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6 Shephard et al. � Genetic structure and movement of Black Terns 

even at continental scales (all FST < 0.04; Table 3). The glo-
bal FST value (0.0226) was not different when corrected for 
null allele frequencies (FST = 0.0219; FreeNA). These indices 
suggest high levels of gene �ow among sites that were fur-
ther evidenced by the analysis in STRUCTURE (Pritchard et 
al. 2000). Two genetic clusters were represented in the data. 
Although STRUCTURE detected 2 clusters (Delta K; mean 
LnP(K) = �4864.14; Evanno et al. 2005) or 4 clusters (mean, 
median, and maximum; Puechmaille 2016) when sampling 
location was included as a prior (Figure 2), no clustering was 
detected in the absence of sampling location data. Further, 
when sites were subsampled for 11 individuals to even sam-
ple size across sites, no clusters were detectable even when 
site was given as a prior (Figure 2).

BayesAss provided further evidence from microsatellite 
data that gene �ow among sites was substantial. All sites 
exhibited low af�nity (m = 0.68�0.78) except for Ontario, 

where m = 0.80. Ontario exhibited strong outward migration 
to all other sites an order of magnitude greater than migration 
into Ontario (Table 4).

Of 15 haplotypes detected, 1 was very frequent (66%) 
and detected across all sites while 8 were detected at low 
frequency and at only 1 site each (Supplementary Material 
Tables 1 and 2). Though not strictly a star-like pattern as de-
scribed for Eurasian Black Terns (Szczys et al. 2017b), the 
haplotype network suggests post-glacial demographic expan-
sion (Figure 3A). Interestingly, haplotype 4 (Supplementary 
Material Tables 3 and 4) detected in a single individual sam-
pled in Oregon, is also the most common haplotype docu-
mented in Eurasia (Szczys et al. 2017b) (Figure 3B) which 
suggests recent dispersal among the continents. Further, only 
2 single-base mutations distinguish the most common haplo-
types on each continent, which could indicate recent (post-
glacial maximum) ancestry.

TABLE 2.�Genetic diversity indices by sampling site and origin of individual. Eight microsatellite loci were genotyped for 147 birds. Na, mean number 
of alleles; AR, mean alleles based on a theoretical idealized population; HO, mean observed heterozygosity; HE, mean expected heterozygosity, also 
called �genetic diversity�; FIS, inbreeding coef�cient. NMT, number of individuals sequenced for cytochrome-b region; A = number haplotypes; H = gene 
diversity; � = nucleotide diversity; F = Fu�s F; D = Tajima�s D.

Site Na AR HO HE FIS NMT A H � F D 

ME 7.4 7.2 0.83 0.80 �0.04 12 3 0.44 0.002 0.18 �0.73
ON 8.8 7.2 0.76 0.77 0.02 10 1 0.00 0.000 0.00 0.00
MI 9.5 7.9 0.78 0.80 0.05 11 5 0.62 0.002 0.70 �0.93
IA 8.1 7.8 0.70 0.71 0.02 11 3 0.35 0.001 �0.54 �1.60
WI 9.0 7.3 0.75 0.80 0.06 22 3 0.57 0.003 1.64 0.99
NE 9.3 7.2 0.68 0.75 0.09 24 7 0.61 0.002 �1.91 �1.10
SK 9.5 7.4 0.73 0.78 0.07 24 7 0.61 0.002 �3.17* �1.46
OR 8.9 7.5 0.66 0.74 0.13 10 6 0.84 0.004 –0.93 �0.76

*P = 0.009; all other values non-signi�cant.

TABLE 3.�Population differentiation based on (A) microsatellite data. FST values below the diagonal and Jost�s Dest above the diagonal; (B) mitochondrial 
data. PhiST values below the diagonal and P values above. Bold values indicate low levels of differentiation that differ signi�cantly from zero where 0.001 
< P < 0.01.

 ME ON MI IA WI NE SK OR 

(A)
 � ME � 0.03 0.04 0.08 0.11 0.08 0.05 0.08
 � ON 0.02 � 0.06 0.02 0.08 0.09 0.07 0.04
 � MI 0.02 0.02 � 0.07 0.06 0.12 0.07 0.08
 � IA 0.04 0.02 0.03 � 0.15 0.04 0.05 0.01
 � WI 0.03 0.02 0.02 0.04 � 0.14 0.16 0.14
 � NE 0.03 0.03 0.03 0.03 0.03 � 0.12 0.14
 � SK 0.02 0.02 0.02 0.03 0.03 0.03 � 0.07
 � OR 0.03 0.02 0.03 0.02 0.03 0.04 0.03 �
(B)
 � ME � 0.22 0.84 0.59 0.10 0.89 0.33 0.20
 � ON 0.10 � 0.09 0.47 0.00 0.04 0.05 0.01
 � MI �0.05 0.16 � 0.37 0.15 1.00 0.33 0.52
 � IA �0.02 0.04 0.01 � 0.02 0.22 0.21 0.04
 � WI 0.12 0.38 0.06 0.25 � 0.10 0.00 0.36
 � NE �0.04 0.14 �0.05 0.03 0.06 � 0.17 0.39
 � SK 0.01 0.12 0.01 0.02 0.19 0.03 � 0.07
 � OR 0.05 0.33 �0.03 0.15 �0.01 �0.00 0.07 �
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Genetic structure and movement of Black Terns� Shephard et al. 7

Geolocator Analysis
Between 2016 and 2021, we retrieved 19 of the 88 (22%) 
geolocators deployed (Table 1). Geolocator recaptures var-
ied between colonies. Geolocator recoveries were lowest 
in Saskatchewan (13%) and were reasonable in Michigan 
(56%) and Ontario (35%). In general, tagged birds were not 
recaptured because they were not seen, either as a result of 
permanent dispersal or mortality, although there were a few 
instances of a returning tagged individuals being re-sighted 
but not captured until a subsequent year. Interestingly, all 3 
individuals (1 in 2020, 2 in 2021) from Saskatchewan bred at 
a different colony site on the same lake, ~2.5 km from their 
original 2019 breeding colony, where they were resighted and 
recaptured. Similar to what was found in Saskatchewan, 3 
of the individuals from Ontario were recaptured at a differ-
ent breeding colony from where they were initially tagged, in 
this case ~57 km away. There were no recaptures elsewhere 
in Saskatchewan due to the abandonment of the 2 other col-
onies in the years following deployment in 2018 and 2019. 
This was likely due to extreme drought in spring 2019 and 
2020, leading to drying of the marshes and apparently unsuit-
able breeding habitat (Shephard et al. personal observation). 
Of the above recaptures, one geolocator deployed in Ontario 
in 2016 and recaptured in 2017 failed after 48 days. Of the 
remaining geolocators, 8 recorded data for a full year, 9 re-
corded data for >1 year, and 1 recorded data for >2 years (3 
southward migrations, 2 northward migrations).

Individual migration maps with credibility intervals 
for each of the estimated stopover sites are shown in the 
Supplementary Material (Figure 1). Departure from breeding 
colonies varied by location, with a mean (range) departure 
date of August 8 (July 29 to September 13) in Michigan (n 
= 7); July 24 (June 3 to September 6) in Ontario (n = 18); 
and July 26 (July 16 to August 8) in Saskatchewan (n = 5) 
(Supplementary Material Table 1). Generally, birds from the 
eastern breeding colonies (Ontario and Michigan) showed 
a southward migration along the Atlantic coast (Figure 4). 
Florida and the Carolinas stood out as the key stopover 
sites for individuals from the eastern breeding colonies 
(Supplementary Material Table 2). Two individuals from the 
central breeding colony (Saskatchewan) migrated through the 
Midwestern states (North Dakota, South Dakota, Minnesota) 

during southward migration, travelling through the Gulf of 
Mexico and spending over a month along the western coast 
of Mexico (Figure 4).

Individuals moved during the nonbreeding (wintering) 
season, with many using multiple stationary sites during the 
de�ned nonbreeding season (Supplementary Material Table 2). 
Wintering sites ranged from Mexico to Peru with the majority 
of birds overwintering near Panama (Figure 4). The estimated 
mean duration of stay at nonbreeding locations for all birds 
was 70 (range: 29�176) days (Supplementary Material Table 
2). Although sample size for birds breeding in Saskatchewan 
was small, there were notable differences in movement pat-
terns with birds spending time on the Paci�c coast of Mexico. 
However, these birds also wintered in Panama.

Generally, individuals from the eastern colonies showed a 
northward migration through the Gulf of Mexico (n = 16), 
Mississippi Flyway (n = 2), and along the Atlantic coast (n = 
3) (Figure 4 and Supplementary Material Table 3). Individuals 
from the western colony migrated north through the Central 
Flyway (Figure 4). Staging occurred on the western coast of 
Mexico (n = 1) and along the Gulf of Mexico (n = 2). Arrival 
to breeding colonies was less variable than southward migra-
tion, with a mean arrival date of May 17 (range: May 11�22) 
in Michigan (n = 5); May 16 (range: May 10�27) in Ontario 
(n = 12); and May 19 (range: May 18�22) in Saskatchewan 
(n = 3).

Data obtained from light-level geolocators can be used to 
effectively document breeding behavior and to estimate incu-
bation periods in birds (Schaub et al. 2019, Verhoeven et al. 
2020). We found evidence of long-distance breeding dispersal 
(~1,400 km), with 1 individual switching breeding sites across 
years. This individual was tagged in Ontario (2016) and was 
re-captured (2019) with multiple years of migration data (3 
southward and 2 northward migrations). Plotting the light 
image (Figure 5), allows for visualization of the entire dataset 
and is useful for identifying extreme deviations in light to 
dark transitions (outliers) and for approximating departure 
from and arrival to breeding/deployment locations (Lisovski 
et al. 2020). Patterns of consistent and extreme transition be-
tween light and dark periods during the day are indicative 
of breeding behavior (i.e., adults incubating eggs) that ob-
scures the logger (Lisovski et al. 2020). This individual nested 

FIGURE 2.�STRUCTURE estimates the number of genetic clusters (K). Each column represents an individual and the colors represent genetic clusters. 
Individuals have proportional identities with each cluster. (A) In absence of prior sample location information, no clusters could be detected when 
sampling among sites was uneven (K = 1�4 a priori). (B) When sample site is a priori, the Puechmaille method identi�ed 4 clusters and the Evanno 
method identi�ed 2 (K = 1�4 a priori). (C) When sample sizes are standardized (n = 11) across 8 sites, no clusters are identi�ed (K = 2�5 a priori). Sites: 
(left to right) Maine, Ontario, Michigan, Iowa, Wisconsin, Nebraska, Saskatchewan, Oregon.
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8 Shephard et al. � Genetic structure and movement of Black Terns 

in Ontario in 2016 where it was �rst captured, and light/dark 
patterns indicate such (Figure 5). It then migrated along the 
Atlantic Flyway, staged in the Carolinas, and wintered around 
Panama. During the 2017 northward migration, it staged 
in the Gulf of Mexico, then returned to Ontario for a few 
weeks before continuing to Manitoba, Canada, ~1,400 km 
to the west. Its stationary period indicated that it was there 
during the breeding season and light data indicated that it 
bred there (Figure 5). The 2017 southward migration showed 
a direct �ight path from Manitoba to staging grounds along 
the southern Atlantic coast to nonbreeding grounds around 
Panama. The 2018 northward migration track was typical 
of other eastern breeding birds, with staging in the Gulf of 
Mexico and migration up the Central Flyway to Ontario. 
Here the stationary period is consistent with the individual 
being in Ontario during the breeding period (May 21 to July 
17), although the light/dark pattern is not as clear as in pre-
vious years, and could be an indication of failed breeding or 
no breeding attempt that year. A lack of breeding or an early 
failed nest would be consistent with the fact that we did not 
re-sight the bird at the colony that year. This individual then 
migrated south along the Atlantic Flyway to Central America 
near the Caribbean Sea, before the geolocator stopped work-
ing in the winter of 2018. This individual was subsequently 
recaptured on a nest at the original Ontario breeding site in 
2019. This suggests the individual used very similar stopover 
and wintering locations between the two years but had low 
breeding site �delity between years. As far as we are aware, 
this is the very �rst documentation of long-distance breeding 
dispersal in North American Black Terns.

DISCUSSION
Using a combination of population genetic and individual 
tracking data, we found evidence of contemporary (post-
glacial) demographic expansion along with high levels of 
recent movement and gene �ow in North American Black 
Terns. Patterns of nonbreeding area use among different 
breeding populations have been suggested to correlate with 
genetic structure in waterbirds (Friesen et al. 2007). Our re-
sults are consistent with this pattern, in that we found weak 
genetic structure and our tracking results demonstrate shared 
use of nonbreeding areas between central (Saskatchewan) 
and eastern (Ontario and Michigan) breeding populations. 
This �nding contrasts with Eurasian Black Terns, which show 
strong genetic structure associated with use of different sta-
ging areas among populations following distinct migratory 
�yways. Despite a small sample size, our tracking data also 
provide evidence of long-distance breeding dispersal, provid-
ing further support for high levels of gene �ow across the 
North American distribution. Although 7 of 8 breeding sites 
sampled in the genetic analysis exhibited low af�nity (�delity) 
based on microsatellite data, the one site exhibiting higher 
af�nity showed evidence for strong outward migration to all 
other sites; this site (Ontario) is one of the areas that is also 
showing the steepest population declines, suggesting breeding 
dispersal, instead of or in addition to low survival, may be 
driving population trends in the east.

Microsatellite analysis revealed a lack of genetic struc-
ture at breeding sites across the Black Tern breeding range 
in North America. Studies of other waterbird species have 
noted a similar lack of genetic structure. American White 
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Genetic structure and movement of Black Terns� Shephard et al. 9

Pelicans (Pelecanus erythrorhynchos) display complete pan-
mixia across the continent (Oomen et al. 2011, Reudink 
et al. 2011) with high rates of colony abandonment, high 
stable isotope variation among individuals at breeding col-
onies (Reudink et al. 2016), and the propensity to move long 
distances for foraging (Oomen et al. 2011, Reudink et al. 
2011, 2016). The unpredictability of North American Black 
Tern occurrence and lack of occupancy at seemingly suitable 
breeding sites (Naugle et al. 2000, Shealer and Alexander 
2013, Wyman and Cuthbert 2016), a tendency towards low 
site �delity (Shealer 2003, Heath et al. 2020, this study), 

and shared nonbreeding sites among individuals from across 
the range (i.e., low migratory connectivity) similarly suggest 
high rates of movement and gene �ow contributing to the 
weak genetic structure that we uncovered. Genetic diver-
sity of Black Terns across sample sites was high, with lit-
tle evidence to suggest genetic structuring or differentiation 
on a continental scale. Signals of differentiation could be 
separated into 2 or 4 distinct clusters, likely in�uenced by 
differences in sampling years (differentiation of 2005�2006 
samples from 2015�2019 samples), and strongly driven 
by unequal sampling among sites. When sample size was 

FIGURE 3.�Minimum spanning network for North American Black Tern cytochrome-b haplotypes. (A) North American haplotypes for 124 Black Terns 
where circle size represents frequency and color represents site (red = Oregon, dark blue = Saskatchewan, green = Nebraska, yellow = Iowa, light 
blue = Wisconsin, grey = Michigan, orange = Ontario, blue = Maine; Supplementary Material Table S4). (B) Globally distributed Black Tern haplotypes. 
124 North American haplotypes and 94 previously published Eurasian haplotypes (Szczys et al. 2017b). North American Haplotype 4 was identi�ed in 1 
individual sampled in Oregon and matches the sequence of Haplotype 1 in Europe (B; maroon inset).

FIGURE 4.�Southward migration (blue dots), northward migration (orange dots), and breeding/nonbreeding locations (blue and orange dots) of Black 
Terns recaptured from 3 breeding locations, n = 19 (Jack�sh Lake, Saskatchewan; St. Claire Flats, Michigan; and Tiny Marsh, Ontario). Map data from 
Natural Earth (naturalearthdata.com).
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