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Assessment of genetic diversity in a locally endangered tern species suggests
population connection instead of isolation

Abstract

Many bird populations are declining globally, with migratory sea- and waterbirds among the most
threatened groups. Increased isolation between populations, due to habitat loss leading to limited
connectivity and reduced gene flow, may accelerate population declines or even cause local extinctions.
To address this threat and inform conservation efforts, assessment of the genetic diversity of endangered
populations is required. In Central Europe, gull-billed terns (Gelochelidon nilotica) have experienced a
severe population decline in the past century, with only one last population of c. 40 breeding pairs
remaining. Here, we aimed to characterise the genetic diversity of this population of gull-billed terns in
Central Europe, and evaluate these data in the context of two separate Mediterranean colonies to assess
potential population connectivity. To achieve this, we developed a PCR protocol to amplify and
sequence the complete mitochondrial genome (mtDNA). We find high genetic diversity in all three
populations, and no population structure based on breeding location, as well as moderate population
differentiation between Germany and Italy, and low differentiation between Germany and Spain, and
between Italy and Spain. The German population, however, shows signs of population restriction, while
both Mediterranean colonies show evidence for population expansion. These results indicate that the
last population of gull-billed terns in Central Europe is not acutely threatened by loss of genetic
diversity, but instead shows signs of connectivity with other European colonies, which in turn suggests

that conservation efforts should best focus on habitat and predation management.



22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

Conservation Biology

Introduction

Anthropogenic impacts on the environment have dramatically increased over the past century, causing
an increase in the number of species threatened by extinction (Butchart et al., 2010; Maxwell et al.,
2016). As a result of habitat loss, range contractions and invasive species, many wildlife species suffer
from fragmented distributions with small, isolated populations, making them particularly prone to the
adverse effects of genetic drift and inbreeding (Frankham et al., 2017). Current conservation efforts,
however, often neglect genetic aspects and their potentially detrimental consequences (Laikre, 2010;
Frankham et al., 2017). Given that loss of genetic diversity negatively affects fitness both on the
population and individual-level, as well as the ability to adapt or respond to environmental changes
(Harrisson et al., 2019; Leigh et al., 2019), its maintenance is a prerequisite for the long-term survival
of populations (Bouzat, 2010) and, thus, needs investigating.

Globally, numerous bird species are in decline (Gaston et al., 2003; Nagy & Langendoen, 2021),
with seabirds and migratory waterbirds being particularly threatened (Croxall et al., 2012; Dias et al.,
2019; Nagy & Langendoen, 2021). Despite their ability to migrate vast distances, these species generally
exhibit strong philopatry to their natal breeding areas, which has been shown to contribute to the loss of
genetic diversity in these species and, over time, can lead to reproductive isolation by limiting gene flow
(Friesen, 2015; Danckwerts et al., 2021). In addition, the emergence of geographically isolated
populations may further reduce gene flow, thereby influencing population genetic structure and
potentially reducing genetic diversity (Friesen et al., 2007). As isolation increases due to range
contractions or habitat loss, it is anticipated that the loss of connectivity and, consequently, gene flow
may accelerate population declines or even lead to local extinction (Ford et al., 2009; Frankham et al.,
2017). Decreased genetic diversity reduces a population’s capacity to buffer against deleterious alleles,
increasing their frequency and the probability of these alleles becoming homozygous, which
compromises individual fitness and survival (Lynch et al., 1995). Conversely, certain life-history traits,
such as long generation times and monogamous breeding behaviour, can potentially mitigate the loss of
genetic diversity even in small and endangered populations (Hailer et al., 2006; Weiser et al., 2013;
Lopez et al., 2021).

Gull-billed terns (Gelochelidon nilotica) (Figure 1A), as a monogamous, long-lived migratory
waterbird species with a worldwide distribution, but highly fragmented breeding areas (BirdLife
International, 2019), present an interesting case study to investigate population connectivity and
potential loss of genetic diversity and its consequences for isolated populations. In Europe, the majority
of gull-billed tern populations are distributed along Mediterranean and Eastern European countries,
except for one small remaining population in Northern Germany that is geographically isolated from
other known breeding colonies (Risch et al., 2018; BirdLife International, 2021) (Figure 1B, C). A
severe population decline due to anthropogenic impacts such as cultivation and destruction of foraging
habitats (Mgller, 1975) resulted in the reduction of the number of breeding pairs from 500 in the 1940s

to currently only 40, along with a relocation of the breeding area from Denmark to Germany (Berndt,
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2018; Risch et al., 2018). Consequently, this remaining population of gull-billed terns in Central Europe
is classified as critically endangered at national level (Ryslavy et al., 2020).

At present, the genetic implications of the recent population decline are unknown and genetic data
of gull-billed terns have remained scarce even on a global level (Miller et al., 2013; Yang et al., 2017).
As such, investigating the genetic diversity of the current population is not only essential for efficiently
implementing conservation measures but may also provide insights into broader questions regarding the
population connectivity of this species across its European distribution. As inbreeding typically results
in reduced genetic diversity, we would expect the German population to be not only geographically but
also genetically isolated, exhibiting decreased genetic diversity and fewer haplotypes within the
population when compared to other European populations.

To characterise population genetic structure and its potential impact on the population, we
sequenced the full mitochondrial genome (mtDNA) of the last breeding population of gull-billed terns
in Central Europe, and compared the individual mitogenomes to those of birds sampled in two
Mediterranean breeding colonies, located in Spain and Italy. Here, we (i) provide the first assessment of
genetic diversity for the endangered German breeding population of gull-billed terns by establishing a
PCR protocol to amplify and sequence the complete mtDNA, (ii) determine genomic parameters and
compare them with two Mediterranean colonies and (iii) assess the role and relevance of loss of genetic
diversity as a threat for the last population of gull-billed terns in Central Europe. With this, we provide

first insights into the genetic diversity of European gull-billed terns to inform conservation efforts.

Methods
Study species

The gull-billed tern is a cosmopolitan species with a breeding distribution spanning Europe, Asia,
northwest Africa, Australia, and America. In Europe, populations are highly fragmented, with breeding
occurring in isolated regions of the Iberian Peninsula, France, Germany, Denmark, Italy, the Balkan
Peninsula, Romania, Ukraine, and the Russian Federation (BirdLife International, 2021). This study
focuses on three separate populations, which vary significantly in size. The sampled Spanish colony
comprised c. 150 breeding pairs, representing a subset of a larger population of around 1,000 pairs that
breed regularly on islands located in reservoirs (Villegas et al., 2013). Despite considerable inter-annual
variation in the number of pairs breeding at each colony, the population has remained stable since then
and constitutes the main breeding population in the interior of the Iberian Peninsula. The Italian
population, estimated at approximately 1,100 pairs, is divided into two stable and distinct clusters. The
sampled Italian colony, comprising about 250 pairs, is part of the larger cluster along the Adriatic coast,
which hosts about 1,000 pairs, while the smaller cluster in Sardinia has fewer than 100 pairs (Grussu et
al., 2020). The German population, consisting of c. 40 pairs, has remained stable due to conservation

efforts aimed at minimizing predation and disturbances (www.gelochelidon.de).
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Sample collection

During May and July 2021-2023, blood samples of 197 gull-billed terns were collected from the
Neufelderkoog population (53°53°44” N, 8°58°49” E, Figure 1B, C). Blood samples of 66 adult gull-
billed terns were taken non-invasively during incubation, without capturing the birds, by using a larval
instar of the blood-sucking bug Dipetalogaster maximus (Suborder: Heteroptera), as described in Becker
et al. (2006). In brief, a bug was put in a hollow artificial egg, temporarily exchanged with a real egg
from the focal nest, which was transferred to an incubator during that time. The identity of the incubating
parent was recorded based on its (colour) ring and after 20 to 30 minutes of incubation, the artificial egg
was removed from the nest, and the real egg returned. Blood was extracted from the bug’s abdomen
using a syringe (ranging from 100ul to 300ul) and stored in absolute ethanol. During annual ringing
sessions of an established conservation project (www.gelochelidon.de), blood samples from 131 chicks
were collected using capillaries after puncturing the brachial vein using a 23G needle and were also
preserved in absolute ethanol. Finally, muscle tissue samples from 8 chicks that had escaped sampling
during the ringing session, but were found dead later, were collected as well. All German protocols were
approved by the state government of Schleswig-Holstein (licence V242-19875/2021 (30-4/21)).

To allow for comparison of genetic parameters from our focal population with those of Mediterranean
populations, blood samples were additionally collected from gull-billed terns from Italy (n = 21) and
Spain (n = 11) (Figure 1C). In Spain, adult gull-billed terns were sampled from May to June 2022 in a
breeding colony at Villalba de los Barros reservoir in Extremadura (38° 34' N, 6° 30' W). Birds were
captured during incubation using clap-net traps, marked with standard metal rings and bled from the
right jugular vein (up to 200 pl, stored in absolute ethanol). All Spanish procedures were approved by
the Ethics Committee of the University of Extremadura (licence 112//2020) and the Government of
Extremadura (licence CN0001/23/ACA). In Italy, random gull-billed tern chicks were sampled in July
2023 at a breeding colony at Valle Figheri in Venice (45°19'46.2" N, 12°08'04.7" E), along the Adriatic
coast. These chicks were bled by puncturing the brachial vein, collecting the blood with capillaries and
preserving it in absolute ethanol. Capture, handling and sampling collection in Italy were carried out by
the Italian Institute for Environmental Protection and Research (ISPRA), under the authorisation of Law

157/1992 [Art. 4(1) and Art. 7(5)], which regulates research on wild bird species in Italy.

DNA extraction and PCR analysis

Genomic DNA was extracted for genotyping and molecular sexing (Becker & Wink, 2002) following a
modified salt-extraction protocol (Aljanabi & Martinez, 1997). The entire mitogenome (mtDNA) was
amplified using four species-specific primer pairs (Table 1). Primers were designed using NCBIs tool
“Primer-BLAST” with a minimum primer melting temperature of 55.0° C, and using the published gull-
billed tern mitogenome (GenBank Accession Number: NC _036344.1) as a reference (Yang et al., 2017).

Targets for amplification were chosen with overlap to aid assembly of the full mtDNA. For each of the
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four target regions, three primer pairs were picked and blasted against the reference (algorithm: blastn).
Primer pairs that resulted in unambiguous amplified products (i.e. did not show any double hits) and
showed the highest specificity to the particular segment of the mitogenome were selected. Primer pairs
initially designed for the first and fourth segment did not amplify reliably in the PCR (< 30 % success
rate), likely because the reference sequence originates from Asia. We worked around this problem by
redesigning these primer pairs once completely sequenced mtDNA from a German bird became
available as a new reference, which was generated from a successful amplification of a sample using the
original primer pairs. Sequences for all final primers used for this study as well as amplified fragment
lengths are outlined in Table 1, for further information also see the Appendix S1.

For all segments, PCR reactions were carried out according to the standard protocol in a total
volume of 25 ul and contained 0.4 pM Primer concentrations and 150 — 250 ng of DNA template using
the LongAmp Taq Polymerase (New England BioLabs Inc.). For the two longest segments LSS/ and
P002 (> 5.000 bp), 1 pl of bovine serum albumin (BSA) with a concentration of 10 mg/ml was added
to enhance amplification efficiency. Each PCR run included a negative control using water instead of
template DNA.

For all primer pairs except LSS4f and LSS4r, a touchdown PCR approach was used with the
following thermocycle profile: initial denaturation at 94° C for 30 sec, followed by 10 cycles of
denaturation at 94° C for 30 sec, annealing starting at 65° C with a 1° C decrease for 30 sec per cycle
and elongation at 68° C for 6 min. This was followed by 20 cycles of denaturation at 94° C for 30 sec,
annealing at 59,5° C for 30 sec, and elongation at 68° C for 6 min, followed by a final elongation step
at 68° C for 10 min. For LSS4, PCR conditions were: initial denaturation at 94° C for 30 sec, followed
by 25 cycles each of denaturation at 94° C for 30 sec, annealing at 63° C for 30 sec, and elongation at
68° C for 2 min, followed by a final elongation step at 68° C for 10 min.

All PCR products were purified using a PEG precipitation and visualized on a 1% agarose gel in
1xTBE buffer. Cleaned PCR products were sequenced using an in house Tn5 protocol following Picelli

et al. (2014) on an Illumina MiSeq system producing 2x150 bp paired-end reads and 20X coverage.

Mitogenome assembly and population genetic analysis

Individual sequence reads were assessed for quality using FastQC (v. 0.12.1, Andrews et al., 2022),
followed by adapter and quality trimming using Trimmomatic software (v. 0.39, Bolger et al., 2014).
Trimmed reads were mapped onto the reference genome available from NCBI (Accession number:
NC 036344.1) using bwa mem with the option —M (v. 0.7.17, Li, 2013). The resulting SAM files were
converted into BAM files, then sorted and indexed using samtools (v. 1.13, Danecek et al., 2021). Single
nucleotide polymorphisms (SNPs) were called with bcfiools (v. 1.18, Danecek et al., 2021), generating
a VCF file. To determine VCF filter options for polymorphic sites, depth, quality, minor allele frequency

(maf) and missing genotypes were calculated using vcfiools (v. 0.1.17, Danecek et al., 2011).
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Accordingly, filters were set in PLINK (v. 1.90, Purcell & Chang, 2024) for removal of indels, excluding
individuals with a missing genotype rate > 10 %, subsequently excluding SNPs with a minor allele
frequency below 0.01 and missing genotype rates per SNP < 10 %. The resulting VCF file was annotated
using SnpEff (v. 5.2a, Cingolani et al., 2012). Principal Component Analysis (PCA) was calculated in
PLINK to identify potential clusters based on genetic similarities of individuals from the three breeding
locations.

The filtered VCF file was opened in RStudio (v 4.3.3, R Core Team, 2024) using the “readData”
option of the PopGenome package (v. 2.6.1, Pfeifer et al., 2014). This package was also used to calculate
haplotype diversity (H,), nucleotide diversity (z), the number of segregating sites per population,
Tajima’s D, Fu and Li’s D as well as F and pairwise fixation indices (Fs¢). Negative pairwise Fst values
were considered as zero due to imprecisions in the algorithm used by the R package. Haplotype diversity
is defined as the probability of two randomly sampled alleles being different, while nucleotide diversity
quantifies the average number of nucleotide differences per site in pairwise comparisons (Nei, 1987),
thus, both combined provide a good estimate of genetic diversity within populations. Tajima’s D as well
as Fu and Li’s D and F measure deviations from neutrality to identify population genetic structure,
thereby showing whether population expansion or contraction has occurred (Tajima, 1989; Fu & Li,
1993). To generate a haplotype network we converted the VCF file to DNABin format using the package
vcfR (v.1.15.0, Knaus & Griinwald, 2017). Haplotypes were called using the pegas package (v. 1.3,
Paradis, 2010) and displayed using the command “haploNet”. PCA results were visualized using ggplot2
(v.3.4.4, Wickham, 2016).

In addition to the above analysis using the full mitogenome, we extracted the cytochrome B (cytB)
gene from all of our assemblies to run the same analyses. This allowed us to directly compare our results
with earlier work, as this gene has been used in other genetic studies of gull-billed terns (Miller et al.,
2013) and to assess whether singular genes (i.e. c¢ytB) can capture the information contained in the full

mtDNA.

Results

Out of the initial total of 237 samples collected, 230 samples were successfully genotyped. The other
seven samples failed to amplify in the PCR with at least one primer pair and were therefore excluded
from further analyses. Filtering for missing genotype rate removed a further 31 individuals as they
exceeded the threshold of 10% missing data, resulting in a final dataset of 199 individuals (Germany: n
=174, Italy: n = 18, Spain: n = 7).

After variant filtering, we identified 201 variable sites (mean depth of 63X) in the 199 gull-billed
terns samples, of which 140 occurred in the 174 samples from the German population, while 84 and 95

occurred in the 18 and 7 samples from the Italian and Spanish populations, respectively. Among these
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variants, 128 occurred in exons, with 104 being synonymous (not modifying the amino acid sequence),
and 24 being missense variants (substitutes one amino acid for another).

A total of 68 haplotypes was detected across the three European breeding populations. The most
frequent haplotype (n = 25) was exclusively found in the German population, and there was limited
haplotype sharing observed between individuals from different populations, which is particularly
evident from the haplotype network, in which the Spanish and Italian individuals often displayed unique
haplotypes (Figure 2). This was further supported by the PCA, which did not reveal major clustering
based on breeding location (Figure 3).

All three populations exhibited high haplotype diversity (H,), ranging from 0.87 to 1, while
nucleotide diversity (z) was slightly lower in the Italian population compared to the other two
populations (Table 2). Tajima’s D values varied across populations, with a positive value for the German
population and negative values for both the Italian and Spanish population (Table 2). Similar results
were found for Fu and Li’s D and F, with Germany being the only population exhibiting positive values
(Table 2).

Pairwise Fst values indicated moderate genetic differentiation between individuals from the
German and Italian population, whereas differentiation between the German and the Spanish population
was low (Table 3). No differentiation between individuals from the Italian and the Spanish population
was detected.

Focussing on cytB, the number of detected haplotype was lower compared to the whole mtDNA,
with a total of 15 haplotypes. Haplotype sharing was more pronounced than when analysing the entire
mitogenome. However, the German population still exhibited two unique haplotypes and PCA did not
reveal major clustering based on breeding location (see Appendix S2 & S3). Similarly, haplotype
diversity slightly decreased, ranging from 0.69 to 0.86, with the Italian population showing the lowest
values in both haplotype and nucleotide diversity (Table 2). The results for Tajima’s D as well as Fu
and Li’s D and F in cytB were similar to those for the whole mtDNA, with Germany exhibiting a positive
value and Spain a negative value (Table 2). However, for the Italian population, Tajima’s D became
positive, while Fu and Li’s D and F remained negative (Table 2). Pairwise Fs¢ results were in a similar

range compared to the whole mtDNA results.

Discussion

We conducted the first assessment of genetic diversity in the last and endangered Central European
population of gull-billed terns and compared it with that in two other European populations by
developing and applying a PCR protocol for successfully sequencing the full mitogenome (mtDNA) of
199 gull-billed terns. In contrast to our assumptions, our findings reveal a high level of population
connectivity without a reduction in genetic diversity. Despite population contraction occurring in the
German population, our results therefore suggest that inbreeding may not be as concerning as previously

thought, and that potential for population rescue through immigration seems to exist.
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Genetic diversity is widely acknowledged an essential prerequisite for species’ adaptation to
environmental changes and long-term survival (Bouzat, 2010; Harrisson et al., 2019; Leigh et al., 2019).
Despite the recent reduction in population size and the geographical isolation of the focal, last remaining
Central European population of gull-billed terns, our data reveal comparable genetic diversity to two
larger and thriving Mediterranean populations. The overall high haplotype diversity observed in our
study is in line with what was reported for gull-billed terns in North America (G. n. vanrossemi and G.
n. aranea), with their values ranging from 0.843 — 0.908 (Miller et al., 2013), while ours range from
0.871 — 1. However, the North American study covered three populations with population size ranging
between 250 and 3,700 breeding pairs, and thus much larger compared to the populations of our study.
While all populations used in our study displayed an even higher haplotype diversity compared to the
North American populations, this disparity in exact values may partially result from the different
analytical approaches. The North American study focussed solely on cytochrome B (cytB), thereby
restricting their analysis to the variance within a single gene, whereas our approach assessed genetic
structure using sequence information of the entire mtDNA. Our approach allowed for a comprehensive
overview of the genetic variation across the mtDNA, not only including genes coding for proteins, but
also intronic regions and, thus, potentially higher overall diversity. To allow for a more direct
comparison, we isolated the cytB sequence from our mtDNA, and indeed found values very similar in
magnitude to those reported by Miller et al. (2013). The main conclusions drawn from this marker-based
approach are in line with our analysis of the full mtDNA (see Supplementary Material for more details),
confirming cytB as a viable option for assessing genetic variation in further studies. Still, the absence of
a reduction in genetic diversity is intriguing, particularly for the German population, as their population
size decreased dramatically over the last 70 years from formerly 500 breeding pairs to a current
population size of approximately 40 breeding pairs.

Several factors are known to mitigate loss of genetic diversity, including long generation periods
(Hailer et al., 2006) and/or (dispersal-induced) immigration (Ludwig & Becker, 2012). In white-tailed
cagles, for example, migration between populations has not been a significant in maintaining genetic
variability, but long generation time buffered against loss of genetic diversity, as an experienced
bottleneck of two decades only affected two generations (Hailer et al., 2006). This life-history trait is
shared by gull-billed terns: like most tern species, gull-billed terns are long-lived and have long
generation times (Bird et al., 2020; BirdLife International, 2021), with the oldest reported bird of known
age in Europe being 18 years old (Fransson et al., 2023) and the oldest known German and Spanish bird
being 16 years and 24 years old, respectively. The population decline started around the 1940s
(Rasmussen & Fischer, 1997), such that it by now has affected ‘only’ seven to eight generations of gull-
billed terns. Additionally, the high numbers of breeding pairs at the start of the decline (ranging from
150 to 500 breeding pairs) suggest high historical genetic diversity, mitigating a rapid loss of genetic
diversity. Furthermore, behavioural traits, such as kin recognition to avoid inbreeding (Bonadonna &

Sanz-Aguilar, 2012) or prospecting during early life as also observed in other tern species (Dittmann et
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al., 2007), may enhance gene flow. Age of first breeding is usually three years, and immatures will
prospect for a breeding territory, thus facilitating breeding in non-natal colonies, too. Although ringing
data does not (yet) support this, the absence of clear population structure between the Central European
and Mediterranean populations, as well as the lack of clustering based on geographical locations in the
PCA, indicates historical or ongoing (female) gene flow between the populations. As genetic changes
take time to establish within a population, our absent population structure based on locations in
combination with the high genetic diversity might as well reflect historical levels (Sauve et al., 2019).
To conclusively determine whether the high genetic diversity observed in the German population
remains from historic levels or benefits from ongoing immigration as part of dispersal, further studies
are required, preferably analysing historic samples and ideally supplemented (colour) ringing of all
fledglings originating from our focal population.

While genetic diversity remains notably high in the German population, this population still
exhibits the lowest levels of haplotype diversity among our three studied populations. This result may
be indicative of emerging population structure due to geographic isolation and the recent population
decline, the latter possible bottleneck being supported by the positive neutrality statistics. However, the
additional presence of unique haplotypes within the German population may result from standing
genetic variation that has persisted from historic levels, acting as a buffer within the population.
Conversely, the Spanish and Italian populations are undergoing or have recently been undergoing a
population expansion, indicated by the consistently negative values in Tajima’s D as well as Fuand Li’s
D and F. Negative values are indicative of several single variants that are present in the current
population, which is also evident in the haplotype network. Individuals from the Mediterranean
populations mostly represented unique haplotypes, as indicated by the high genetic diversity values,
with limited haplotype sharing observed between populations. This may partly be an artefact of our
small sample size for those populations, particularly for the Spanish population (n = 7 adults), as not all
present genetic variation might have been captured. However, Tajima’s D, as well as Fu and Li’s D and
F, do not directly depend on sample size, but on the number of segregating sites (Tajima, 1989) and the
number of singleton mutations (Fu & Li, 1993). Given that all three test statistics provided similar results
for each population independent of the sample size, and we additionally found a high number of
segregating sites in both Mediterranean populations, our results still offer valuable insight into
informative/representative population structure.

The presence of unique haplotypes in the Mediterranean populations, coupled with the limited
haplotype sharing, also indicates some degree of population differentiation across Europe. Contrasting
to missing population structure based on breeding location, however, genetic differentiation between
Germany and Italy was considerably higher than between Germany and Spain. Given that the geographic
distance between the German and Italian population is more than twice as small than that between the
German and Spanish population, factors other than distance, such as geographical barriers (the Alps;

Dayton et al., 2017) or philopatry, are likely to impede potential immigration from Italy. Sanchez et al.
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(2004) investigated migration routes of European gull-billed terns based on ring recoveries, and showed
that birds from western Europe migrate through the Strait of Gibraltar towards Africa whereas the
eastern populations migrate through Italy. While the sampled Italian population also uses non-breeding
areas in West Africa, their migratory route follows the eastern coastline of Spain. This pathway is likely
not used by German gull-billed terns, which may account for the greater genetic differentiation observed
between German and Italian population in our study. As German gull-billed terns start their migration
towards the Netherlands (Kuipers & van Els, 2022), it is likely, that they continue migrating along the
western coastlines using the same Western-Palearctic flyway as shown by Sanchez et al. (2004). Given
that the non-breeding areas of the Spanish birds are also located in West Africa (Sanchez et al., 2004),
they could mix with German individuals, potentially leading to dispersal of Spanish individuals towards
Germany and gene flow among populations (Friesen, 2015). Our results could, thus, indicate limited
philopatry of European gull-billed terns, which fits with findings of varying amounts of philopatry for
this species in Europe (Mgller, 1982) and North America (Erwin et al., 1998; Miller et al., 2013;
Goodenough & Patton, 2019). Re-sightings of ringed gull-billed terns at the German colony suggest an
adult site fidelity in the range of 60 - 80 %, and the proportion of 3-year-old birds returning to their natal
colony to breed varied between 8 % - 14 %. In 2023, 28 % of 2-year-old fledglings were seen prospecting
around the colony area and at the first migration stop in the Netherlands. Further studies are required
though to investigate reasons for the non-apparent genetic differentiation between Germany and Spain
as well as Italy and Spain, ideally through tracking of fledglings or assessment of whole genome data
and population demography.

Overall, our results indicate high genetic diversity within and across European gull-billed tern
populations, the absence of clear population genetic structure and potential gene flow. This indicates
that loss of genetic variability does not act as a major current threat for the German gull-billed tern
population and highlights that, despite its geographically isolated location, connectivity with other
European populations seems to persist. Further studies are required to test whether the suggested
connectivity is based on immigration between populations (mostly Germany and Spain) or whether our

results reflect historic levels of genetic diversity.
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Table 1. Overview of the designed primers used in this study.

Name | mtDNA Primer sequence (5’ to 3”) expected product | melting
segment (bp)”* size (bp) temperature
0

LSSIf 29-6,976 GCACTGAAGATGCCAAGATG 6,948 57.15
LSSIr GGTTTGATGCGGTTGGCTTG 60.67
P002f | 6,831-12,530 | AGCCAGAACTAACCTCCACA 5,700 58.27
P0O02r CTATGGCGGCTGGTAGTCAT 59.32
P003f | 11,921-15,380 | GCTATCGTCACCCGTACAGT 3,460 59.26
P003r GGTGTTGGCTTCTGTTGCAG 59.97
LSS4f 15,135-180 CCCGAATCCCAACACCCAAC 1,794 61.25
LSS4r CCTGCTCCTCTTTCCTTGGC 60.68

* Segment mtDNA refers to the position in the reference genome (GenBank Accession Number: NC_036344.1).

Table 2. Genetic diversity and neutrality statistics for the three gull-billed tern populations based on the complete

mtDNA (white background) and cytB (grey background). Diversity statistics include haplotype diversity (H,) and

nucleotide diversity () while Tajima’s D, Fu and Li’s D as well as Fu and Li’s F are considered as neutrality statistics.

Population H; T Tajima’s D Fuand Li’s D Fuand Li’s
Germany (n=174) | 0.871 | 0.00199 1.114 0.855 1.175
Italy (n = 18) 0.980 | 0.00099 -1.429 -1.370 -1.464
Spain (n=7) 0.00181 - 1.806 - 1.301 -1.133
Germany (n=174) | 0.785 | 0.00027 1.879 0.837 1.468
Italy (n = 18) 0.686 | 0.00011 0.393 -0.359 -0.103
Spain (n = 7) 0.857 | 0.00021 -0.905 -0.971 -0.743

Table 3. Pairwise Fst (below the diagonal) and beeline distance (above diagonal) comparison for the mtDNA (bold)

and cytB among the three gull-billed tern populations. The beeline distance was calculated in QGIS (QGIS Development

Team, 2022) using the “distance matrix” function (in km).

Population Germany Italy Spain

Germany — 968.58 2047.77
Italy 0.154/0.173 1682.55
Spain 0.005/0.004 -0.018/-0.018 -
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Figure 1. Picture of a gull-billed tern (A), a close up of the breeding location in Germany (B), and map of European countries

with the approximate locations of sampled individuals for the three focal populations (C). The three populations are colour

coded: Germany (c. 40 breeding pairs) in yellow, Italy (c. 250 breeding pairs) in green, and Spain (c. 150 breeding pairs) in

pink. The distribution of European gull-billed tern colonies is shown in blue. The map was created in QGIS (v. 3.16.14, QGIS

Development Team, 2022). The photograph was taken by Fred Visscher.
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Figure 2. Haplotype network for 199 gull-billed terns based on mtDNA. A total of 68 haplotypes, each represented by a

circle, was detected. The size of the circles is proportional to the number of individuals, sharing this particular haplotype. The

length of the connecting lines is proportional to the number of mutations among haplotypes. The three breeding locations are

colour coded as in Figure 1: the focal German population in yellow, the Italian one in green and the Spanish one in pink.
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Figure 3. Clustering of the detected mtDNA variants among gull-billed terns from three European populations.
Individuals with similar genetic structure are grouped together based on identified correlations from the PCA. Percentages were
calculated by dividing the estimated eigenvalues for each principal component by their overall sum and then multiplying by

100. Breeding populations are colour coded as in Figures 1 and 2 (yellow: Germany, green: Italy, pink: Spain).
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