melanuroides and  L. I. limosa dem onstra ted  by the m tD N A .

Nuclear DNA
N uclear D N A  showed significant heterozygote deficiency in  the 

Netherlands. M IC R O C F1E C K E R  analysis showed no signs o f 
null alleles w ithin this population , indicating that heterozygote 
deficiency was no t an  effect o f  null alleles. It is also unlikely that it 
was caused by a W ahlund  effect [61], As previous population 
genetic research could not detect any genetic population  structure 
am ong Black-tailed Godwits b reeding in  different areas in T he
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#  The Netherlands 
O  Mid Germany
#  Northern Germany 
O  Denmark
O  Belarus/Moscow 
O  Sweden
O  Kazachstan/SW Russia 
O  Iceland 
O  Eastern Russia
#  Limosa haemastica
#  BOLD sequences

Limosa lim osa

BR O M 819-071 L im o sa jim o sa
H073 I JQ 657319  I L. I. islandica
H088 I JQ 657321 I L. I. islandica |_ | ¡s |j
BR O M 905-08 I Lim osalim osa
BROM19 5 -0 6  I Limosa lim osa
BROM19 6 -0 6  I Limosa lim osa
H085 I JQ 657320  I L. I. islandica

• E26 I JQ 572771  L. I. lim osa
■ F005 I JQ 657283  I L. I. lim osa
■ E19 I JQ 657276 I L. I. lim osa
• B68 I JQ 657271 I L. I. lim osa
■ BR O M 906-08 I L im osa lim osa
■ K BPBU 780-06 I G Q 482062 I L im osa lim osa
■ BR O M 215-061 Lim osa lim osa
■ BR O M 822-071 Lim osa lim osa 
NLAVE183-11 I L. I. lim osa 
F029 I JQ 657284 I L. I. limosa 
C 70 I JQ 657274  I L. I. lim osa 
E67 I JQ 657279  I L. I. lim osa

F002 I JQ 657281 I L. I. lim osa 
H041 I JQ 657302  I L. I. lim osa 
F42  I JQ 657291 I L. I. lim osa 
H 135 I JQ 657305 I L. I. lim osa 
H 204 I JQ 657313  I L. I. lim osa 
F030 I JQ 657285  I L. I. lim osa 
H 040 I JQ 657301 I L. I. lim osa 
C21 I J Q 6 5 7 2 7 2 1 L. I. lim osa

L. I. melanuroides 
monophyletic cluster

F032 I JQ 657286 I L. I. lim osa 
BR O M 203-06 I L im osa lim osa 
F71 I JQ 657299  I L. I. lim osa 
F43 I JQ 657292  I L. I. lim osa 
H 222 I JQ 657318  I L. I. lim osa 
NLAVE185-11 I L. I. lim osa 
SW E B I020-11 I Limosa lim osa 
F53 I JQ 657293  I L. I. lim osa 
B04 I JQ 657269 I L. I. lim osa 

— H 044 I JQ 657303  I L. I. lim osa 
F001 I JQ 657280  I L. I. lim osa 
F56 I JQ 657295  I L. I. lim osa 
E04 I JQ 657275 1 L. I. lim osa 
B R O M 204-06 I Limosa lim osa 
B02 I JQ 657268 I L. I. lim osa 
C 22  I JQ 657273  I L. I. lim osa 
H221 I JQ 657317 I L. I. lim osa 
B R OM 818-071 Lim osa lim osa 
F033 I JQ 657287  I L. I. lim osa 
NLAVE 184-11 I L. I. lim osa 
F54 I JQ 657294 I L. I. lim osa 
F70  I JQ 657298  I L. I. lim osa 
F58 I JQ 657296 I L. I. lim osa 
F40 I JQ 657289 I L. I. lim osa 
E66 I JQ 657278 I L. I. lim osa 
H 138 I JQ 657307 I L. I. lim osa 
F69 I JQ 657297 I L. I. lim osa 
F41 I JQ 657290  I L. I. lim osa 
H 056 I JQ 657304 I L. I. lim osa 
F004 I JQ 657282  I L. I. lim osa 
H 158 I JQ 657309 I L. I. lim osa 
NLAVE076-11 I L. I. lim osa 
B39 I JQ 657270 I L. I. lim osa 
H 210 I JQ 657315 I L. I. lim osa 
H 157 I JQ 657308 I L. I. lim osa 
H 137 I JQ 657306  I L. I. lim osa 
F72  I JQ 657300  I L. I. lim osa 
H 197I JQ 657311 IL . I. lim osa 
B R O M 817-071 Lim osa lim osa 
F39 I JQ 657288 I L. I. lim osa 
NLAVE182-11 I L. I. lim osa 
H 220 I JQ 657316 I L. I. lim osa 
H 195 I JQ 657310 I L. I. lim osa 

BR O M 248-06 I Limosa lim osa 
K BPBU 779-06 I G Q 4820641 Lim osa lim osa 
B R O M 821-07 I K F0095431 Lim osa lim osa 
K KBNA290-05 I G Q 4820631 Lim osa lim osa 
B R O M 907-08 I Limosa lim osa 
B R O M 820-07 I Limosa lim osa 
B R O M 823-07 I Limosa lim osa 
H 109 I JQ 657322  I L. I. m elanuroides 
K KBNA728-051 G Q 482066 I L im osa lim osa 
• K BPBU 152-06 I G Q 482065 I L im osa limosa 

r  TZBNA12 0 -0 3  I AY6663181 Lim osa haem astica  
H 145 IJQ 6 5 7 3 2 3  I L im osa haem astica  
B R O M 428-06 I KF009541 I L im osa h aem astica  
BROM17 3 -0 6  I L im osa haem astica  
B R O M 815-07 I L im osa haem astica  
TZBNA11 2 -0 3  I AY6663021 Limosa h aem astica  
B R O M 899-08 I L im osa haem astica  
BROM 1 7 5 - 0 6 1 Limosa haem astica  
B ROM9 0 0 - 0 8 1 Limosa haem astica  
B R O M 267-06 I L im osa haem astica  
B ROM2 6 8 -0 6  I L im osa haem astica

BROM 1 7 2 -0 6  I K F0095401 Lim osa fedoa  
T Z BN A 094-03 I AY666327 I L im osa fedoa 
TZBNA10 3 -0 3  I AY666307 I L im osa fedoa  
KKBNA16 0 -0 4  I D Q 433773 I L im osa fedoa 
B R O M 523-07 I Limosa fedoa 
B R O M 898-08 I Limosa fedoa 
B R O M 176-06 I Limosa fedoa 

NLAVE155-11 I L im osa lapponica lapponica 
KBPBU15 6 -0 6  I G Q 482059 I Limosa lapponica 
SW EBI011-11 I L im osa lapponica 

-  B R O M 567-071 Lim osa lapponica 
KBPBU15 5 -0 6  I G Q 482058 I Limosa lapponica 
KBB11 8 4 -0 7  I L im osa lapponica 

-  BROM18 2 -0 6  I L im osa lapponica 
B R O M 202-061 Lim osa lapponica 
BROM816 - 0 7 1 Lim osa lapponica 
BR O M 902-081 Lim osa lapponica 

• T Z BN A 218-03 I A Y 666279 I Limosa lapponica 
T Z BN A 217-03 I AY666291 I Limosa lapponica 

NLAVE158-11 I L im osa lapponica ta ym yrensis 
NLAVE161-11 I L im osa lapponica  taym yrensis 
KBBI18 5 - 0 7 1 Lim osa lapponica 
•  NLAVE159-11 I L im osa lapponica  taym yrensis 
B O N 437-07  I G U 571457 I L im osa lapponica 
K B PB U 154-06 I G Q 482060 I Limosa lapponica 
NLAVE333-11 I L im osa lapponica taym yrensis 
B R O M 524-071 Lim osa lapponica 
KBPBU1 5 3 -0 6  I GQ482061 I Limosa lapponica 
B R O M 206-061 Lim osa lapponica 
NLAVE157-11 I L im osa lapponica lapponica 
B R O M 901-081 Lim osa lapponica 
B R O M 904-08 I L im osa lapponica 
NLAVE332-11 I L im osa lapponica  taym yrensis 

B R O M 903-081 Lim osa lapponica

100

L. I. melanuroides 
paraphyletic cluster

Limosa haemastica

Limosa fedoa

Limosa lapponica

0.03
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Figure 3. Maxim um Likelihood tree mitochondrial COI region. Maximum Likelihood based on COI barcode m itochondrial sequences o f 
Lim osa  w ith  L im nodrom us  as ou tgroup [55], Aside from  the barcode sequences generated fo r this study, public sequences fo r Lim osa haem astica, 
Lim osa fedoa, L im osa lappon ica , L im nodrom us scolopaceus  and L im nodrom us griseus available through BOLD were included as well, indicated by the ir 
BOLD ID.
doi:10.1371/journal.pone.0083949.g003

Median joining network and ML tree of the 
Limosa limosa HVR1 + HVR2 sequence 649bp

O  The Netherlands 
O  Mid Germany 
#  Northern Germany 
O  Denmark 
O  Belarus/Moscow 
O  Sweden
O  Kazachstan/SW Russia 
O  Iceland 
O  Eastern Russia

HÚS-;,

H2 10

H 15 5
H 156
HI 57

HO7 :•
H072 1 L. limosa islandica 4

HI 28

H 135 
H 158 

H 195 
H 206 
H 220 
H221

H077 L. limosa islandica

HI 42
H143 L limosa melanuroides

L  haemastica (outgroup)

Figure 4. Maxim um Likelihood tree and median jo in ing network of the mitochondrial HVR1 and HVR2 regions. Analysis o f the 
m itochondria l HVR sequences fo r the  three Lim osa lim osa  subspecies. The colors indicate the  sample locations. The support values o f the  maxim um 
likelihood analysis are p lo tted  on the respective branches. Additionally, a m edian-joining ne tw ork o f 89 HVR mtDNA sequences is depicted. D ifferent 
clusters are indicated w ith  a /b /c /d . The red arrow indicates one individual (H072) which was found on Iceland bu t sorted close to  L  I. lim osa  
haplotypes.
doi:10.1371/journal.pone.0083949.g004
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N etherlands [57], a  possible explanation could be th a t there are 
few m igration events from  o ther locations tow ards T h e  N ether­
lands (note significant F¡g value, T able  2).T h e  nuD N A  data  
dem onstrates genetic differentiation betw een L. I. islandica on the 
one h and  and  L. I. limosa an d  L. I. melanuroides on  the other. No 
genetic split betw een L. I. melanuroides an d  L. I. limosa was detected 
in the nuD N A . Tw o genetic groups could be  detected w ithin L. I. 
limosa. In  m ost sample locations the genotype o f the individuals is 
partitioned  to the ‘pu rp le’ genetic group (Figure 2); T h e  N ether­
lands, N orthern  G erm any, D enm ark, Belarus, m ost individuals 
from  K azach stan /S W  Russia an d  the L. I. melanuroides samples. 
T h e  genotypes o f the Black-tailed G odw it individuals from 
Sweden are mostíy assign to the ‘b lue’ genetic group. Individuals 
from  M id G erm any show an adm ixture o f genotypes betw een 
these three  genetic groups.

Mitochondrial DNA
O nly three C O I barcode haplotypes were found within L. I. 

limosa, 92% o f all samples and  showed the same haplotype. T he 
L.l. islandica conta ined only a  single haplotype w here L. I. 
melanuroides showed two different haplotypes. T h e  lack of 
subspecific variation in C O I barcode has been  no ted  for o ther 
b ird  species, too, w ith various explanations being given, including 
selective sweeps or genetic drift th rough  population  botdenecks 
[26]. H ow ever, because the H V R  da ta  did contain variation, we 
suggest th a t for our case it is p robably  an  artefact o f  the lower 
substitution ra te  in C O I com pared to the H V R  region o f the 
m tD N A  [6,62]. H ow  the lower substitution ra te  for C O I for birds 
com pared to o ther groups m ight be explained is ano ther m atter. 
Even though the resolution exhibited by the C O I barcode is less 
th an  the resolution of the H V R  data, the subspecies are 
distinguishable by b o th  parts o f the m tD N A . L. I. limosa is divided 
into two large star-like haplotype clusters in the H V R  m edian 
jo in ing  network. T hese clusters are no t supported  geographically, 
as bo th  haplotype clusters are p resent a t nearly all the L. I. limosa 
sample locations. T h e  two L. I. limosa haplotype clusters in the 
H V R  m tD N A  (Figure 4; cluster a  and  b) do no t completely 
correspond with the L. I. limosa genetic groups found in the 
nuD N A  (Figure 2). Interestingly, bo th  m tD N A  regions (COI, 
H V R ) show genetic differentiation betw een one L. I. melanuroides 
haplotype and  L. I. limosa individuals to be m uch  higher than  that 
betw een L. I. limosa and  L. I. islandica individuals. A single 
individual from  Iceland (HO 7 2) contains a  H V R  haplotype that 
closely resembles th a t o f  L. I. limosa individuals. T o  confirm  that 
this was no t due to contam ination, we re-exam ined the 
microsatellite results from  this extract. T h e  m icro satellite genotype 
o f H 072 was unique and  contam ination  o f the extract was thus 
ruled out; the lowest genetic distance found in all pairwise 
com parisons w ith H 072 was 8 differences. Furtherm ore, we 
repeated  the H V R  P C R  and  sequencing for this sample twice, 
with no change in  the results. This could have been caused by a 
m isidentification o f a  L. I. limosa individual as a  L. I. islandica. W hile 
this individual was caught on its nest in Iceland w hich is a  location 
believed to h a rb o u r b reeding L. I. islandica only, a  recendy 
published pap er dem onstrates the overlap o f m igration routes o f L.
I. islandica and  L. I. limosa, an d  advocate th a t cu rren t overlap in 
b reeding areas is also possible [31]. Furtherm ore, they dem on­
strate th a t identifying L. I. limosa individuals from  L. I. islandica 
individuals based purely on m orphological differences sometimes 
fails, due to the highly polym orphic na ture  o f Black-tailed Godwits 
[31]. I f  H 072 was indeed misidentified this w ould m ean  th a t L. I. 
limosa individuals are b reeding a t L. I. islandica b reeding location 
and  m ight even hybridize w ith L. I. islandica individuals. T h e  fact 
th a t HO 72 was no t partitioned  in the L. I. limosa cluster in the

S T R U C T U R E  analysis suggests th a t there  has been a L. I. limosa 
female dispersal event towards Iceland.

nuDNA vs mtDNA: L. I. islandica
T h e  differentiation betw een L. I. limosa an d  L. I. islandica shows 

similar patterns in the m tD N A  and  nuD N A . W ithin the m tD N A  
private haplotypes in L. I. islandica do no t support a  scenario o f 
m itochondrial gene flow betw een L. I. limosa an d  L. I. islandica. 
Furtherm ore, L. I. islandica does no t possess private nuclear alleles 
b u t differs from  L. I. limosa only by its allele frequencies. Together, 
the nuD N A  and  m tD N A  thus suggest relatively recent separation 
o f L. I. islandica and  L. I. limosa.

nuDNA vs mtDNA: L. I. melanuroides
W hile the differentiation betw een L. I. limosa an d  L. I. islandica 

shows similar patterns in m tD N A  and  nuD N A , differentiation 
betw een L. I. limosa and  L. I. melanuroides seems to show opposite 
patterns in the m tD N A  and  nuD N A . T h e  H V R  p a rt o f the and  
the C O I paraphyletic  cluster in the m tD N A  exhibited a sharp 
divergence betw een L. I. melanuroides an d  the rem aining Black­
tailed Godwits, while in  the nuD N A  there was a  lack o f divergence 
betw een L. I. melanuroides and  L. I. limosa. As S T R U C T U R E  
analysis o f p ru n ed  datasets showed, these results can  m ost likely be 
explained by the low sample size o f L. I. melanuroides w hich has 
p robably  obscured the genetic signal o f a  split betw een L. I. 
melanuroides an d  L. I. limosa. A recent study supports the results o f 
this study in regards to the presence o f two C O I L. I. melanuroides 
haplotype groups, one paraphyletic  cluster basal to L. I. limosa bu t 
showing a  differentiation with L. I. limosa and  one m onophyletic 
cluster showing less distinct divergence from  L. I. limosa, a t the 
Selanga R iver D elta a rea  [11]. This suggests th a t two different split 
events took place a t this location and  th a t these groups are still 
p resent as two disjunct b u t different L. I. melanuroides b reeding 
colonies a t this location. M isidentification could explain these 
results partly  as well. M isidentification o f L. I. limosa individuals as 
L. I. melanuroides is no t very likely for the paraphyletic  L. I. 
melanuroides group in C O I as individuals from  this group showed 
some divergence with L. I. limosa in C O I and  H I  09 a  sample o f the 
paraphyletic  group in C O I showed high divergence w ith L. I. 
limosa in the H V R . T h e  L. I. melanuroides individuals o f the 
m onophyletic cluster in the C O I tree could in theory  have been 
misidentified, a lthough this is very unlikely since the four samples 
were taken a t two different locations. W hile, L. I. melanuroides are 
smaller than  L. I. limosa and  m igration routes are largely separated 
some overlap in m orphology an d  m igration m ight still exist. If 
indeed these individuals were all m isidentified then  this w ould 
im plicate th a t a t the Selanga R iver D elta a rea  L. I. melanuroides and  
L. I. limosa are b reeding in close proxim ity o f each other.

nuDNA vs mtDNA: w ithin L. I. limosa
W hile the m tD N A  dem onstra ted  th a t haplotypes belonging to 

b o th  cluster a  and  b  were grossly p resent in all sample locations, 
the nuD N A  shows th a t the genotypes o f the L. I. limosa individuals 
from  the N etherlands, N orthern  G erm any, D enm ark, Belarus, and  
m ost individuals from  K azach stan /S W  Russia are assigned mostly 
to one genetic group and  the bigger p a r t o f the genotypes o f  m ost 
Swedish individuals to ano ther genetic group. As the H V R  
m tD N A  shows th a t structure w ithin L. I. limosa is m ore recent than  
the divergence with L. I. islandica, one explanation for the different 
L. I. limosa patterns in m tD N A  an d  nuD N A  m ight be incom plete 
lineage sorting in the m icro satellite s. Alternatively, northw ard  
founder events by  two separate L. I. limosa lineages subsequently 
expanding th roughout the cu rren t L. I. limosa b reed ing  range, 
genetically hom ogenizing the historically p resent L. I. limosa
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breeding populations found in the nuD N A . This event in tu rn  
could have been followed by recent isolation and  genetic drift 
w hich w ould explain the two distinct star-shaped H V R  m tD N A  
haplotype clusters for L. I. limosa (a an d  b) an d  the three genetic 
groups p resent in the nuD N A . Sim ilar patterns have been found in 
the H errin g  Guii Larus argentatus com plex [30]. Som e divergence 
betw een Sweden and  o ther L. I. limosa sam pling locations is shown 
by the the S T R U C T U R E  analysis. Additionally, D estimates 
showed very weak differentiation betw een Sweden and  T he 
N etherlands. W hilst the Swedish L. I. limosa individuals do not 
share any m tD N A  haplotypes with o ther L. I. limosa individuals, 
they are closely related to o ther L. I. limosa individuals, which 
m ight indicate recently restricted gene flow betw een Swedish L. I. 
limosa and  o ther L. I. limosa individuals.

Molecular dating o f splits
W enink an d  Baker [62] and  Buehler and  Baker [6] estim ated 

the m utation  rates for H V R 1 and  H V R 2 at a round  10% per M yr. 
For a  sequence length o f 649 bp  this w ould translate to 6 .4 x 1 0  5 
m utations pe r year, w ith a  range o f 3 .2 x l0 -5  to 9 .6 x l0 - 5 . This 
results in split estimates o f approxim ately 347 (±174) K y for L. I. 
limosa vs. L. I. melanuroides (45 m utations), 85 (±43) K y for L. I. 
limosa vs. L. I. islandica (11 m utations) and  62 (±31) K y for the two 
m tD N A  L. I. limosa (8 m utations) clusters. T his w ould indicate that 
the m tD N A  population  structure, according to H V R , arose during 
the Pleistocene. O th e r studies have also reported  the origin o f 
lineage diversity o f  several b ird  species to lie w ithin the Pleistocene 
[24,36,45]. Iceland was covered in ice during  the W eichselien 
(occuring betw een 116Ky -  1 l,5K y), m aking it unlikely th a t L. I. 
islandica (85Ky ago) colonized the island during  th a t period  [1,52]. 
W e hypothesize th a t the m ost recent com m on ancestor o f L. I. 
islandica colonized Iceland after the Pleistocene (i.e. in the last 
12Ky) and  th a t since then  genetic isolation and  drift have resulted 
in the genetic differentiation observed betw een these subspecies 
today. Lineage diversification betw een L. I. limosa and  L. I. 
melanuroides lineages could have occurred  via separate southw ard or 
northw ard  founder events. D uring  the Pleistocene the ice sheets 
th a t dom inated  the landscape in N orthern  E urope and  Am erica 
were absent in large parts o f far eastern Russia and  there  is strong 
evidence from  Beringia an d  north-eastern  Asia th a t several species 
o f  p lan t and  anim al survived the last glaciation a t high altitudes 
[1,52]. W e suggest th a t the ancestral L. I. melanuroides becam e 
isolated from  the rem aining Black-tailed Godw it population  at
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