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         Summary 

 Coastal wader species are sensitive to anthropogenic activity and habitat change along the coastal 
edge, which has been responsible for the decline in the populations of these birds. Correct 
management requires knowledge of the pattern and scale of genetic variation within and among 
populations as well as the relationships between population dynamics and genetic structure. We 
investigated these factors in the Kentish Plover  Charadrius alexandrinus  from the Iberian coast 
to determine the degree of vulnerability of the endangered north-western population. We ana-
lysed the genetic structure and gene flow using a 631-bp fragment of the mitochondrial (mtDNA) 
control region and eight microsatellite markers in 113 unrelated individuals from 31 Iberian 
beaches. The results do not support the recent decline hypothesis because there was no evidence 
of a bottleneck, but they do support a population expansion along the Atlantic coast. We found no 
genetic structure or isolation-by-distance, in agreement with results recently observed on a con-
tinental scale. However, explanations for high continental gene flow, such as temporary breeding 
habitats and high breeding dispersal, do not seem to apply to the Galician population. Galician 
Kentish Plovers breed solely on beaches, a suitable and more predictable habitat during the breeding 
period than ephemeral inland wetlands, and female movements during the breeding period are 
uncommon, mainly due to the extremely low hatching success. This study suggests a demographic 
connectivity between Portuguese and Galician populations that is referred to as source-sink 
population dynamics, in which individuals dispersing from Portugal support the Galician coastal 
population. This dispersal pattern highlights the importance of supranational management plans 
to protect endangered species.      

   Introduction 

 Coastal waders are sensitive to the conservation status of the coastal edge (Ferns  1992 ) where 
anthropogenic activity causes many changes to the ecosystem. The European Union breeding 
wader populations declined by 55% from 1990 to 2000 (BirdLife International  2004a ). To manage 
these populations, we need to quantify the pattern and scale of genetic variation within and 
among populations and examine the relationships between population dynamics and genetic 
structure (Avise  2000 ). Inland nesting wader species that use continentally distributed wetlands 
appear to be less structured (more often panmictic) than long-distance migrant waders that breed 
in the Arctic (Verkuil  et al.   2012 ). The Kentish Plover  Charadrius alexandrinus  is a wader that 
inhabits temperate coasts and inland wetlands in Eurasia and North Africa, although its breeding 
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distribution in Europe is predominantly coastal (Delany  et al.   2009 ). The IUCN Red List of 
Threatened Species considers it as “Least Concern” with a decreasing population trend (IUCN 
 2013 ). At the continental scale, mainland breeding sites revealed a very low level (or complete 
lack) of genetic differentiation (Küpper  et al.   2012 ); however, the genetic connectivity within 
areas such as the Iberian Peninsula, which supports 16–24% of European breeding birds, is not 
known (BirdLife International  2004b ). 

 The Iberian coastal breeding population of the Kentish Plover is located along the Mediterranean 
and Atlantic coasts (Felgueiras  2008 , Amat  2012 ), although the northern and north-western 
Spanish population is very small and restricted to the Galician coast, with only 101 pairs in 2010 
(Vidal and Domínguez  2013 ). Previously, northern Spain (Asturias, Cantabria and País Vasco) 
harboured a small breeding population that disappeared in the late 1970s (Álvarez-Balbuena 
 2000 ). The inland breeding populations of Spain (Amat  2012 ) and Portugal (Felgueiras  2008 ) are 
scarce and widely scattered. The Galician population, listed in the Galician Endangered Species 
List, was affected by the Prestige oil spill that occurred in 2002, one of the largest spills ever expe-
rienced in Europe (Albaigés  et al.   2006 , Vidal and Domínguez  2013 ). From 1988 to 2010, the 
Galician population declined until 2004 and then experienced a moderate increase (Vidal and 
Domínguez  2013 ). The population growth from 2005 to 2010 was attributed to the combination 
of three main factors: successful management strategies undertaken at many of the Galician 
Kentish Plover breeding beaches after the Prestige oil spill, changes occurring in the spatial distri-
bution of the breeding pairs and immigration of birds from other sites (Vidal and Domínguez 
 2013 ). Movements between the Portuguese and Galician coasts observed for colour-ringed birds 
(Domínguez and Vidal  2008 ) and the continental panmictic pattern (Küpper  et al.   2012 ) suggest 
genetic connectivity along the Iberian Atlantic coast and, probably, the entire Iberian Peninsula. 
This connectivity may be critical to the viability of the Galician population, which is characterised 
by very low productivity (10.3% of nests hatched and 26% of hatched chicks fledged in the last 
15 years; Vidal and Domínguez unpubl. data), below values reported in stable populations from 
other breeding localities in Spain (Ballesteros and Torre  1993 , Oltra and Gómez  1995 , Fraga and 
Amat  1996 , Toral and Figuerola  2012 ), Portugal´s west coast (Norte and Ramos  2004 ), France´s 
Atlantic coast (Lang and Typlot  1985 ), southern Hungary (Székely  1992 ), United Arab Emirates 
(Kosztolanyi  et al   2009 ) and North Africa (Hanane  2011 ). 

 The literature contains a weak understanding of the Iberian breeding population trend. Some 
authors indicate that the Spanish population has declined over the last few decades (BirdLife 
International  2004b , Delany  et al.   2009 ), while others define the data for Spanish and Portuguese 
populations as insufficient to establish national trends (Figuerola  et al.   2004 , Felgueiras  2008 ). 
If there was a reduction then it may be manifested as a genetic bottleneck and by a reduction in 
genetic diversity, the effects of which are well known (Frankham  2005 ). Thus, we investigate 
the degree of genetic differentiation within and between coastal Kentish Plover populations 
in the Iberian Peninsula while also identifying and evaluating evidence for recent bottlenecks. 
Moreover, given the peripheral position of the Galician population in the Atlantic Iberian 
context, we characterized the genetic structure of breeding populations of the Kentish Plover 
in Iberian Peninsula as a whole. Significant genetic differentiation of the north-western pop-
ulation would suggest limited demographic connectivity and emphasise the importance of this 
small population.   

 Study area and methods 

 Kentish Plovers ( n  = 113; 33 males and 80 females) were captured on 31 Iberian beaches between 
2005 and 2009. The beaches were clustered by geographical proximity into 10 populations, seven 
along the Atlantic coast of Spain and Portugal and the others along the Spanish Mediterranean 
coast ( Figure 1 ,  Table 1 ; Table S1 in the online supplementary materials). Our analyses focused 
on two levels: a primary level that evaluated these 10 populations and a secondary level in which 
the data were grouped by Atlantic or Mediterranean coast. All of the samples were collected 
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from adult breeding birds captured at the nest using a funnel trap. No known close relatives 
(parents, offspring, siblings, etc.) were included in the analyses. A small amount of blood (0.1 ml) 
was extracted from each bird by puncturing the brachial vein. Blood samples were subsequently 
stored and purified using FTA Classic Cards ®  (Smith and Burgoyne  2004 ). Total DNA from FTA ®  
cards blood samples was extracted with ammonium acetate. A piece of the dried blood sample 
(approximately 2 mm 2 ) was cut away using a sterile cutter and transferred to a microcentrifuge 
tube and incubated in 250  μ l SET buffer (0.15 M NaCl, 0.05 M Tris pH 7.5, 0.001 M EDTA) at 4°C 
for 5 h. The sample was then treated with 7  μ l of SDS (sodium dodecyl sulphate) 20 % and 5  μ l 
of proteinase K (10 mg / ml) at 55 °C o/n, 250  μ l of ammonium acetate 4 M was added to the 
mixture and left at room temperature for 30 min after which the suspension was centrifuged for 
10 min at 13,500 rpm. The supernatant was transferred to a new microcentrifuge tube and DNA 
was precipitated by adding 1 ml of absolute ethanol and 10% (v/v) sodium acetate 3 M. After 
centrifugation, the air-dried DNA pellet was resuspended in 40  μ l of ddH 2 O.          

 Mitochondrial sequences 

 A fragment of 631 bp of cytochrome  b  was amplified from mitochondrial DNA using primers 
L14990 (AACATCTCCGCATGATGAAA) and H15696 (AATAGGAAGTATCATTCGGGTTT
GATG) (Joseph  et al.   1999 ). PCR amplification was performed in a GeneAmp TM  PCR System 
(Applied-Biosystems). The sample volume was 25 µl containing 0.3 units of  Taq  polymerase 
(Bioline) 10 x PCR buffer, dNTPs 0,192 mM, 1,9 mM MgCl 2  y 0,2  μ M of each primer. The PCR 
profile used was one cycle of 94 °C for 11 min followed by 30 cycles of 94 °C for 35 s, 48 °C 
for 60 s, 72°C for 60 s, and a final extension for 10 min at 72 °C. 

 The PCR products were purified with 11 µl of 8 M NH 4 Ac and 33 µl ethanol, and the precipi-
tate was resuspended in 14 µl of ddH 2 O. The BigDye terminator AmpliCycle ®  sequencing kit 
was used. After purification with ethanol and sodium acetate, the samples were loaded onto an 

  

 Figure 1.      Kentish Plover sampling sites (beaches) used in this study. The beaches are clustered by 
geographical proximity into 10  a priori  populations.    
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ABI PRISM ®  3130XL GeneticAnalyzer (Applied Biosystems). The sequences were edited using 
BioEdit 7.0.9.0 software (Hall  1999 ). The final alignment contained 631 bp of data from 96 birds 
sampled in 10 Spanish and Portuguese populations ( Table 1  and  Figure 1 ).   

 Microsatellites 

 Samples were genotyped for eight microsatellites using primer sequences specific for the Kentish 
Plover. Four of these sequences were described by Küpper  et al.  ( 2007 ):  Calex -02 (T a  = 57°C); 
 Calex -22 (T a  = 59°C);  Calex -32 (T a  = 62°C) and  Calex -39 (T a  = 62°C). Another four were 
described by Funk  et al  ( 2007 ): C201 (T a  = 52°C); C203 (T a  = 52°C); C204 (T a  = 52°C); C205 
(T a  = 52°C). The sample volume was 25 µl containing 0.3 units of  Taq  polymerase (Bioline), 
primer 5uM, 10x PCR Buffer, dNTPs 2mM, Mg 25mM, DNA 10ng,. The PCR profile used was 
one cycle of 93°C for 12 min followed by 35 cycles of 93°C for 30, annealing temperature (written 
above for each primer) for 30 s, 72°C for 60 s, and a final extension for 10 min at 72°C. After 
purification with ethanol and sodium acetate, the samples were loaded onto an ABI PRISM ®  
3130XL GeneticAnalyzer (Applied Biosystems). ABIPRISM ®  GeneMapper TM  Version 3.0 was 
used to analyse data. The final microsatellite data set contained genotypes from 105 individuals 
sampled from 10 populations ( Table 1  and  Figure 1 ).   

 Genetic diversity patterns 

 The haplotype (h), nucleotide diversity values ( π ) and the number of polymorphic sites (s) were 
calculated for the mitochondrial sequence data using the DNAsp 5.0 software (Librado and Rozas 
 2009 ). The observed and expected heterozygosity values ( H  O  and  H  E , respectively) were calcu-
lated for the microsatellite data using the ARLEQUIN 3.5 software (Excoffier and Lischer  2010 ) 
and the Wright´s  F  IS  statistic (Wright  1965 ) using GENETIX 4.05.2 software (Belkhir  et al.   2001 ). 

 Tests for deviations from Hardy-Weinberg (HWE) genotypic proportions (Guo and Thompson 
 1992 ) and for linkage disequilibrium were performed using ARLEQUIN. To identify significant 
departures from HWE and linkage disequilibrium, the Benjamini and Hochberg correction for 
multiple comparisons was used (Benjamini  et al.   2001 ). 

 The presence of null alleles, allele dropout and stutter bands were assessed using MICRO-
CHECKER (Van Oosterhout  et al.   2004 ). The allelic richness ( R  S ), an index of the number of 
alleles corrected for sample size using rarefaction, and private allelic richness, a convenient 
measure of how distinct a population is from other populations, were calculated using HP-RARE 

 Table 1.      Genetic diversity measures for Kentish Plover mitochondrial and microsatellite data sets.  n , sample 
size; N h , number of haplotypes; h, haplotype diversity,  π , nucleotide diversity; A, mean number of alleles per 
locus (x ± SD);  R   S  , allelic richness based on rarefaction;  H  O , observed heterozygosity;  H  E , expected heterozy-
gosity;  F  IS , within subpopulation inbreeding coefficient.  

Population  Mitochondrial Microsatellites 

n N h h  π n A  R  S  H  O  H  E  F  IS   

North Galicia (NG)  5 2 0.400 0.00063 4 4.75±1.09 4.71 0.844 0.826 -0.0253 
Central Galicia (CG) 27 3 0.211 0.00034 31 10.0±3.54 4.38 0.726 0.776 0.0661 
South Galicia (SG) 12 3 0.439 0.00074 13 8.0±3.0 4.49 0.683 0.801 0.1531 
North Portugal (NP) 9 2 0.222 0.00035 11 6.62±1.99 4.35 0.784 0.765 -0.0281 
Central Portugal (CP) 12 6 0.848 0.00204 13 7.75±2.90 4.63 0.644 0.789 0.1724 
South Portugal (SP) 3 1 0 0 5 5.37±1.73 4.75 0.750 0.811 0.0840 
Huelva (H) 8 2 0.250 0.0004 8 6.37±1.49 4.69 0.750 0.816 0.0857 
Alicante (AL) 5 1 0 0 5 5.12±1.54 4.60 0.725 0.817 0.1245 
Castellón (CS) 4 1 0 0 4 3.75±0.97 3.75 0.594 0.701 0.1739 
Cataluña (CT) 11 2 0.182 0.00029 11 6.87±2.52 4.45 0.648 0.789 0.1869  

https://doi.org/10.1017/S0959270914000239 Published online by Cambridge University Press

https://doi.org/10.1017/S0959270914000239


What´s wrong with the Iberian Kentish Plovers? 157

(Kalinowski  2005 ) for the primary and secondary levels. The small sample sizes used to obtain  R  S  
were 8 and 40 alleles, respectively.   

 Genetic structure analyses 

 Microsatellite data were analysed using analysis of molecular variance (AMOVA) with ARLEQUIN 
3.5 software (Excoffier and Lischer  2010 ). Pairwise mitochondrial and microsatellite values, 
  Φ   ST  and  F  ST,  respectively, were also obtained for each combination of the 10 populations exam-
ined. One thousand random permutations were used.  P  values from the pairwise tests were 
evaluated using the Benjamini and Hochberg correction for multiple comparisons (Benjamini 
 et al.   2001 ). 

 We used a Bayesian clustering approach implemented in the program STRUCTURE, version 
2.3.4 (Pritchard  et al.   2000 ), to infer the number of populations ( K ) in a sample and to assign 
individuals to one or more of these populations as suggested by the microsatellite data. An admix-
ture model and correlated allele frequencies were used (Falush  et al.   2003 ). We calculated the 
probability that there were from  K  = 1 to 10 populations (the total number of sites for which 
microsatellite data were available) and ran five independent simulations for each  K . Analyses 
were performed using an initial burn-in of 50,000 steps followed by 10 6  Markov-chain Monte 
Carlo analysis sweeps. To infer a most likely  K  from the log probability of the data LnP (D), 
we used an  ad hoc  statistic called  Δ  K  that calculates the second order rate of change of LnP (D) 
between the values of  K  (Evanno  et al.   2005 ). This procedure was implemented using the 
STRUCTURE HARVESTER web site (Earl and VonHoldt  2012 ). The results of five replicate runs 
for each value of  K  were combined using the Greedy algorithm (Greedy option 2 with 1,000 
repeats) of CLUMPP, version 1.1.2 (Jakobsson and Rosenberg  2007 ), and summary outputs for 
each value of  K  were displayed graphically using DISTRUCT, version 1.1 (Rosenberg  2004 ). 

 To explore the demographic history of the populations using mitochondrial data, we calculated 
Tajima’s  D  statistic (Tajima  1989 ) and Fu’s  F  S  and  R  2  statistics (Ramos-Onsins and Rozas  2002 ) 
with DnaSP 5.10.01 (Librado and Rozas  2009 ). The  D  statistic was calculated at the primary level 
(populations with  n  > 4) and at the secondary level. A non-significant  D  value implies no devia-
tion from the neutral model and would indicate that the size of a population had remained largely 
stable throughout its history (Yang  et al.   2012 ). Significant deviations are indicative of non-
neutrality, but the causes can be difficult to distinguish. Thus, positive values of  D  may indicate 
positive selection, balancing selection or population size reduction (Perfectti  et al.  2009), and 
negative values, if the marker is deemed neutral, may suggest population expansion after a bot-
tleneck (Küpper  et al.   2012 ). Fu’s  F  S  statistic is based on the probability of having a number of 
haplotypes greater than or equal to the observed number of samples drawn from a population of 
a constant size, and the  R  2  statistic is based on the difference between the number of singleton 
mutations and the average number of nucleotide differences (Pilkington  et al.   2007 ). Fu’s  F  S  and 
 R  2  statistics have the greatest power to detect population expansion for non-recombining regions 
of the genome under a variety of different circumstances, especially when population sample sizes 
are large (> 50,  F  S ) or small (approximately 10,  R  2 ) (Ramos-Onsins and Rozas  2002 ). We calcu-
lated  F  S  for the primary populations and at the secondary level when n  ≥  20 and calculated  R  2  for 
the primary populations with small sample sizes (5 <  n  < 20). The significance of  F  S  and  R  2  were 
obtained by examining the null distribution of 5,000 coalescent simulations. Significantly nega-
tive  F  S  values or significantly positive  R  2  values were indicative of a population expansion. 

 We tested for an excess of heterozygotes beyond that expected in a population at mutation-
drift equilibrium, which is indicative of recent population bottlenecks, using BOTTLENECK 
1.2 software (Cornuet and Luikart  1996 ). Analyses were performed for five populations with at 
least 10 individuals (Central Galicia, South Galicia, North Portugal, Central Portugal and Cataluña) 
and were also evaluated separately for Atlantic and Mediterranean birds. We used both the step-
wise mutation model (SMM) and the two-phase model (TPM) to perform the Wilcoxon 1-tailed 
test, which is most powerful when using less than 20 loci (Piry  et al.   1999 ). Using TPM, we fixed 
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95% single-step mutations and a variance among multiple steps of 12 (Piry  et al.   1999 ). In all 
cases 10,000 simulation replicates were performed. 

 Isolation-by-distance among individuals was tested using Mantel tests as implemented in the 
program Alleles In Space (Miller  2005 ). Analyses were performed for microsatellite data consid-
ering all birds.  P  values were obtained after 1,000 randomisations. 

 Using microsatellite data, the gene flow was measured using the  Nm  index (Lynch and Crease 
 1990 ) and was estimated between populations using GENETIX software (Belkhir  et al.   2001 ).  Nm  
values between 0 and 1 indicate low gene flow, and  Nm  values greater than 1 indicate high gene 
flow (Galacatos  et al.   2002 ).    

 Results  

 Genetic diversity patterns 

 Nine haplotypes were observed among the 96 individuals examined for mitochondrial sequences 
(Table S2). Of the 631 positions analysed, eight were polymorphic and five were parsimony 
informative (Table S2). Haplotype Ch-1 was the most frequent ( n  = 77) in all localities, and 
there were three unique haplotypes. The nucleotide frequencies were 0.281 (A), 0.256 (T), 
0.328 (C) and 0.132 (G). The transition / transversion ratios were  k 1 = 3.284 (purines) and  k 2 = 1.429 
(pyrimidines). The overall transition / transversion bias was  R  = 0.885, where  R  = [A*G* k 1+ 
T*C* k 2] / [(A+G)*(T+C)]. The haplotype and nucleotide diversities were lowest in the southern 
and eastern populations, and the highest values were found in the Central Portugal population 
( Table 1 ). 

 MICRO-CHECKER did not detect allele dropout or stutter bands. Seven of 80 combinations 
analysed (10 locations x 8 loci) contained null alleles ( P  < 0.20,  n  = 6,  P  = 0.35  n  = 1). Ten of 
80 tests performed for deviation from HWE proportions were statistically significant before apply-
ing the Benjamini and Hochberg corrections for multiple comparisons. After correction, one of 
80 combinations showed a departure from HWE ( P  < 0.000625). Thirteen of 280 loci-pair-location 
combinations showed linkage disequilibrium before correcting for multiple comparisons. After 
correction, seven combinations showed significant linkage between loci ( P  < 0.00125). 

 The observed heterozygosity was lower than expected for all populations, with the exception 
of North Galicia and North Portugal. The mean number of alleles per locus varied from 3.75 to 
10 across the populations. The allelic richness, corrected for simple size using rarefaction, ranged 
from 3.75 in Castellon to 4.75 in South Portugal ( Table 1 ) and was 8.96 and 8.63 for the Atlantic 
and Mediterranean areas, respectively. The private allelic richness ranged from 0.14 for North 
Portugal to 0.41 for Central Galicia.   

 Genetic structure and population history 

 After Benjamini and Hochberg corrections for multiple comparisons, pairwise   Φ   ST  values among 
all sites were significant in four cases, but  F   ST   values did not show significant values ( Table 2 ). 
Thus, pairwise   Φ   ST  and  F  ST  values did not support geographic structure.  A priori  groupings of 
Kentish Plover sites were poorly supported by AMOVA. All groupings of the sites showed very 
low explained percentages of the variation in the microsatellite loci frequencies ( Table 3 ).         

 STRUCTURE indicated that the most likely partitioning of the data exists for the  K  = 4 case, 
with  Δ  K  ranged from 0.868 ( K  = 8) to 21.499 ( K  = 4). However when visualised, proportions of 
individual genomes assigned to each cluster suggest that there is no population structure ( Figure 2 ). 
The Mantel test did not show significant correlation between genetic and geographic distances 
(r = 0.0002,  P  = 0.51).     

 The Tajima values were not significant at the primary level or when grouped by Mediterranean 
( D  = -1.164) and Atlantic coast ( D  = -1.671). At the primary level, two populations showed 
significant Fu’s  F  S  or  R  2  values: Central Galicia ( F  S  = -1.543,  P  < 0.05) and Central Portugal 
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( R  2  = 0.117,  P  < 0.05). At the secondary level, only the Atlantic coast showed significant values 
( F  S  = -6.044,  P  < 0.001). Fu’s  F  S  value for Galician birds was also significant ( F  S  = -3.527,  P  < 0.01). 

 The bottleneck tests did not yield evidence for population reduction, and the coalescent analyses 
were non-significant at both the primary and secondary levels. The gene flow between locations 
was high. For all comparisons ( n  = 45), the  Nm  values were greater than 3 and were greater than 
4 for 42 comparisons (Table S3).    

 Discussion 

 The absence of significant differences in the   Φ   ST  and  F  ST  comparisons and the low percentage of 
variation explained by the AMOVA analyses are in line with the panmixia scenario described at 
the continental scale for the Kentish Plover (Küpper  et al.   2012 ) and the Snowy Plover (Funk 
 et al.   2007 ). Moreover, we found a lack of an isolation-by-distance pattern. STRUCTURE identi-
fied four groups for the Iberian coast, but there was no association between groups and geography 
and the  Δ  K  varied weakly. The correlated allele frequency model used in this study often achieves 
better performance, and it is easier to overestimate  K  (Falush  et al.   2003 ). These facts suggest that 
there is no population structure and that the sample sites should be lumped into a single group 
(Pritchard  et al.   2000 ). 

 Facing the doubts around the Spanish and Portuguese population trends (BirdLife International 
 2004b , Figuerola  et al.   2004 , Felgueiras  2008 , Delany  et al.   2009 ) our results do not support the 

 Table 2.      Pairwise   Φ   ST  values among sites at mtDNA control region (above diagonal) and  F  ST  values at micro-
satellite loci (below diagonal). *Significant values at  α  = 0.05 level after Benjamini and Hochberg correction 
showed in bold type. Population names as  Table 1 .  

Site  NG CG SG NP CP SP HU AL CS CT  

 NG   - -0.0025 -0.0384 0.1262 0.1524 -0.1321 -0.0660 -0.0526 0.0000 -0.0227 
 CG  -0.0480 - -0.0069 -0.0147  0.3852* -0.1576 -0.0770 -0.1022 -0.0706 -0.0263 
 SG  0.0039 -0.0016 - 0.0576 0.2178 -0.1111 -0.0248 -0.0526 -0.0169 -0.0019 
 NP  0.0499 0.0114 -0.0347 -  0.3894* 0.0000 0.0156 0.0000 0.0000 -0.0196 
 CP  0.0175 0.0192 -0.0263 -0.0321 - 0.2275  0.2622* 0.2727 0.3048  0.3243*  
 SP  -0.0156 -0.0070 -0.0105 -0.0027 0.0168 - -0.1748 0.0000 0.0000 -0.1870 
 HU  0.0167 0.0354 0.0616 0.1171 0.0927 0.0060 - -0.1089 -0.0687 -0.0507 
 AL  0.0006 0.0176 0.0599 0.1115 0.0950 -0.0429 -0.0451 - 0.0000 -0.1253 
 CS  0.0148 0.0347 0.0593 0.1056 0.0867 -0.0742 -0.0439 -0.0498 - -0.0891 
 CT  -0.0574 -0.0007 0.0486 0.0846 0.0606 0.0419 0.0805 0.0351 0.0947 -  

 Table 3.      Analysis of molecular variance (AMOVA) at microsatellite loci with Kentish plover sampling sites 
grouped in different ways. Groups:  A , Atlantic coast-Mediterranean coast;  B , Central and northern Atlantic 
coast-southern Atlantic coast- Mediterranean coast;  C , North-western Spanish coast (Galicia)-Portugal and 
Spanish southern Atlantic coast (Huelva)-Mediterranean coast.  

Groups  Number of groups Variance components % variation  P -value  

 A   2 Among groups 0.51 0.069 
Among populations 1.43 0.027 
Within populations 98.06 0.006 

 B  3 Among groups 0.58 0.028 
Among populations 1.29 0.095 
Within populations 98.13 0.007 

 C  3 Among groups 0.38 0.061 
Among populations 1.37 0.110 
Within populations 98.2 0.009  
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recent decline hypothesis because there is no bottleneck evidence, but there is evidence of popula-
tion expansion for two Atlantic populations, Central Galicia and Central Portugal, and for the 
Atlantic coast population at a secondary level. An evaluation of trends for the Galician breeding 
plovers from 1988 to 2010 showed a decline until 2004 followed by a moderate increase (Vidal and 
Domínguez  2013 ). After 2004, the Galician birds reacted to the Prestige oil spill by increasing 
population numbers, avoiding the most affected areas and moving to new breeding beaches (Vidal 
and Domínguez  2013 ). Population growth was attributed to the combination of three main factors: 
successful management strategies undertaken at many of the Galician Kentish Plover breeding 
beaches after the Prestige oil spill, changes occurring in the spatial distribution of the breeding 
pairs and immigration of birds from other sites (Vidal and Domínguez  2013 ). 

  

 Figure 2.      Microsatellite data analysis with STRUCTURE program. Bar plot where each vertical 
line represents one bird; the different colours refer to the individual’s genomic proportion assigned 
from  K  = 2 to  K  = 10. Abbreviations: MC, Mediterranean coast.  A priori  populations: 1, North 
Galicia; 2, Central Galicia; 3, South Galicia; 4, North Portugal; 5, Central Portugal; 6, South 
Portugal; 7, Huelva; 8, Alicante; 9, Castellón; 10, Cataluña.    
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 Küpper  et al.  ( 2012 ) offer two explanations for high gene flow between Kentish Plover popula-
tions: firstly, temporary breeding habitats, often unstable and only suitable for a fraction of the 
available breeding time promoting mobility of the breeders, and secondly, high breeding dispersal 
(hundreds of kilometres apart) of re-nesting females, suggesting a prominent role for the last one. 
In the Galician population neither of these explanations seems to be useful. Galician Kentish 
Plovers breed solely on beaches, a suitable and more predictable habitat during the breeding 
period than ephemeral inland wetlands (Kraaijeveld  2008 ) or salt marshes and fish ponds (Küpper 
 et al.   2012 ). Thus, nesting pairs spend the entire season on the same beach or, at most, occasionally 
visit neighbouring beaches (Domínguez and Vidal  2008 ). Female movements during the breeding 
period are related to polyandrous behaviour, and successful females abandon the brood in the care 
of the male to re-mate and re-nest, sometimes at sites several kilometres apart (Székely and 
Lessells  1993 , Amat  et al.   1999 ). However, this behaviour is uncommon in the Galician popula-
tion, mainly due to the extremely low hatching success (Domínguez and Vidal  2003 ,  2008 ). The 
unsuccessful nesters show a high degree of mate fidelity and re-nest at the same beach or nearby 
and this same behaviour is observed in the sparse successful females (Domínguez and Vidal  2008  
and unpubl. data). 

 What is then responsible for the demography of the Galician Kentish Plover population? 
Re-sighting data confirmed the dispersal of individuals between the Galician and Portuguese 
coasts (Domínguez and Vidal  2008 ). These data are scarce and mainly correspond to wintering 
individuals, but it seems that the same pattern could be repeated in the breeding period, and the 
number of dispersers would be enough to assess the genetic connectivity. A small number of dis-
persing individuals per generation is sufficient to prevent genetic differentiation between two 
populations (Funk  et al.   2007 ). Dispersal can contribute significantly to population growth rates, 
gene flow and, ultimately, species persistence. However, taking into account the breeding param-
eters and high site fidelity of the Galician population, dispersal would be asymmetric. Thus, the 
Portuguese and Galician Kentish Plover populations would be demographically connected, as that 
term refers to those in which population growth rates or specific vital rates (survival and birth 
rates) are affected by immigration or emigration (Runge  et al.   2006 , Mills  2007 ). The importance 
of demographic connectivity is clear when the elimination of immigration results in a shift from 
stable or positive population growth to negative population growth, and immigration can be criti-
cal to the persistence of sink populations by compensating for low local recruitment (Lowe and 
Allendorf  2010 ). Demographic connectivity is of central importance to basic population biology 
(Nichols  et al.   2000 , Runge  et al.   2006 ) and to species persistence in human-modified systems 
(Griffin and Mills  2009 , Peery  et al.  2010). We hypothesise that the Kentish Plover population 
along the Galician coast represents a sink that would decline in the absence of immigration from 
other population(s). Moreover, this sink hypothesis could explain the extinction of the Cantabrian 
population that may have depended on the immigration of plovers from Galician beaches. This 
Cantabrian population disappeared in the late 1970s when the Galician population was estimated 
at less than 47 pairs (de Souza and Domínguez  1989 ). 

 The rigorous identification of source-sink dynamics requires detailed information about a pop-
ulation or patch-specific estimates of fitness (natality and survival rates) as well as on the rates of 
movement among populations. It is often possible to estimate rates of reproduction and survival, 
but estimating the immigration and emigration rates by marking individuals in the population of 
origin and recapturing them in a destination population is inherently difficult for most natural 
populations (Macdonald and Johnson  2001 ).  

 Implications for conservation and management 

 An accurate estimate of the level and spatial distribution of the genetic diversity of rare and 
endangered species provides fundamental information that can be used for designing appropriate 
conservation programs. Source-sink dynamics for Kentish Plover populations would have important 
conservation implications because sink populations are dependent on the continued persistence 
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of source populations. We found no genetic structure in Kentish Plovers on a coastal Iberian 
scale, and we emphasise the need for further studies on demographic connectivity through 
a capture-mark-recapture program or geolocation in order to ascertain the viability of endangered 
populations. The management guidelines provided in the Galician Kentish Plover Recovery Plan 
(Decree 9/2014, January 23) consider the Galician population alone. We demonstrate the need to 
consider both the Galician and Portuguese Kentish Plover populations and their breeding areas to 
be a single management unit, and population goals and objectives should be based on that premise. 
Ultimately, the proper and successful implementation of a management strategy could promote 
the recolonization of the Cantabrian coast, a peripheral area in the Atlantic Iberian Kentish Plover 
distribution.    

 Supplementary Material 

 The supplementary materials for this article can be found at journals.cambridge.org/bci     
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