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1 | INTRODUCTION

Abstract

Aim: Environmental features can act as selection pressures and barriers to gene flow
between populations. The genetic structuring of highly mobile but philopatric sea-
birds creates a paradox, and the role of oceanographic and geographic variables is still
poorly understood. In this study, we investigate the influence of environmental and
geographic variables in the genetic and phenotypic diversity of a pantropical seabird
breeding in islands and archipelagos separated by different geographic distances, up
to thousand kilometres, and which differ in environmental characteristics.

Location: Islands and archipelagos in the southwestern (SW) Atlantic Ocean.

Taxon: Sula dactylatra, Lesson, 1831 (masked booby).

Methods: The population structure of the species was accessed through mitochon-
drial and nuclear DNA. To test Isolation by Environment (IBE) versus by Distance
(IBD), sea surface temperature, primary productivity and salinity, as well as isotopic
niche based on carbon and nitrogen, and distances between colonies and from the
continent, were used. We also tested the correlation between the genetic structure
and the morphometry of individuals in each colony.

Results: We uncover the presence of low genetic structure between populations.
Nevertheless, differences were identified between inshore and offshore colonies,
with the influence of landscape characteristics of these two types of environment.
The morphometric and isotopic niche variations are consistent with this segregation.
Main Conclusions: Environmental variables of coastal and oceanic environments
seem to influence the genetic structure of masked boobies, even though it is low in
the SW Atlantic Ocean, highlighting the role of environmental heterogeneity in shap-

ing biodiversity.

KEYWORDS
isolation by environment, marine biogeography, masked boobies, mitochondrial DNA,
morphometry, single-nucleotide polymorphism, Sula dactylatra, ultraconserved elements

pressures can interfere on the gene flow and the connectivity of pop-

ulations, which can be related to the geographic distance between

Different environmental features influence biodiversity patterns, them (Isolation by Distance-IBD; Wright, 1943), especially when it is
which can be shaped by microevolutionary processes related to se- greater than the mobility and organisms' dispersal ability, as reported
lection pressures on populations (Richardson et al., 2014). These for seagrass (Jahnke et al., 2019) and sea clams (Mao et al., 2011).
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However, the influence of IBD has already been observed for spe-

cies with high displacement capacity, such as fish (Hirase et al., 2020).
Genetic differentiation can also be related to the adaptation of indi-
viduals to environmental characteristics (Isolation by Environment-
IBE; Wang & Bradburd, 2014), such as abiotic conditions, which was
already evidenced for passerine birds (Manthey & Moyle, 2015) and
cetaceans (Mendez et al., 2010); as well as differences in foraging and
dispersal patterns, as identified for cetaceans (Monteiro et al., 2015)
and seabirds (Burg & Croxall, 2001; Jacoby et al., 2023). Moreover,
populations are under the action of stochastic (e.g. genetic drift) and
deterministic (e.g. natural selection) events (Griffiths, 2013) and the
influence of historical factors is relevant to understanding population
structure (Lombal et al., 2020). Thereby, a complex gradient of fea-
tures can influence the population structure of animals, as has already
been demonstrated for seabirds (Friesen, 2015), marine mammals
(Ansmann et al., 2012), and sea turtles (Bowen & Karl, 2007).

Molecular markers, such as mitochondrial DNA (mtDNA) and
Ultraconserved Elements (UCEs) of nuclear DNA, can be used to
assess interpopulation variation and detect genetic structure (e.g.
Zarza et al., 2018). MtDNA does not undergo recombination and has
a high mutation rate (Lynch, 2007). In addition to maternal inheri-
tance, mtDNA represents a single genetic locus (Moore, 1995). On
the other hand, UCEs are present in high quantities in the genome
and have biparental inheritance (Stephen et al., 2008). UCEs repre-
sent a highly conserved multi-locus marker but have low levels of
purifying selection in their flanking regions, which allows the detec-
tion of single-nucleotide polymorphisms (SNPs) (Byerly et al., 2023).
Using both mitochondrial and nuclear markers, it is possible to infer
population divergence, as well as the role of landscape features in
promoting structuring among populations (e.g. Faria et al., 2007) of
a wide range of organisms.

Seabirds have high mobility but are mostly philopatric (Schreiber &
Burger, 2001). They usually breed on islands, which are environments
with unique characteristics. As seabirds spend long periods associ-
ated with these ecosystems during their breeding periods (Schreiber
& Burger, 2001), a relation between the genetic structure of the group
and the variables to which they are exposed is expected (Friesen
et al., 2007). Studies have already shown that environmental features
(e.g. sea temperature, salinity, primary productivity; Hailer et al., 2011)
may play a significant role in shaping populations of seabirds, as well
as geographic (e.g. colony distances; Burg et al., 2003), and ecological
features (Burg & Croxall, 2001). This last one can be evaluated by the
isotopic niche of individuals, which is a proxy of the ecologic niche, and
itis also related to primary productivity, seasonality, and complexity of
the food web (Fry, 2006). Therefore, the genetic structure of seabird
populations may be the result of different selective pressures that are
exerted by different environments (Friesen, 2015).

The masked booby, Sula dactylatra (Suliformes), is a pelagic sea-
bird with a pantropical distribution over all ocean basins (Steeves
et al., 2005a). On the Atlantic Ocean, the species breeds in the
Caribbean and the southern Atlantic Ocean (Harrison, 1985). In
the southwest Atlantic Ocean (SW Atlantic Ocean), at Brazilian
territorial waters, the species breeds in Fernando de Noronha and
Abrolhos Archipelagos, Rocas Atoll, Trindade, and Martin Vaz Islands

(Fonseca-Neto, 2004; Mancini et al., 2016). Variations in the isotopic
niche of the species have already been reported between Brazilian
colonies (Mancini et al., 2014). Complementarily, morphological dif-
ferences, such as distinct morphometry among populations of the
same oceanic basin, have already been described (Anderson, 1993;
Pitman & Jehl Jr, 1998), but these studies do not test the correlation
of the body traits with the diversity and genetic structure among
populations. In addition, morphometric analyses were not per-
formed for the different colonies of masked boobies in the Atlantic
Ocean and the possible relationship between the morphometry and
the genetics of the group has never been evaluated. However, it
has already been detected in other seabirds in the Atlantic Ocean
(Gémez-Diaz et al., 2009; Nunes & Bugoni, 2017).

These variations may be a result of the influence of non-physical
barriers to gene flow, which is still poorly understood (Steeves
et al., 2005b), although studies suggest that structuring is related
to the local adaptation of individuals (Steeves et al., 2005a), as seen
for other Suliformes in the Atlantic Ocean (Hailer et al., 2011; Nunes
& Bugoni, 2017). Complementarily, Steeves et al. (2005a) observed
low gene flow between masked booby colonies from Isla Monito
(Caribe) and Boatswain Bird Island (Ascension), but the causes of dif-
ferentiation remain unsolved. Despite this, long displacements can
be performed by masked boobies, with records of juveniles found in
the South American continent, more than ~2000km from Abrolhos,
where they were banded (Efe et al., 2006). Thus, the species is con-
sidered wanderer, mainly with juveniles travelling long geographic
distances (Anderson, 1993), while adults remain near breeding sites
throughout the year (Roy et al., 2021). Determining the genetic
structure of masked boobies in the SW Atlantic Ocean and identi-
fying factors related to such structure is relevant to understanding
the configuration of populations within this ocean basin and how
this species will respond to environmental variations, such as climate
change (Orsini et al., 2013).

Here, we investigated the role of environmental, geographic, and
ecological variables on the genetic and phenotypic diversity of masked
boobies in the SW Atlantic Ocean. We analysed the genetic structure
using mitochondrial and nuclear markers; evaluated the contribution
of environmental, geographic and ecological factors to the genetic
structure; and correlated the morphometric variations with the genetic
variability of the species. We hypothesized that: (i) genetic structure
among populations of masked boobies in the SW Atlantic Ocean is
best explained by IBE, and (ii) phenotypic variation between popula-

tions is compatible with the genetic structure of the species.

2 | MATERIALS AND METHODS
2.1 | Study areaand taxon sampling

The five masked booby colonies on SW Atlantic Ocean are located
from 3°S to 20°S (Figure 1). They are between 65km (Abrolhos) and
1188km (Martin Vaz) from the South American mainland, and the
distance between colonies varies from 49km (between Trindade
and Martin Vaz) to 1930km (between Rocas and Martin Vaz). The
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FIGURE 1 Breeding sites of masked booby, Sula dactylatra, in the southwest Atlantic Ocean: Rocas Atoll, Fernando de Noronha and
Abrolhos Archipelagos, Trindade Island, and Martin Vaz Island. The number of individuals that compose each of the analyses is mentioned.
MM, morphometric measures; Sl, stable isotopes; mtDNA, mitochondrial DNA; UCEs, ultraconserved elements of the genome.

oceanographic dynamic around each location is variable, influenc-
ing environmental characteristics (Peterson & Stramma, 1991). The
largest colony is located at Rocas (3000 pairs), followed by Abrolhos
(900 pairs), Fernando de Noronha (300 pairs), Trindade (70 pairs),
and Martin Vaz (38 pairs) (Fonseca-Neto, 2004; Mancini et al., 2016).

Adult breeding masked boobies were captured in their nests from
2006 to 2012 and 2022. Blood samples were collected (n=122) and,
between 2006 and 2012, a drop of blood was also placed on FTA®
cards for sexing (Mancini et al., 2013). Four body measurements
were taken: culmen and tarsus lengths with a calliper, wing chord
with a metal ruler, and body mass with a spring scale. Birds were
individually banded to avoid resampling and released on the nest.
Details of the ring number and data obtained of each individual are
available in Supporting Information 1.1.

2.2 | DNA extraction and sexing

DNA was extracted from blood samples (n=122) with the DNeasy
Blood & Tissue QIAGEN® kit, following the manufacturer's protocol,

and all samples were quantified with a Qubit Invitrogen fluorometer.
For sex determination (n=23), we used the CHD genes through PCR
amplification following Griffiths et al. (1996). Mancini et al. (2013)
previously carried out the sexing of the other 72 samples using the
same protocol. The sex of 27 individuals could not be determined,
but they were kept as ‘undetermined sex’ in the analyses in which

the sex identification was irrelevant.

2.3 | Amplification and analysis of
mitochondrial markers

Fragments of the control region (CR) and cytochrome b (CYTB)
were amplified. Primers, the whole PCR protocol, and sequenc-
ing information are available in Supporting Information 1.2. The
resulting chromatograms of Sanger sequencing were filtered with
Chromas 2.6.6 (available at technelysium.com.au/wp/chromas), and
viable sequences (CR, n=95; CYTB, n=75) were aligned in MEGA
v. 11 (Tamura et al., 2021) with MUSCLE algorithm. Individuals
whose sequencing of both mitochondrial regions was satisfactory
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(n=59) had their sequences concatenated with the ‘ape’ package
(Paradis & Schliep, 2019) in R (R Core Team, 2023). The use of both

sequences concatenated allowed uncovering more genetic varia-

tion. All sequences obtained were deposited in GenBank (numbers
PP767486-PP767580 for CR sequences and PP767581-PP767655
for CYTB sequences).

Arlequin 3.5.2.2 (Excoffier & Lischer, 2010) was used to calculate
nucleotide (r) and haplotype (h) diversity (Nei, 1987); neutrality in-
dexes of Tajima's D (Tajima, 1989) and Fu's Fs (Fu, 1997); and AMOVA
to identify the F¢; fixation index with a distance matrix (default) with
Holm-Bonferroni corrections for multiple comparisons. Haplotypes
were generated using DnaSP v. 6 (Rozas et al., 2017) and the hap-
lotype network analysis was performed using the median-joining
method (Bandelt et al., 1999) with Network 10.2.0.0 - Phylogenetic
Network Software (available at fluxus-engineering.com/sharenet.
htm). BEAST v. 1.10.4 (Suchard et al., 2018) was used to estimate
a time-calibrated tree genealogy for mtDNA lineages. All anal-
yses were performed assuming a strict molecular clock (Garcia-
Moreno, 2004), and two independent runs were carried out and
combined in TRACER v. 1.7.1 (Rambaut et al., 2018). Details of the

analysis are available in Supporting Information 1.3.

2.4 | Bioinformatics pipeline for variant
calling of UCEs

The capture sequencing of UCEs (n=57) was carried out using the
tetrapod2.5k probe with 2 million readings per sample. Data prep-
aration followed a protocol adapted from Faircloth et al. (2012),
using the ‘trimmomatic’ package (Bolger et al., 2014), through illu-
miprocessor (Faircloth, 2013) to process the readings performed by
the Illumina platform. ‘Phyluce’ was used (Faircloth, 2015) to assem-
ble contigs, identify UCEs and align sequences. Non-autosomal UCE
loci were removed with BLAST+ (Camacho et al., 2009). Packages
‘BWA’ (Li & Durbin, 2009) and ‘SAMtools’ (Danecek et al., 2011)
were used to index the reference sequence output and sort bam
files for each individual through the GNU parallel tool (Tange, 2018).
MarkDuplicatesSpark was used with duplicates, and to perform hap-
lotype calling with HaplotypeCaller (Poplin et al., 2017). The longest
sequence obtained was used as a reference in the Genome Analysis
Toolkit-GATK (Van der Auwera & O'Connor, 2020) to identify SNPs.
Multi-allelic loci were removed, and the first SNP of each locus was
selected using ‘vcftools’ (Danecek et al., 2011) to remove linked loci.
SNPs matrix from UCEs loci are available on Zenodo (https://doi.
org/10.5281/zenodo.11115786).

2.5 | Genetic structure with UCE's loci

The best number of genetic groups (K) was estimated with sNMF
command in ‘LEA: an R Package for Landscape and Ecological
Association Studies’ (Frichot & Francois, 2015). ‘Hierfstat’ (Goudet
& Jombart, 2022) in R (R Core Team, 2023) was used to perform

the Bartlett's test for homogeneity of variances, calculate the popu-
lation's pairwise F¢; (Weir & Cockerham, 1984) and per-population
F,s with Holm-Bonferroni corrections for multiple comparisons.
Recent migration rates were calculated in BayesAss-SNPs v. 3.0.4
(Mussmann et al., 2019; Wilson & Rannala, 2003). Additional details
of the analysis are available in Supporting Information 1.4.

2.6 | Stable Isotope Analysis (SIA)

Blood samples were analysed in two different laboratories
(Laboratory of Analytical Chemistry at the University of Georgia
and Centro Integrado de Analises at the Universidade Federal do Rio
Grande) and values were corrected allowing inter-lab comparisons.
The result of isotopic composition is expressed in delta notation (5)
in parts per thousand (%o). Details of stable isotope processing are
available in Supporting Information 1.5. The package ‘SIBER: Stable
Isotope Bayesian Ellipses in R' (Jackson et al., 2011) was used to infer
isotopic niches through Standard Ellipse Areas (SEA) and Standard
Bayesian Ellipse Areas (SEA,).

2.7 | Relationship between genetic, environmental,
isotopic and geographical distances

The collinearity between environmental variables with the F¢;
and genetic diversity data from both markers (mtDNA and UCEs)
was evaluated through the ‘vegan’ package (Oksanen et al., 2020).
Because the correlation found does not compromise analyses, all
variables were maintained. The geographic distances between
colonies and from colonies to the Brazilian coast were obtained by
Google Earth. For the environmental data, the sea surface temper-
ature (°C), concentration of chlorophyll « (ug/L) as a proxy of pri-
mary productivity (Huot et al., 2007), and salinity (Practical Salinity
Scale-PSS) were used as they are often evaluated in studies with
seabirds that relate genetic diversity with the heterogeneity of the
environment (e.g. Gémez-Diaz et al., 2009; Jakubas et al., 2014;
Nunes et al., 2017; Peck et al., 2008). Environmental variables were
obtained through the Bio-ORACLE platform and details are avail-
able in Supporting Information 1.6. All data were centralized. For all
analyses, the ‘vegan’ package (Oksanen et al., 2020) was used in R
environment (R Core Team, 2023). A Mantel's test was performed
to assess the relationship between the genetic distance matrices
(mtDNA and UCEs) and the matrices of each variable (environmen-

tal, isotopic and geographic).

2.8 | Sexual size dimorphism and morphometric
differences between populations

To evaluate sexual dimorphism, the Markov-Chain Monte Carlo
method was used to obtain a posteriori distribution of biometric
variables (mass, culmen, wing, tarsus) between males (n=52) and
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females (n=237). Details of the analysis are available in Supporting
Information 1.7. Due to the sexual size dimorphism found, statisti-
cal analyses were performed to evaluate the morphometric dif-
ferences between colonies considering males (n=50) and females
(n=37) separately. Trindade colony was excluded due to logisti-
cal difficulties in obtaining morphometric measurements of birds,
which resulted in a lack of data. A multivariate analysis of variance
(MANOVA) was performed, and the residuals showed multivariate
normality. We run a pairwise Hotelling T2 test to compare the set
of biometric measurements between islands. Data were centralized,
and linear correlation between measurements was assessed using
a Pearson's correlation matrix to construct a Principal Component
Analysis (PCA) with the ‘vegan’ package (Oksanen et al., 2020). PCA
was performed to reduce the four biometric measurements in just
two dimensions using the ‘FactoMineR' package (Lé et al., 2008). The
Euclidean distance between mean values of the PC1 was used as a
proxy of the morphological distance between populations. Finally, a
Mantel's test between genetic (ntDNA and UCEs) and morphologi-

cal distance matrices was performed.

3 | RESULTS
3.1 | Genetic structure

From mtDNA analysis, 20 haplotypes were found in the metapopu-
lation. We identified one common haplotype among all populations
(Hp_1), another one shared by the four oceanic colonies (Hp_4), and
a high number of exclusive haplotypes, mainly in Rocas (Figure 2).
The highest genetic diversity values were those of Rocas, followed
by Noronha, Abrolhos, Trindade and Martin Vaz (Table S1). The Fq;
values were low for all populations (Table 1). Time-calibrated phy-
logeny suggests that the most recent common ancestor (TMRCA) for
the lineage occurred around 200,000years ago (Figure S1) with 95%
HPD=105,000-332,000years.

With UCEs, we obtained 1748 SNPs. Both for the metapopula-
tion and for each of the populations, the expected heterozygosity
values were greater than those observed (Table S2). In addition,
the percentage of genetic variation was greater within each popu-
lation than between them. Fg; values were low for all populations
(Table 1). The highest rate of resident animals was on Martin Vaz
(83%) and the lowest was on Trindade (68%). The presence of mi-
gration was recorded between all populations, occurring mainly
from Trindade to Martin Vaz (19%), and the populations that re-
ceived the most migrants from other colonies were Martin Vaz and
Rocas (Table S3).

The phylogenetic analysis and configuration of the mtDNA hap-
lotype network evidenced genetic segregation between Abrolhos,
the only coastal colony, and others, mainly the more oceanic ones
(Trindade and Martin Vaz) (Figure 2). This is corroborated by the
pairwise comparison of populations from mtDNA, which are higher
between Trindade/Martin Vaz with others, and the presence of one
shared haplotype only between oceanic colonies (Hp_4).
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For UCEs, the best number of clusters was K=3. It was observed
the presence of three distinct genetic profiles: two of them shared
among all colonies (purple and blue), and another shared only among
the colonies closest to the coast (green) (Figure 3). F; values of pair-
wise comparisons with UCEs showed that a relatively higher struc-
ture was found between Martin Vaz and Abrolhos and between
Trindade and Abrolhos.

3.2 | SIA and morphometry

The colony with the biggest isotopic niche width was Abrolhos, and
the smallest was Trindade (Figure S2a). In addition, the greatest over-
lap of ellipses occurred between Abrolhos and Rocas (Figure S2b),
with a general overlap between the three colonies closest to the
coast (Abrolhos, Rocas, Noronha). However, there was no significant
statistical correlation between the isotopic values and the genetic
distances.

Reverse sexual dimorphism was found, that is, females were
larger than males for all traits (Figure S3), and all of them were dif-
ferent for both sexes among colonies. Males and females with larger
body sizes were found at Abrolhos. The pairwise analysis among
populations showed that, for females, the greatest differences were
between Abrolhos and Martin Vaz and, for males, between Abrolhos
and Rocas (Table S4). For mtDNA and UCEs, we did not observe a
correlation between genetic and biometric distances, with the first
principal component (PC1) explaning 47.6% of the variance in bio-

metrics for males and 36.9% for females.

3.3 | Isolation by environment and by distance

The genetic structure found in UCE data was related to chloro-
phyll a (Pearson's correlation r=0.77) and with geographic distance
from the coast (r=0.88) (Figure 4). The genetic structure observed
in mtDNA was also correlated with the distance from the coast
(r=0.39) (Figure 4). There was no significant correlation between
geographical distances between colonies and genetic structure for
both markers (UCEs and mtDNA).

4 | DISCUSSION
4.1 | Geneticstructure

Masked boobies in the SW Atlantic Ocean present low levels of
genetic structure among the five colonies, supported by both mi-
tochondrial and nuclear markers, the latter showing even lower
detectable structure. This pattern is similar to other reports
among various Indo-Pacific populations of the species (Kingsley
et al., 2020). Moreover, low structure had been also observed in
other seabirds in SW Atlantic Ocean, such as the magnificent
frigatebird, Fregata magnificens, Suliformes (Nuss et al., 2016),
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FIGURE 2 Haplotype network of the five populations of masked booby, Sula dactylatra, from the southwestern Atlantic Ocean (n=59)
built from control region and cytochrome b mtDNA concatenated markers (1214 bp). Roman numerals stand for the 20 haplotypes found.
The size of the pie charts demonstrates the number of individuals that present certain haplotypes. Colours indicate the percentage of
individuals belonging to each one of the populations. Each mutation is represented by a smaller line perpendicular to the main connecting
line. Tiny red dots are mutational steps that are not present in the database but were estimated by the analysis. Rocas-Rocas Atoll (n=13);
Abrolhos-Abrolhos Archipelago (n=12); Noronha-Fernando de Noronha Archipelago (n=11); Martin Vaz-Martin Vaz Island (n=10);

Trindade-Trindade Island (n=13).

TABLE 1 Genetic distances matrix

Rocas Abrolhos Noronha Martin Vaz Trindade (FST) for the five populations of masked
Rocas - 0.03 -0.04 0.16* 0.09* boobies, Sula dactylatra, from the
Asriallies ~0.013* _ 0.02 0.24* 013 southwestern Atlantic Ocean (n=59),
. . y . calculated through two different markers:
Noronha ~0.026 ~0.008 - 018 01 mitochondrial DNA (mtDNA) results are
Martin Vaz 0.007* 0.022* 0.014* - 0.26 above the main diagonal (1214 bp, n=59),
Trindade 0.006* 0.020* 0.009* -0.016* - and ultraconserved elements (UCEs),

below (1748 SNPs, n=57).

Note: Fixation indexes were calculated by pairwise differences. Values statistically significant are
marked with *, considering p <0.05. Rocas-Rocas Atoll (mtDNA, n=13; UCEs, n=11); Abrolhos-
Abrolhos Archipelago (mtDNA, n=12; UCEs, n=11); Noronha-Fernando de Noronha Archipelago
(mtDNA, n=11; UCEs, n=11); Martin Vaz-Martin Vaz Island (mtDNA, n=10; UCEs, n=12);

Trindade-Trindade Island (mtDNA, n=13; UCEs, n=12).

South American tern, Sterna hirundinacea, Charadriiformes (Faria
et al.,, 2010) and Magellanic penguins, Spheniscus magellanicus,
Sphenisciformes (Bouzat et al., 2009).

The colonies are not completely separated. It could be due to ac-
tual genetic flow between populations, which is supported by migra-
tion rates between all of them. This possibility was also suggested to
masked boobies between the Caribbean and eastern Atlantic Ocean
colonies that share haplotypes despite the high levels of genetic
structure (Steeves et al., 2003). Furthermore, the low structure and

haplotype sharing between populations (Hp_1) may also be due to
incomplete lineage sorting (e.g. Silva et al., 2015). The highest ge-
netic diversity of Rocas colony suggests it may be the older colony
of the species on the SW Atlantic Ocean, with more time to diverge.
It also may be related to the largerd colony size, with more chances
of mutation and the emergence of genetic diversification.

The phylogeny suggests a TMRCA for the SW Atlantic Ocean
masked booby lineage ~200,000years ago. A more recent TMRCA
was found between the Indo-Pacific and the Atlantic lineages (lIsla
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FIGURE 3 sNMF plotindicating K=3 for the best number of clusters from the analysis of 1748 SNPs belonging to UCEs loci of the
five populations of masked boobies, Sula dactylatra, from the southwestern Atlantic Ocean (n=57). Rocas-Rocas Atoll (n=11); Abrolhos-
Abrolhos Archipelago (n=11); Noronha-Fernando de Noronha Archipelago (n=11); Martin Vaz-Martin Vaz Island (n=12); Trindade-
Trindade Island (n=12).
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GenDist | 1 |-0.15/0.12 |-0.28( 0.01 | 0.78 0-33‘. -0.18 GenDist | 1 [0.03 0.77*-0.15 0.07 (0.37 | 0.88 | 0.18
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SST| 1 |0.09|0.98|0.43 |-0.15| 0.38 | 0.96 SST| 1 |0.09 0.93'c 0.43 |-0.15| 0.38 0.96*
% =
Chla | 1 |-0.01|-0.09| 0.07 [-0.67 | 0.35 Chla | 1 |-0.01/-0.09| 0.07 |-0.67 | 0.35
| *
Sal| 1 0.4 |-0.25/0.19 | 0.93 Sal| 1 0.4 |-0.25/0.19 | 0.93
C| 1 |-0.47/0.25|0.36 C| 1 |-0.47|0.25|0.36
N|{ 1 |0.29|-0.16 N| 1 |0.29 |-0.16
DistCoast | 1 |0.49 DistCoast | 1 |0.49
DistGeo | 1 DistGeo | 1

Ll 4 L,

FIGURE 4 Mantel's tests between geographic, environmental, and genetic (mitochondrial and nuclear data) distances of the five
populations of masked boobies, Sula dactylatra, in the southwestern Atlantic Ocean. (a and b) represent Pearson's correlations between
distance matrices calculated through Mantel's tests, using mitochondrial and nuclear data, respectively. The values represent the distance
(i.e. divergence) in a pairwise comparison between variables on a scale of O (no divergence) to 1 (complete divergence). Values with
statistically significant correlations are marked with *. GenDist-pairwise genetic distance (Fy;) calculated through two concatenated
mitochondrial genes (control region and cytochrome b, n=59, in (a) and nuclear data (n=57, in (b); SST, sea surface temperature; Sal, sea
surface salinity; C, 53C blood values (h=118); N, 8N blood values (n=118); DistCoast, minimal distance from the central point of each
island or archipelago to Brazilian coast; DistGeo, geographical distance between the central point of each pair of islands or archipelagos;
Chla, chlorophyll a.
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Monito and Botswana Bird Island), about 115,000years (Steeves

et al.,, 2005a). Compared to other seabirds' lineage, it represents a

much recent evolutionary time (e.g. million-year time scale in shear-
waters; Torres et al., 2021). Consequently, this may be related to the
low genetic differentiation observed in the SW Atlantic Ocean colo-
nies and the haplotype sharing.

Despite the low genetic structure, there is evidence of a genetic
segregation between Abrolhos and the oceanic colonies. It was also
found for brown boobies, Sula leucogaster, in the same study area,
with genetic differences between coastal and oceanic populations
(Nunes & Bugoni, 2017), which was related to the oceanographic dif-
ferences between inshore versus offshore environments.

4.2 | Phenotypic and ecological variation

The masked booby populations analysed had distinct isotopic val-
ues, which may indicate differences in foraging habits, express-
ing ecological differences, and/or in the isotopic compositions on
the baseline waters surrounding each colony, which occurs due to
oceanographic features and is reflected at all levels of the food web.
The overlap in isotopic niches between the three colonies located
closer to the coast (Abrolhos, Noronha, Rocas) is noticeable, and
may express similar feeding habits (Jacoby et al., 2023), or the use
of feeding areas with similar baseline isotopic composition, which is
different from those used by birds from more oceanic islands. It can
be related to the influence of the input of nutrients from river out-
flows (Torrano-Silva & Oliveira, 2013) and continental shelf fronts
(Acha et al., 2004) in coastal environments.

In general, all biometric measures differed between islands, and
the masked boobies from Abrolhos were bigger than elsewhere.
It could be related to the fact that this is the only coastal colony
in the SW Atlantic Ocean and is an area with high productivity
which may suggest the influence of the environment in this pop-
ulation. Generally, productive areas allow larger organisms due to
the decreasing energy path along the trophic web, so the energy
transference is optimized (Pinet, 2019). Although Abrolhos was not
genetically isolated, it had some of the highest genetic structure
values compared to others, suggesting some distinctiveness of this
population. The relationship between genetic isolation and mor-
phology was already described in seabirds, such as the population
of brown boobies in the Sdo Pedro e Sao Paulo Archipelago, over
the Equator line off the Brazilian coast (Nunes & Bugoni, 2017). This
population has larger body sizes than other colonies and is geneti-
cally isolated.

Both ecological (segregation between the coastal and oceanic
colonies) and phenotypic (Abrolhos is the coastal population with
bigger animals) variations highlight the presence of differences be-
tween inshore and offshore environments. Despite that, isotopic
niche and morphometry did not present a statistically significant
correlation with the genetic structure of the species, which may be
linked to some artefacts of the technique (e.g. lack of sensitivity,
small number of samples).

4.3 | Isolation by Environment (IBE)

Genetic correlations with environmental variables suggest that
landscape characteristics may influence the genetic structure of the
masked booby populations, even though it is low in the SW Atlantic
Ocean. Thus, the pool of environmental differences in the coastal
and oceanic landscapes, evidenced by distance from the coast and
chlorophyll a, may act as selective pressures on the organisms.
Steeves et al. (2005a) indicate that, within each ocean basin,
populations of masked boobies appear to have diverged due to local
adaption and/or genetic drift. In this study, the signs of segregation
between the coastal and oceanic colonies, mainly between Abrolhos
and others, were corroborated by the genetic data, the isotopic niche,
and the morphometry, which suggest the influence of isolation by the
environment in the genetic structure. It is known that the dispersal
barriers to gene flow in South Atlantic Ocean seabirds are complex,
and genetic structure may result from historical, behavioural, and en-
vironmental factors (Munro & Burg, 2017). In this way, it highlights

the complexity of factors that influence biodiversity.

5 | CONCLUSION

Populations of masked boobies in the SW Atlantic Ocean have low
genetic structure, which may be related to persisting gene flow
between colonies or incomplete lineage sorting. Notwithstanding,
there is a divergence between colonies near the coast versus off-
shore. It demonstrates that environmental variables could be an
important selection pressure that acts as a barrier to gene flow, cor-
roborating hypothesis 1. We identified morphometric and isotopic
niche variations between populations that reflect the clustering
among coastal colonies versus oceanic ones, corroborating hypoth-
esis 2. We highlight the necessity of considering the role of envi-
ronmental heterogeneity in shaping biodiversity, which is important
for understanding the influence of different selection pressures on
organisms, in line with identifying how they will respond to climate

and environmental changes.

ACKNOWLEDGEMENTS

We thank PL Mancini and BA Linhares for samples collected; FR
Amaral for assistance with bioinformatics analyses; CN Fernandez
for text revision and help with analyses; Laboratério de Genética
at FURG for support with the structure to sample preparation;
CEMAVE for providing metal rings; Marinha do Brasil with Programa
de Pesquisas Cientificas da Ilha da Trindade (PROTRINDADE) for the
field assistance. The study was carried out under sampling permits
from ICMBio (50810-9) and CEUA (23116.002674/2021-80).

FUNDING INFORMATION

V. Muraro and M.S. Mazzochi were supported by grants from
Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico
(CNPq) and CAPES Foundation, Finance Code 01. L. Bugoni is a re-
search fellow of CNPq (310145/2022-8).

85U8017 SUOWLID BAFe81D) 8|l dde au Aq pausenob aJe sajolie YO ‘8sn Jo S9N 1o} Akeiq i 8UIUO AW UO (SUO I PUOO-pUR-SWLBILI0D" 3| 1M AReiq | BU1|uO//:SdHL) SUORIPUOD PUe SLWLB | 38U} 88S *[7202/60/LT] U0 AriqiTauljuo AB|IM ‘S3d VO Ad 298vT"1[TTTT'OT/I0p/w0o A3 1M Afe.q 1 Bul|uo//:Sdny Wwoly papeo|umoq ‘0T ‘7202 ‘6692G9ET



MURARO ET AL.

CONFLICT OF INTEREST STATEMENT

Authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in the
supplementary material of this article.

ORCID
Vitéria Muraro "2 https://orcid.org/0009-0004-7770-015X
https://orcid.org/0000-0001-8520-2936
Aline M. C. R. Fregonezi "’ https://orcid.org/0000-0002-4121-9901

https://orcid.org/0000-0003-0689-7026

Mariana S. Mazzochi

Leandro Bugoni

REFERENCES

Acha, E. M., Mianzan, H. W., Guerrero, R. A., Favero, M., & Bava, J. (2004).
Marine fronts at the continental shelves of austral South America:
Physical and ecological processes. Journal of Marine Systems, 44,
83-105. https://doi.org/10.1016/j.jmarsys.2003.09.005

Anderson, D. J. (1993). Masked booby (Sula dactylatra). In A. Poole &
F. Gill (Eds.), The Birds of North America. The Academy of Natural
Sciences.

Ansmann, I. C., Parra, G. J., Lanyon, J. M., & Seddon, J. M. (2012). Fine-
scale genetic population structure in a mobile marine mammal:
Inshore bottlenose dolphins in Moreton Bay, Australia. Molecular
Ecology, 21, 4472-4485. https://doi.org/10.1111/j.1365-294X.
2012.05722.x

Bandelt, H. J., Forster, P., & Rohl, A. (1999). Median-joining networks for
inferring intraspecific phylogenies. Molecular Biology and Evolution,
16, 37-48. https://doi.org/10.1093/oxfordjournals.molbev.
2026036

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible
trimmer for lllumina sequence data. Bioinformatics, 30, 2114-2120.
https://doi.org/10.1093/bioinformatics/btu170

Bouzat, J. L., Walker, B. G., & Boersma, P. D. (2009). Regional genetic
structure in the Magellanic penguin (Spheniscus magellanicus) sug-
gests metapopulation dynamics. Auk, 126, 326-334. https://doi.
org/10.1525/auk.2009.07122

Bowen, B. W., & Karl, S. A. (2007). Population genetics and phylogeog-
raphy of sea turtles. Molecular Ecology, 16, 4886-4907. https://doi.
org/10.1111/j.1365-294X.2007.03542.x

Burg, T. M., & Croxall, J. P. (2001). Global relationships amongst black-
browed and grey-headed albatrosses: Analysis of population
structure using mitochondrial DNA and microsatellites. Molecular
Ecology, 10, 2647-2660. https://doi.org/10.1046/j.0962-1083.
2001.01392.x

Burg, T. M., Lomax, J., Almond, R., Brooke, M. L., & Amos, W. (2003).
Unravelling dispersal patterns in an expanding population of a
highly mobile seabird, the Northern fulmar (Fulmarus glacialis).
Proceedings of the Royal Society of London B: Biological Sciences, 270,
979-984. https://doi.org/10.1098/rspb.2002.2322

Byerly, P. A., Chesser, R. T., Fleischer, R. C., Mclnerney, N., Przelomska, N.
A., & Leberg, P. L. (2023). Conservation genomics reveals low con-
nectivity among populations of threatened roseate terns (Sterna
dougallii) in the Atlantic Basin. Conservation Genetics, 24, 331-345.
https://doi.org/10.1007/s10592-023-01505-6

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J.,
Bealer, K., & Madden, T. L. (2009). BLAST+: Architecture and ap-
plications. BMC Bioinformatics, 10, 421. https://doi.org/10.1186/
1471-2105-10-421

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M.
A., Handsaker, R. E., Lunter, G., Marth, G. T., Sherry, S. T., McVean,
G., Durbin, R., & 1000 Genomes Project Analysis Group. (2011).

1941
EE vy

The variant call format and VCFtools. Bioinformatics, 27, 2156-
2158. https://doi.org/10.1093/bioinformatics/btr330

Efe, M. A, Oliveira, A. C., Kanegae, M. F,, Alves, V. S., Rosdrio, L. A., &
Scherer-Neto, P. (2006). Anélise dos dados de recuperacio de Sula
spp. (Pelecaniformes, Sulidae) ocorridas no Brasil entre 1981 e
2000. Ornithologia, 1, 125-133.

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: A new series
of programs to perform population genetics analyses under Linux
and Windows. Molecular Ecology Resources, 10, 564-567. https://
doi.org/10.1111/j.1755-0998.2010.02847.x

Faircloth, B. C. (2013). illumiprocessor: A trimmomatic wrapper for par-
allel adapter and quality trimming. https://doi.org/10.6079/J9ILL

Faircloth, B. C. (2015). PHYLUCE is a software package for the analysis
of conserved genomic loci. Bioinformatics, 32, 786-788. https://doi.
org/10.1093/bioinformatics/btv646

Faircloth, B. C., McCormack, J. E., Crawford, N. G., Harvey, M. G.,
Brumfield, R. T., & Glenn, T. C. (2012). Ultraconserved elements
anchor thousands of genetic markers spanning multiple evolution-
ary timescales. Systematic Biology, 61, 717-726. https://doi.org/10.
1093/sysbio/sys004

Faria, P. J., Baus, E., Morgante, J. S., & Bruford, M. W. (2007).
Challenges and prospects of population genetic studies in terns
(Charadriiformes, Aves). Genetics and Molecular Biology, 30, 681-
689. https://doi.org/10.1590/51415-47572007000400029

Faria, P. J., Campos, F. P., Branco, J. O., Musso, C. M., Morgante, J. S., &
Bruford, M. W. (2010). Population structure in the South American
tern Sterna hirundinacea in the South Atlantic: Two populations with
distinct breeding phenologies. Journal of Avian Biology, 41, 378-387.
https://doi.org/10.1111/j.1600-048X.2009.04902.x

Fonseca-Neto, F. P. (2004). Aves marinhas dailha Trindade. In J. O. Branco
(Ed.), Aves Marinhas Insulares Brasileiras: Bioecologia e Conservagdo.
Editora da UNIVALI.

Frichot, E., & Francois, O. (2015). LEA: An R package for landscape and
ecological association studies. Methods in Ecology and Evolution, 6,
925-929. https://doi.org/10.1111/2041-210X.12382

Friesen, V. L. (2015). Speciation in seabirds: Why are there so many spe-
cies and why aren't there more? Journal of Ornithology, 156, 27-39.

Friesen, V. L., Burg, T. M., & McCoy, K. D. (2007). Mechanisms of popu-
lation differentiation in seabirds. Molecular Ecology, 16, 1765-1785.
https://doi.org/10.1111/j.1365-294X.2006.03197.x

Fry, B. (2006). Stable Isotope Ecology. Springer.

Fu, Y. X. (1997). Statistical tests of neutrality of mutations against popu-
lation growth, hitchhiking and background selection. Genetics, 147,
915-925. https://doi.org/10.1093/genetics/147.2.915

Garcia-Moreno, J. (2004). Is there a universal mtDNA clock for birds?
Journal of Avian Biology, 38, 465-468. https://doi.org/10.1111/j.
0908-8857.2004.03316.x

Gomez-Diaz, E., Gonzélez-Solis, J., & Peinado, M. A. (2009). Population
structure in a highly pelagic seabird, the Cory's shearwater
Calonectris diomedea: An examination of genetics, morphology and
ecology. Marine Ecology Progress Series, 382, 197-209. https://doi.
org/10.3354/meps07974

Goudet, J., & Jombart, T. (2022). Hierfstat: Estimation and tests of hier-
archical F-statistics. R Package Version 0.5-11.

Griffiths, A. J. F. (2013). Introdugdo a Genética. Guanabara Koogan.

Griffiths, R., Daan, S., & Dijkstra, C. (1996). Sex identification in birds
using two CHD genes. Proceedings of the Royal Society of London B:
Biological Sciences, 163, 1251-1256. https://doi.org/10.1098/rspb.
1996.0184

Hailer, F., Schreiber, E. A., Miller, J. M., Levin, I. |, Parker, P. G., Chesser,
R.T., &Fleischer, R. C.(2011). Long-term isolation of a highly mobile
seabird on the Galapagos. Proceedings of the Royal Society of London
B: Biological Sciences, 278, 817-825. https://doi.org/10.1098/rspb.
2010.1342

Harrison, P. (1985). Seabirds: An Identification Guide. Houghton Mifflin
Company.

85U8017 SUOWLID BAFe81D) 8|l dde au Aq pausenob aJe sajolie YO ‘8sn Jo S9N 1o} Akeiq i 8UIUO AW UO (SUO I PUOO-pUR-SWLBILI0D" 3| 1M AReiq | BU1|uO//:SdHL) SUORIPUOD PUe SLWLB | 38U} 88S *[7202/60/LT] U0 AriqiTauljuo AB|IM ‘S3d VO Ad 298vT"1[TTTT'OT/I0p/w0o A3 1M Afe.q 1 Bul|uo//:Sdny Wwoly papeo|umoq ‘0T ‘7202 ‘6692G9ET


https://orcid.org/0009-0004-7770-015X
https://orcid.org/0009-0004-7770-015X
https://orcid.org/0000-0001-8520-2936
https://orcid.org/0000-0001-8520-2936
https://orcid.org/0000-0002-4121-9901
https://orcid.org/0000-0002-4121-9901
https://orcid.org/0000-0003-0689-7026
https://orcid.org/0000-0003-0689-7026
https://doi.org/10.1016/j.jmarsys.2003.09.005
https://doi.org/10.1111/j.1365-294X.2012.05722.x
https://doi.org/10.1111/j.1365-294X.2012.05722.x
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1525/auk.2009.07122
https://doi.org/10.1525/auk.2009.07122
https://doi.org/10.1111/j.1365-294X.2007.03542.x
https://doi.org/10.1111/j.1365-294X.2007.03542.x
https://doi.org/10.1046/j.0962-1083.2001.01392.x
https://doi.org/10.1046/j.0962-1083.2001.01392.x
https://doi.org/10.1098/rspb.2002.2322
https://doi.org/10.1007/s10592-023-01505-6
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.6079/J9ILL
https://doi.org/10.1093/bioinformatics/btv646
https://doi.org/10.1093/bioinformatics/btv646
https://doi.org/10.1093/sysbio/sys004
https://doi.org/10.1093/sysbio/sys004
https://doi.org/10.1590/S1415-47572007000400029
https://doi.org/10.1111/j.1600-048X.2009.04902.x
https://doi.org/10.1111/2041-210X.12382
https://doi.org/10.1111/j.1365-294X.2006.03197.x
https://doi.org/10.1093/genetics/147.2.915
https://doi.org/10.1111/j.0908-8857.2004.03316.x
https://doi.org/10.1111/j.0908-8857.2004.03316.x
https://doi.org/10.3354/meps07974
https://doi.org/10.3354/meps07974
https://doi.org/10.1098/rspb.1996.0184
https://doi.org/10.1098/rspb.1996.0184
https://doi.org/10.1098/rspb.2010.1342
https://doi.org/10.1098/rspb.2010.1342

MURARO ET AL.

=Ly cv
Biogeography

Hirase, S., Tezuka, A., Nagano, A. J., Kikuchi, K., & lwasaki, W. (2020).
Genetic isolation by distance in the yellowfin goby populations
revealed by RAD sequencing. Ichthyological Research, 67, 98-104.
https://doi.org/10.1007/s10228-019-00709-6

Huot, Y., Babin, M., Bruyant, F., Grob, C., Twardowski, M. S., & Claustre,
H. (2007). Relationship between photosynthetic parameters
and different proxies of phytoplankton biomass in the subtropi-
cal ocean. Biogeosciences, 4, 853-868. https://doi.org/10.5194/
bg-4-853-2007

Jackson, A. L., Parnell, A. C., Inger, R., & Bearhop, S. (2011). Comparing
isotopic niche widths among and within communities: SIBER-stable
isotope Bayesian ellipses in R. Journal of Animal Ecology, 80, 595-
602. https://doi.org/10.1111/j.1365-2656.2011.01806.x

Jacoby, J., Mancini, P. L., Bertrand, S. L., Efe, M. A., Bugoni, L., & Nunes,
G. T.(2023). Biogeographic variation on dietary aspects of a widely
distributed seabird. Marine Biology, 170, 21. https://doi.org/10.
1007/s00227-022-04171-3

Jahnke, M., Gullstrém, M., Larsson, J., Asplund, M. E., Mgeleka, S.,
Silas, M. O., Hoamby, A., Mahafina, J., & Nordlund, L. M. (2019).
Population genetic structure and connectivity of the seagrass
Thalassia hemprichii in the western Indian Ocean is influenced by
predominant ocean currents. Ecology and Evolution, 9, 8953-8964.
https://doi.org/10.1002/ece3.5420

Jakubas, D., Jakubas, K. W., & Jensen, J. K. (2014). Body size variation of
European storm petrels Hydrobates pelagicus in relation to environ-
mental variables. Acta Ornithologica, 49, 71-82. https://doi.org/10.
3161/000164514X682904

Kingsley, M. R., Lavers, J. L., Steeves, T. E., & Burridge, C. P. (2020).
Genetic distinctiveness of masked booby (Sula dactylatra) on
Bedout Island, western Australia. Emu, 120, 150-155. https://doi.
org/10.1080/01584197.2019.1663125

L&, S., Josse, J., & Husson, F. (2008). FactoMineR: An R package for multi-
variate analysis. Journal of Statistical Software, 25, 1-18. https://doi.
org/10.18637/jss.v025.i01

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment
with burrows-wheeler transform. Bioinformatics, 25, 1754-1760.
https://doi.org/10.1093/bioinformatics/btp324

Lombal, A. J., O'Dwyer, J. E., Friesen, V., Woehler, E. J., & Burridge, C.
P. (2020). Identifying mechanisms of genetic differentiation among
populations in vagile species: Historical factors dominate genetic
differentiation in seabirds. Biological Reviews, 95, 625-651. https://
doi.org/10.1111/brv.12580

Lynch, M. (2007). The Origins of Genome Architecture. Sinaurer Associates.

Mancini, P. L., Bond, A. L., Hobson, K. A., Duarte, L. S., & Bugoni, L.
(2013). Foraging segregation in tropical and polar seabirds: Testing
the intersexual competition hypothesis. Journal of Experimental
Marine Biology and Ecology, 449, 186-193. https://doi.org/10.
1016/j.jembe.2013.09.011

Mancini, P. L., Hobson, K. A., & Bugoni, L. (2014). Role of body size in
shaping the trophic structure of tropical seabird communities.
Marine Ecology Progress Series, 497, 243-257. https://doi.org/10.
3354/meps10589

Mancini, P. L., Serafini, P. P., & Bugoni, L. (2016). Breeding seabird popu-
lations in Brazilian oceanic islands: Historical review, update and a
call for census standardization. Revista Brasileira de Ornitologia, 24,
94-115. https://doi.org/10.1007/BF03544338

Manthey, J. D., & Moyle, R. G. (2015). Isolation by environment in white-
breasted nuthatches (Sitta carolinensis) of the Madrean Archipelago
sky islands: A landscape genomics approach. Molecular Ecology, 24,
3628-3638. https://doi.org/10.1111/mec.13258

Mao, Y., Gao, T., Yanagimoto, T., & Xiao, Y. (2011). Molecular phyloge-
ography of Ruditapes philippinarum in the northwestern Pacific
Ocean based on COI gene. Journal of Experimental Marine Biology
and Ecology, 407, 171-181. https://doi.org/10.1016/j.jembe.2011.
06.002

Mendez, M., Rosenbaum, H. C., Subramaniam, A., Yackulic, C., & Bordino,
P.(2010). Isolation by environmental distance in mobile marine spe-
cies: Molecular ecology of Franciscana dolphins at their southern
range. Molecular Ecology, 19, 2212-2228. https://doi.org/10.1111/j.
1365-294X.2010.04647.x

Monteiro, S. S., Méndez-Fernandez, P., Piertney, S., Moffat, C. F,
Ferreira, M., Vingada, J. V., Fernandez, A. L., Brownlow, A., Jepson,
P. D., Mikkelsen, B., Niemeyer, M., Carvalho, J. C., & Pierce, G. J.
(2015). Long-finned pilot whale population diversity and structure
in Atlantic waters assessed through biogeochemical and genetic
markers. Marine Ecology Progress Series, 536, 243-257. https://doi.
org/10.3354/meps11455

Moore, W. S. (1995). Inferring phylogenies from mtDNA variation:
Mitochondrial-gene trees versus nuclear-gene trees. Evolution, 49,
718-726. https://doi.org/10.1111/j.1558-5646.1995.tb02308.x

Munro, K. J., & Burg, T. M. (2017). A review of historical and contempo-
rary processes affecting population genetic structure of Southern
Ocean seabirds. Emu, 117, 4-18. https://doi.org/10.1080/01584
197.2016.1271988

Mussmann, S. M., Douglas, M. R., Chafin, T. K., & Douglas, M. E. (2019).
BA3-SNPs: Contemporary migration reconfigured in BayesAss for
next-generation sequence data. Methods in Ecology and Evolution,
10, 1808-1813. https://doi.org/10.1111/2041-210X.13252

Nei, M. (1987). Molecular Evolutionary Genetics. Columbia University
Press.

Nunes, G. T., & Bugoni, L. (2017). Local adaptation drives population iso-
lation in a tropical seabird. Journal of Biogeography, 45, 332-341.
https://doi.org/10.1111/jbi.13142

Nunes, G. T., Mancini, P. L., & Bugoni, L. (2017). When Bergmann's rule
fails: Evidences of environmental selection pressures shaping phe-
notypic diversification in a widespread seabird. Ecography, 40, 365-
375. https://doi.org/10.1111/ecog.02209

Nuss, A., Carlos, C. J., Moreno, I. B., & Fagundes, N. J. (2016). Population
genetic structure of the magnificent frigatebird Fregata magnificens
(Aves, Suliformes) breeding colonies in the western Atlantic Ocean.
PLoS One, 11, e0149834. https://doi.org/10.1371/journal.pone.
0149834

Oksanen, J.,, Blanchet, F. G., Friendly, M., Kind, R., Legendre, P., McGlinn,
D., Minchin, P.R., O’Hara, R. B., Simpson, G. L., Solymos, P., Stevens,
M. H. H., Szocs, E., & Wagner, H. H. (2020). Vegan: Community ecol-
ogy package. R Package Version 2.5.7. https://CRAN.R-project.org/
package=vegan

Orsini, L., Vanoverbeke, J., Swillen, I., Mergeay, J., & Meester, L. D.
(2013). Drivers of population genetic differentiation in the wild:
Isolation by dispersal limitation, isolation by adaptation and isola-
tion by colonization. Molecular Ecology, 22, 5983-5999. https://doi.
org/10.1111/mec.12561

Paradis, E., & Schliep, K. (2019). Ape 5.0: An environment for modern
phylogenetics and evolutionary analyses in R. Bioinformatics, 35,
526-528. https://doi.org/10.1093/bioinformatics/bty633

Peck, D. R., Bancroft, W. J., & Congdon, B. C. (2008). Morphological and
molecular variation within an ocean basin in wedge-tailed shearwa-
ters (Puffinus pacificus). Marine Biology, 153, 1113-1125. https://doi.
org/10.1007/s00227-007-0883-x

Peterson, R. G., & Stramma, L. (1991). Upper-level circulation in the
South Atlantic Ocean. Progress in Oceanography, 26, 1-73. https://
doi.org/10.1016/0079-6611(91)90006-8

Pinet, P. R. (2019). Invitation to Oceanography. Jones & Bartlett Learning.

Pitman, R. L., & Jehl, J. R., Jr. (1998). Geographic variation and reas-
sessment of species limits in the "masked" boobies of the eastern
Pacific Ocean. Wilson Journal of Ornithology, 110, 155-170. https://
doi.org/10.1590/51676-06032004000200013

Poplin, R., Ruano-Rubio, V., DePristo, M. A., Fennell, T. J., Carneiro,
M. O., Van der Auwera, G. A, Kling, D. E., Gauthier, L. D., Levy-
Moonshine, A., Roazen, D., Shakir, K., Thibault, J., Chandran, S.,

85U8017 SUOWLID BAFe81D) 8|l dde au Aq pausenob aJe sajolie YO ‘8sn Jo S9N 1o} Akeiq i 8UIUO AW UO (SUO I PUOO-pUR-SWLBILI0D" 3| 1M AReiq | BU1|uO//:SdHL) SUORIPUOD PUe SLWLB | 38U} 88S *[7202/60/LT] U0 AriqiTauljuo AB|IM ‘S3d VO Ad 298vT"1[TTTT'OT/I0p/w0o A3 1M Afe.q 1 Bul|uo//:Sdny Wwoly papeo|umoq ‘0T ‘7202 ‘6692G9ET


https://doi.org/10.1007/s10228-019-00709-6
https://doi.org/10.5194/bg-4-853-2007
https://doi.org/10.5194/bg-4-853-2007
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1007/s00227-022-04171-3
https://doi.org/10.1007/s00227-022-04171-3
https://doi.org/10.1002/ece3.5420
https://doi.org/10.3161/000164514X682904
https://doi.org/10.3161/000164514X682904
https://doi.org/10.1080/01584197.2019.1663125
https://doi.org/10.1080/01584197.2019.1663125
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1111/brv.12580
https://doi.org/10.1111/brv.12580
https://doi.org/10.1016/j.jembe.2013.09.011
https://doi.org/10.1016/j.jembe.2013.09.011
https://doi.org/10.3354/meps10589
https://doi.org/10.3354/meps10589
https://doi.org/10.1007/BF03544338
https://doi.org/10.1111/mec.13258
https://doi.org/10.1016/j.jembe.2011.06.002
https://doi.org/10.1016/j.jembe.2011.06.002
https://doi.org/10.1111/j.1365-294X.2010.04647.x
https://doi.org/10.1111/j.1365-294X.2010.04647.x
https://doi.org/10.3354/meps11455
https://doi.org/10.3354/meps11455
https://doi.org/10.1111/j.1558-5646.1995.tb02308.x
https://doi.org/10.1080/01584197.2016.1271988
https://doi.org/10.1080/01584197.2016.1271988
https://doi.org/10.1111/2041-210X.13252
https://doi.org/10.1111/jbi.13142
https://doi.org/10.1111/ecog.02209
https://doi.org/10.1371/journal.pone.0149834
https://doi.org/10.1371/journal.pone.0149834
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1111/mec.12561
https://doi.org/10.1111/mec.12561
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1007/s00227-007-0883-x
https://doi.org/10.1007/s00227-007-0883-x
https://doi.org/10.1016/0079-6611(91)90006-8
https://doi.org/10.1016/0079-6611(91)90006-8
https://doi.org/10.1590/S1676-06032004000200013
https://doi.org/10.1590/S1676-06032004000200013

MURARO ET AL.

Whelan, C,, Lek, M., Gabriel, S., Daly, M. J,, Neale, B., MacArthur,
D. G., & Banks, E. (2017). Scaling accurate genetic variant discovery
to tens of thousands of samples. BioRxiv, 201178, 1-19. https://doi.
org/10.1101/201178

R Core Team. (2023). R: AA Language and Environment for Statistical
Computing. R Foundation for Statistical Computing.

Rambaut, A., Drummond, A. J., Xie, D., Baele, G., & Suchard, M. A. (2018).
Posterior summarization in Bayesian phylogenetics using Tracer
1.7. Systematic Biology, 67, 901-904. https://doi.org/10.1093/sys-
bio/syy032

Richardson, J. L., Urban, M. C,, Bolnick, D. I., & Skelly, D. K. (2014).
Microgeographic adaptation and the spatial scale of evolution.
Trends in Ecology & Evolution, 29, 165-173. https://doi.org/10.
1016/j.tree.2014.01.002

Roy, A., Delord, K., Nunes, G. T., Barbraud, C., Bugoni, L., & Lanco-
Bertrand, S.(2021). Did the animal move? A cross-wavelet approach
to geolocation data reveals year-round whereabouts of a resident
seabird. Marine Biology, 168, 114. https://doi.org/10.21203/rs.3.rs-
118834/v1

Rozas, J., Ferrer-Mata, A., Sanchez-DelBarrio, J. C., Guirao-Rico, S.,
Librado, P., Ramos-Onsins, S. E., & Sanchez-Gracia, A. (2017).
DnaSP 6: DNA sequence polymorphism analysis of large datasets.
Molecular Biology and Evolution, 34, 3299-3302. https://doi.org/10.
1093/molbev/msx248

Schreiber, E. A., & Burger, J. (2001). Biology of Marine Birds. CRC Press.

Silva, M. C., Matias, R., Wanless, R. M., Ryan, P. G., Stephenson, B. M.,
Bolton, M., Ferrand, N., & Coelho, M. M. (2015). Understanding the
mechanisms of antitropical divergence in the seabird White-faced
storm-petrel (Procellariiformes: Pelagodroma marina) using a multi-
locus approach. Molecular Ecology, 24, 3122-3137. https://doi.org/
10.1111/mec.13212

Steeves, T. E., Anderson, D. J., & Friesen, V. L. (2005a). A role for non-
physical barriers to gene flow in the diversification of a highly vagile
seabird, the masked booby (Sula dactylatra). Molecular Ecology, 14,
3877-3887. https://doi.org/10.1111/j.1365-294X.2005.02713.x

Steeves, T. E., Anderson, D. J., & Friesen, V. L. (2005b). The isthmus of
Panama: A major physical barrier to gene flow in a highly mobile
pantropical seabird. Journal of Evolutionary Biology, 18, 1000-1008.
https://doi.org/10.1111/j.1420-9101.2005.00906.x

Steeves, T. E., Anderson, D. J., McNally, H., Kim, M. H., & Friesen, V. L.
(2003). Phylogeography of Sula: The role of physical barriers to
gene flow in the diversification of tropical seabirds. Journal of Avian
Biology, 34, 217-223. https://doi.org/10.1034/j.1600-048X.2003.
03086.x

Stephen, S., Pheasant, M., Makunin, I. V., & Mattick, J. S. (2008). Large-
scale appearance of ultraconserved elements in tetrapod ge-
nomes and slowdown of the molecular clock. Molecular Biology and
Evolution, 25, 402-408. https://doi.org/10.1093/molbev/msm268

Suchard, M. A., Lemey, P., Baele, G., Ayres, D. L., Drummond, A. J,, &
Rambaut, A. (2018). Bayesian phylogenetic and phylodynamic data
integration using BEAST 1.10. Virus Evolution, 4, vey016. https://
doi.org/10.1093/ve/vey016

Tajima, F. (1989). Statistical method for testing the neutral mutation hy-
pothesis by DNA polymorphism. Genetics, 123, 585-595. https://
doi.org/10.1093/genetics/123.3.585

Tamura, K., Stecher, G., & Kumar, S. (2021). MEGA11: Molecular evolu-
tionary genetics analysis version 11. Molecular Biology and Evolution,
38, 3022-3027. https://doi.org/10.1093/molbev/msab120

Tange, O. (2018). GNU Parallel. Lulu Press Inc.

Torrano-Silva, B. N., & Oliveira, E. C. (2013). Macrophytobenthic flora
of the Abrolhos rchipelago and the Sebastido Gomes reef, Brazil.

1943
EE vy

Continental Shelf Research, 70, 150-158. https://doi.org/10.1016/j.
¢sr.2013.09.019

Torres, L., Pante, E., Gonzalez-Solis, J., Viricel, A., Ribout, C., Zino, F.,
MacKin, W., Precheur, C., Tourmetz, J., Calabrese, L., Militdo, T.,
Zango, L., Shirihai, H., & Bretagnolle, V. (2021). Sea surface tem-
perature, rather than land mass or geographic distance, may drive
genetic differentiation in a species complex of highly dispersive
seabirds. Ecology and Evolution, 11, 14960-14976. https://doi.org/
10.1002/ece3.8180

Van der Auwera, G. A., & O'Connor, B. D. (2020). Genomics in the Cloud:
Using Docker, GATK, and WDL in Terra (1st ed.). O'Reilly Media.

Wang, . J., & Bradburd, G. S. (2014). Isolation by environment. Molecular
Ecology, 23, 5649-5662. https://doi.org/10.1111/mec.12938

Weir, B. S., & Cockerham, C. C. (1984). Estimating F-statistics for the
analysis of population structure. Evolution, 38, 1358-1370. https://
doi.org/10.1111/j.1558-5646.1984.tb05657.x

Wilson, G. A., & Rannala, B. (2003). Bayesian inference of recent migra-
tion rates using multilocus genotypes. Genetics, 163, 1177-1191.
https://doi.org/10.1093/genetics/163.3.1177

Wright, S. (1943). Isolation by distance. Genetics, 28, 114-138. https://
doi.org/10.1093/genetics/28.2.114

Zarza, E., Connors, E. M., Maley, J. M., Tsai, W. L., Heimes, P., Kaplan,
M., & McCormack, J. E. (2018). Combining ultraconserved elements
and mtDNA data to uncover lineage diversity in a Mexican highland
frog (Sarcohyla; Hylidae). PeerJ, 6, e6045. https://doi.org/10.7717/
peerj.6045

BIOSKETCH

Vitéria Muraro's research interests include evolutionary ecology
with a special focus on the mechanisms of population differen-
tiation in seabirds. She is also interested in trophic ecology and

conservation of marine vertebrates.

Author contributions: Vitéria Muraro, Mariana S. Mazzochi,
Leandro Bugoni and Aline M. C. R. Fregonezi conceived the
ideas; Vitoria Muraro, Mariana S. Mazzochi and Aline M. C. R.
Fregonezi analysed the data; Vitéria Muraro led the writing with
contributions from all authors. This study is part of the Masters'

degree of Vitéria Muraro supervised by Leandro Bugoni.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Muraro, V., Mazzochi, M. S., Fregonezi,
A.M. C.R,, & Bugoni, L. (2024). Role of environmental factors
in the genetic structure of a highly mobile seabird. Journal of
Biogeography, 51, 1933-1943. https://doi.org/10.1111/

jbi. 14862

85U8017 SUOWLID BAFe81D) 8|l dde au Aq pausenob aJe sajolie YO ‘8sn Jo S9N 1o} Akeiq i 8UIUO AW UO (SUO I PUOO-pUR-SWLBILI0D" 3| 1M AReiq | BU1|uO//:SdHL) SUORIPUOD PUe SLWLB | 38U} 88S *[7202/60/LT] U0 AriqiTauljuo AB|IM ‘S3d VO Ad 298vT"1[TTTT'OT/I0p/w0o A3 1M Afe.q 1 Bul|uo//:Sdny Wwoly papeo|umoq ‘0T ‘7202 ‘6692G9ET


https://doi.org/10.1101/201178
https://doi.org/10.1101/201178
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1016/j.tree.2014.01.002
https://doi.org/10.1016/j.tree.2014.01.002
https://doi.org/10.21203/rs.3.rs-118834/v1
https://doi.org/10.21203/rs.3.rs-118834/v1
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1111/mec.13212
https://doi.org/10.1111/mec.13212
https://doi.org/10.1111/j.1365-294X.2005.02713.x
https://doi.org/10.1111/j.1420-9101.2005.00906.x
https://doi.org/10.1034/j.1600-048X.2003.03086.x
https://doi.org/10.1034/j.1600-048X.2003.03086.x
https://doi.org/10.1093/molbev/msm268
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1093/genetics/123.3.585
https://doi.org/10.1093/genetics/123.3.585
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1016/j.csr.2013.09.019
https://doi.org/10.1016/j.csr.2013.09.019
https://doi.org/10.1002/ece3.8180
https://doi.org/10.1002/ece3.8180
https://doi.org/10.1111/mec.12938
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
https://doi.org/10.1093/genetics/163.3.1177
https://doi.org/10.1093/genetics/28.2.114
https://doi.org/10.1093/genetics/28.2.114
https://doi.org/10.7717/peerj.6045
https://doi.org/10.7717/peerj.6045
https://doi.org/10.1111/jbi.14862
https://doi.org/10.1111/jbi.14862

	Role of environmental factors in the genetic structure of a highly mobile seabird
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area and taxon sampling
	2.2|DNA extraction and sexing
	2.3|Amplification and analysis of mitochondrial markers
	2.4|Bioinformatics pipeline for variant calling of UCEs
	2.5|Genetic structure with UCE's loci
	2.6|Stable Isotope Analysis (SIA)
	2.7|Relationship between genetic, environmental, isotopic and geographical distances
	2.8|Sexual size dimorphism and morphometric differences between populations

	3|RESULTS
	3.1|Genetic structure
	3.2|SIA and morphometry
	3.3|Isolation by environment and by distance

	4|DISCUSSION
	4.1|Genetic structure
	4.2|Phenotypic and ecological variation
	4.3|Isolation by Environment (IBE)

	5|CONCLUSION
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES
	BIOSKETCH


