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Small, island-associated populations of cetaceans have evolved around
numerous oceanic islands, likely due to habitat discontinuities between
nearshore and offshore waters. However, little is known about the ecology and
structure of cetacean populations around the Mariana Islands, a remote
archipelago in the western Pacific Ocean. We present sighting, photo-
identification, and genetic data collected during twelve years of surveys around
these islands that reveal the existence of a small, island-associated population of
bottlenose dolphins. Nearly half of the photo-identified individuals were
encountered in more than one year. Both haplotypic and nuclear genetic
diversity among sampled individuals was low (haplotypic diversity = 0.701,
nuclear heterozygosity = 0.658), suggesting low abundance. We used mark-
recapture analysis of photo-identification data to estimate yearly abundance in
the southern portion of the population’s range from 2011 to 2018. Each
abundance estimate was less than 54 individuals, with each upper 95%
confidence interval below 100. Additional survey effort is necessary to
generate a full population abundance estimate. We found extensive
introgression of Fraser's dolphin DNA into both the mitochondrial and nuclear
genomes of the population, suggesting at least two hybridization events more
than two generations in the past. The Mariana Islands are used extensively by the
U.S. military for land and sea training operations. Thus, this unique bottlenose
dolphin population likely faces high exposure to multiple threats.
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1 Introduction

Many islands are home to small, resident populations of
cetaceans (Karczmarski et al., 2005; Parsons et al., 2006; Oremus
et al., 2007; Baird et al., 2008; Silva et al., 2008; Tezanos-Pinto et al.,
2009; Andrews et al., 2010; Martien et al., 2012; Oremus et al., 2012;
Baird et al., 2013; Albertson et al.,, 2016). The existence of these
island-associated populations is surprising given the lack of physical
barriers to movement in the oceans and the ability of most
cetaceans to travel long distances and thrive in the pelagic realm.
The evolution of genetically distinct and demographically
independent insular populations may be due to the strong habitat
gradients that exist around oceanic islands. The presence of
shallow-water habitat, the interaction of islands with prevailing
oceanographic and atmospheric currents (known as the island mass
effect; Doty and Oguri, 1956; De Falco et al., 2022), and the run-oft
of nutrient-rich water from islands can all contribute to higher
productivity in nearshore waters compared to surrounding pelagic
waters. The ecological and behavioral adaptations necessary to
exploit insular habitats may serve as barriers to gene flow
between insular and pelagic populations and have been invoked
as possible explanations for the development of island-associated
populations (Hoelzel et al., 1998; Natoli et al., 2005; Moller et al.,
2007; Andrews et al., 2010; Martien et al., 2012; Martien et al,,
2014a; Albertson et al., 2016; Martien et al., 2017).

The Mariana Islands, henceforth referred to as the Marianas,
are a remote archipelago in the western Pacific Ocean, roughly 150
km west of the Mariana Trench. Spanning nearly 900 km from the
island of Guam in the south to Farallon de Pajaros in the north, the
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FIGURE 1

Maps of the Mariana Islands study area showing the locations of bottlenose dolphin group sightings (n = 48) during shipboard (in 2015, 2018, and
2021; panel A) and small-boat (from 2011 to 2019; panels A, B) surveys by PIFSC. Sightings where no samples were collected are depicted by black
dots (n=22), while those with biopsy samples are shown with triangles (n = 43 biopsy samples from 26 sightings). In panel (A), light gray lines
represent 500m isobaths from depths of 0 to 2,000m and 1,000m isobaths below 2,000m, while dark gray lines represent ship tracks from PIFSC
2015, 2018, and 2021 surveys. Location of the study area within the western Pacific is shown in the inset with a blue rectangle.
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chain is comprised of 15 islands and numerous atolls and
seamounts, with a total land area of only around 1,000 km?
(Figure 1). The southernmost islands of Guam, Rota, Tinian, and
Saipan are the largest, comprising nearly 90% of the land area of the
archipelago (Eldredge, 1983), and are the only inhabited islands
(Williams et al., 2015). Saipan, Tinian, and the small, uninhabited
island of Aguijan are henceforth collectively referred to as the 3-
Islands region. The archipelago lies within the North Equatorial
Current (Suntsov and Domokos, 2013), in the southwestern-most
portion of the low-productivity waters of the North Pacific Gyre.

The Marianas lie within the Mariana Islands Training and
Testing (MITT) Study Area, which serves as the primary U.S.
military training location in the western Pacific. Operations
within the MITT include large, multinational naval training
operations and smaller U.S. joint military training exercises that
occur both on land and at sea (Simonis et al., 2020). The high level
of military activity on and around the islands raises concerns for
marine mammals due to the impacts of ship traffic, pollution from
run-off, and mid-frequency active sonar (Parsons et al., 2008;
Lawrence et al., 2015; Southall et al., 2016; Forney et al., 2017),
the last of which was recently implicated in multiple beaked whale
strandings around the Marianas (Simonis et al., 2020).

Until recently, relatively little was known about the marine
mammal assemblage in the waters surrounding the Marianas. Most
data came from strandings, whaling records, anecdotal reports, and
several scientific surveys conducted in the western Pacific that spent
short amounts of time (1 to 10 days) in portions of the Marianas
(see review in Hill et al., 2020). In 2007, two dedicated cetacean
surveys took place in the Marianas — one shipboard line-transect
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survey that included the portion of the archipelago south of Pagan
(Fulling et al., 2011) and one 5-day aerial survey that primarily
focused on offshore waters, but included Guam and Rota
(Mobley, 2007).

Since 2010, the U.S. National Marine Fisheries Service’s Pacific
Islands Fisheries Science Center (PIFSC) has been conducting
regular survey work in the Marianas. PIFSC efforts have included
small-boat visual surveys in the nearshore waters immediately
surrounding the southernmost islands (Guam to Saipan) from
2010 to 2019, and three large shipboard visual and passive
acoustic surveys that included oceanic waters surrounding the
archipelago in 2015, 2018, and 2021 (Hill et al., 2020; Yano et al,,
2022). A primary goal of the PIFSC surveys was to document which
species of marine mammals occur within the U.S. Exclusive
Economic Zone (EEZ) around the Marianas, as well as to gather
data on distribution, abundance, movements, and population
structure necessary to designate and assess stocks, as required
under the U.S. Marine Mammal Protection Act.

One of the most commonly sighted species during the PIFSC
surveys of the Marianas was common bottlenose dolphins (Tursiops
truncatus), henceforth referred to as bottlenose dolphins (Hill et al.,
2020). Nearly all of the sighted groups occurred close to islands
(Figure 1). Six bottlenose dolphins sighted near Rota and the 3-
Islands region were satellite tagged and all remained closely
associated with the islands and seamounts of the archipelago (Hill
et al., 2020).

In a summary of mitochondrial genetic diversity of four
cetacean species around the southern islands of the Marianas,
Martien et al. (2014b) found very low haplotypic diversity among
14 bottlenose dolphins sampled there, suggesting the existence of a
small, island-associated population. Martien et al. (2014b) also
found that five out of the 14 bottlenose dolphins possessed
haplotypes characteristic of Fraser’s dolphins (Lagenodelphis
hosei), which they attributed to introgressive hybridization (Shaw,
2002; Kingston et al., 2009).

In this study, we present sighting, photo-identification, and
genetic data supporting the existence of a small, island-associated
population of bottlenose dolphins in the waters surrounding the
Marianas. We use mark-recapture methods to estimate the
abundance of the population in the southern part of its range,
and use mitochondrial and nuclear genetic data to investigate the
extent of introgression of Fraser’s dolphin DNA into the
population. Our results highlight the importance of managing
potential human impacts, particularly from military activity, on
this small, unique population.

2 Materials and methods
2.1 Study area and data collection

Hill et al. (2020) and Yano et al. (2022) provide an overview of
PIFSC shipboard and small-boat survey effort in the Marianas from
2010 to 2021. Three line-transect shipboard surveys consisted of
systematic and non-systematic tracklines along the full length of the
archipelago in 2015, between Guam and Pagan in 2018 (Hill et al,,
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2020), and throughout the entire EEZ in 2021 (Yano et al., 2022).
The small-boat effort consisted of non-systematic surveys for
cetaceans aboard 6-12 m vessels in 2010-2019 (Hill et al., 2020).
During each yearly project period, surveys were conducted
successively off different island areas (Guam, Rota, and 3-Islands),
with the survey team flown between locations. Survey tracks were
spread out daily to maximize coverage of each island area, but were
also influenced by weather conditions and sea state. Four to six
observers collectively scanned 360-degrees around the vessel using
unaided eye or handheld binoculars.

Cetacean groups were approached for species confirmation,
group size estimation, photo-identification, and biopsy sampling
when possible. Digital single-lens reflex cameras with 70-200 mm
or 100-400 mm lenses were used to collect photographs of the
dorsal fin and surrounding area. During photo-identification
efforts, an attempt was made to photograph each member of the
group regardless of the distinctiveness of the fin. Biopsy samples
were collected remotely using a Barnett RX-150 crossbow and Ceta-
Dart bolts with sterilized, stainless steel biopsy tips (25 mm long x 8
mm diameter).

Because some of the biopsied animals included in our data set
have previously been shown to exhibit evidence of introgressive
hybridization with Fraser’s dolphins (Martien et al., 2014b), we
expanded our sample set to include 177 tissue samples collected
from bottlenose dolphins in the central and eastern North Pacific
(outside of the Marianas) and 47 tissue samples from Fraser’s
dolphins collected in the Pacific and Indian Oceans. Most of the
additional bottlenose dolphin samples were collected within the
U.S. EEZ surrounding the Hawaiian Archipelago (hereafter Hawai‘i
EEZ samples), primarily during either shipboard surveys conducted
by the Southwest Fisheries Science Center (SWFSC) and PIFSC or
during small-boat surveys conducted by Cascadia Research
Collective. All samples were part of SWFSC’s Marine Mammal
and Sea Turtle Research Tissue Collection.

2.2 Photo-identification

The processing and analysis of bottlenose dolphin photos were
carried out by two to three experienced photo analysts. One person
made initial matches of individuals within each sighted group, and
those matches were checked by a second analyst. Both analysts also
compared the individually identified fins with all others within a
particular group to look for missed matches. Marks along the
leading and trailing edges of the dorsal fins were used as the
primary identifiers, while marks or scars on the body, dorsal fin
surface, and peduncle were used as secondary identifiers. Each fin
within each photo was rated by a senior photo analyst for quality
based on numeric scores within four categories (focus/clarity,
contrast/lighting, angle, extent visible) and assigned an overall
photographic quality (Q) rating based on the combined scores
(Q-1 = high, Q-2 = moderate, Q-3 = poor). Two photo analysts
assigned a distinctiveness (D) rating to each individual based on the
number, size, and shape of the features located on the leading and
trailing edges of the dorsal fin (D-1 = high, D-2 = moderate, D-3 =
low, D-4 = clean fin and no marks on the peduncle directly behind
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the dorsal fin) (see Supplementary Material for quality and
distinctiveness rating protocols). If there was a disagreement
between analysts on the distinctiveness rating, a third analyst was
consulted. After the completion of matching and rating within
sighted groups, both analysts compared the identified individuals
with high to moderate distinctiveness between groups. The photo-
identification catalog included only those fins with high or
moderate distinctiveness (D-1 or D-2) and quality (Q-1 or Q-
2) ratings.

Only cataloged individuals were used in the mark-recapture
abundance estimation in order to reduce the possible bias from false
positive or false negative matches (Urian et al., 2015). Recaptures of
cataloged individuals with lower quality photos were retained as
supplemental sighting records but were not used in the mark-
recapture analysis. Individuals with low to no fin distinctiveness
were retained within group sighting folders for estimation of the
proportion of distinctive individuals in each sighted group.

2.3 Mark-recapture modelling and
abundance estimation

A mark-recapture analysis was conducted to estimate the
abundance of bottlenose dolphins within the southern islands
(Guam to Saipan) of the Marianas. There were not sufficient data
to allow abundance estimation in the northern portion of the
archipelago, where surveys were limited due to its remoteness.

Abundance was estimated using the POPAN formulation of the
Jolly-Seber open population model, which allows for births, deaths,
immigration, and emigration in the study population between
sampling periods (Schwarz and Arnason, 1996). Models were
constructed and subsequently fit using the package RMark (v.
2.2.7; Laake, 2013), an interface for Program MARK (White and
Burnham, 1999), written in the statistical programming language R
(R Development Core Team, 2022). Estimated parameters include
the super-population size (N), which is the total number of
distinctive bottlenose dolphins that used the study area during the
study period; the apparent survival probability (¢), which is the
probability of dolphins surviving between the sampling years i and i
+ 1 and being available for recapture; the capture probability (p) of
individuals within the study area; and the probability of entry (b),
which is the probability that an individual from the super-
population entered the population within the study area either by
acquiring identifiable marks or immigration between years i and i +
1. Assumptions of the modeling framework are that (1) markings
on all distinctive individuals were unique, permanent, and correctly
identified; (2) distinctive individuals had an equal survival
probability; (3) distinctive individuals had an equal capture
probability; (4) there was independence between distinctive
individuals in terms of survival and capture; (5) sampling was
instantaneous; and (6) the study area was constant. The first
assumption was likely met by the use of thorough photo-
identification procedures and restriction of the data set to
distinctive individuals represented by moderate to high quality
images. An evaluation of dorsal fin mark changes of cataloged
individuals was conducted by comparing the best images for each
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individual from all sighted groups and documenting the number
and size of the new marks. Although 25% of the cataloged
bottlenose dolphins had mark changes on their dorsal fins, none
had changes significant enough to cause misidentification.

Differences in survival and capture probabilities between
distinctive individuals were unlikely, but other potential factors
influencing capture probability, including time and effort, were
modeled. Dependence between individuals (e.g., resulting from
social behavior) can lead to overdispersion in the sighting data,
which was addressed using goodness-of-fit testing as described
below. Potential violations to assumptions five and six were likely
given variability in the location, spatial extent, timing, and duration
of each survey effort (Table 1). In order to address this sampling
variability, captures of individual bottlenose dolphins made during
the same year were pooled into yearly encounters (i.e., individuals
were tallied as encountered or not within each year), and each year
was treated as a sampling occasion. Eight capture occasions were
represented by each year of the study (2011-2018; see Results for
details of why 2010 and 2019 were excluded from the mark-
recapture analysis). Sensitivity analyses were conducted to address
the potential bias from the non-instantaneous capture occasions
and the variability in survey timing and extent (see Supplementary
Materials for sensitivity analysis methodology).

Models were built with the apparent survival probability held
constant, ¢(.), to facilitate parameter estimation with sparse data. In
addition, given the longevity of bottlenose dolphins relative to the
length of this study, detectable changes in true survival were not
expected. Capture probability was modeled with time dependence
by year, p(t), linear dependence on survey effort, p(eft), or held
constant, p(.). The probability of entry was modeled with time
dependence by year, b(t), or held constant, b(.). Given the
confounding of the initial p and b (Schwarz and Arnason, 2021),
an additional time-dependent model of capture probability, p(t*),
was included for testing with b(t) (i.e., model @(.) p(t) b(t) N(.) was
replaced with @(.) p(t*) b(t) N(.)). In p(t*), capture probability was
assumed to be equal across the first two sampling years. Models
were fitted using a logit link function for ¢ and p, the multinomial
logit link function for b, and a log link for N.

Goodness-of-fit of the fully time-dependent model was assessed
within RMark by calling the program RELEASE (Burnham et al,
1987) to obtain an estimate of overdispersion by calculating the
variance inflation factor (¢) (Lebreton et al., 1992). For a correctly
specified model, ¢ should be approximately equal to one (Cooch and
White, 2022). A ¢ > 1 is indicative of overdispersion in the
encounter data, which is mitigated by multiplying all variance
estimates by ¢ (Cooch and White, 2022).

Models were evaluated using Akaike’s information criterion
(Akaike, 1973) corrected for small sample sizes (AICc) (Burnham
and Anderson, 2002). The best model had the lowest AICc value
and other models were ranked based on their AAICc from the best
model. If ¢ was determined to be >1 in the base model or sensitivity
analyses, quasi-AICc (QAICc) values were calculated (Anderson
etal, 1994). To account for model uncertainty, weighted averages of
the model parameters and derived yearly abundance estimates of
distinctive individuals in the study area (N;) were calculated across
all models proportional to their Akaike weights.
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TABLE 1 Summary of cetacean visual survey effort within the southern Marianas study area from 2011 to 2018 by year and survey area (Guam, Rota,
3-Islands = Saipan, Tinian, Aguijan), including the number of bottlenose dolphin group sightings during which high and moderate quality photos were
collected and the resulting number of distinctive individuals used for mark-recapture analysis (i.e., the number of distinctive individuals excludes
within-year recaptures).

On- No. bottlenose dolphin No. distinc-
Year Locations Months effort days group sightings tive individuals
Guam; Rota;
2011 3-Islands Aug-Sep 30 3 13
Guam; Rota;
2012 3-Islands May-Jul 31 4 25
Guam; Rota;
2013 3-Islands Jun-Jul 30 7 26
Guam; Rota;
2014 3-Islands Apr-Jun 45 5 22
Guam; Rota; Feb-Mar;
2015 3-Islands Aug-Sep 29 4 22
Guam; Rota;
2016 3-Islands Mar; May-Jun 33 3 12
2017 Guam; 3-Islands Feb; May 23 3 13
2018 Guam; 3-Islands Feb; Aug-Sep 22 3 11
Total: 243 32 76

Because the yearly estimates of N; account for only distinctive
individuals, the estimates were corrected to also account for non-
distinctive individuals. The N; estimates were adjusted using the
proportion of distinctive individuals (8) encountered following
Bradford et al. (2018). In brief, 6 was calculated as the mean
proportion of distinctive individuals (D-1 and D-2) across sighted
groups with four or more individuals, as proportions from small
groups may be biased. Non-distinctive individuals (D-3 and D-4)
within each group were differentiated using secondary and
ephemeral marks. Only individuals represented by high or
moderate quality photos were used to estimate 6. The yearly
abundance of all individuals (distinctive and non-distinctive) in
the study area was then estimated:

N,

Ntotal,i = FI

where N1 is the abundance of all individuals associated with the
study area at each capture occasion i, where i = 2011, 2012, ..., 2018,
and N; is the model-averaged abundance of distinctive individuals
at each capture occasion i. The delta method (Seber, 1982) was used

to estimate the variance (var) of Ny ;0

var(N;)  var(0)
Var(Ntotal,i )= Ntzotal,i ( :

N? 6?

Log-normal 95% confidence intervals for Nyy,;; were calculated
as in Burnham et al. (1987).

2.4 Genetic data generation

DNA extractions were performed using either a silica-based
filter purification (Qiaxtractor, DX reagents; Qiagen) or a sodium
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chloride protein precipitation (Miller et al., 1988). Standard
protocols were used for PCR amplification, as well as for
mitochondrial DNA (mtDNA) sequencing (Saiki et al.,, 1988;
Sambrook et al., 1989; Palumbi et al,, 1991). A 400 basepair
region of the 5 end of the hypervariable mtDNA control region
was amplified using the primers and conditions described in
Martien et al. (2012), with the exception that the annealing
temperature was changed to 56°C to increase amplification
efficiency. Both the forward and reverse strands of the amplified
DNA product were sequenced as mutual controls on the Applied
Biosystems Inc. (ABI) 3730 DNA Analyzer. All sequences were
aligned using Sequencer v4.1 software (Gene Codes Corp., 2000).

Samples were analyzed using microsatellite DNA primers for
fourteen loci (all dinucleotide repeats): KWM1b, KWM2a,
KWM2b, and KWM12a were derived from killer whales (Orcinus
orca; Hoelzel et al,, 1998); D5 from beluga whales (Delphinapterus
leucas; Buchanan et al.,, 1996); Ttrll, Ttr34, Ttr48, Ttr58 (Rosel
et al,, 2005), TexVet5, TexVet7 (Rooney et al, 1999), and D08
(Shinohara et al., 1997) were all derived from bottlenose dolphins
(Tursiops sp.); EV94 from humpback whales (Megaptera
novaeangliae; Valsecchi and Amos, 1996); and SL125 from
spinner dolphins (Stenella longirostris; Galver, 2002). Extracted
DNA was amplified using a 25 uL reaction of 1x PCR buffer (50
mM KCl, 10 mM Tris-HCI, pH 8.3, and 1.5 mM MgCl2), 0.15 mM
of each ANTP, 0.3 uM of each primer, 0.5 units of Tag DNA
polymerase, and approximately 10 ng of DNA. The PCR cycling
profile consisted of 90°C for 2.5 min, followed by 35 cycles of 94°C
for 45 sec, 1 min at annealing temperature, and 72°C for 1.5 min,
then a final extension at 72°C for 5 min. The optimal annealing
temperatures were 55°C (D08, TexVet5, TexVet7, Ttr48, Ttr11, and
SL125), 45°C (KWM1b, KWM2a, KWM2b, and KWM12a), 57°C
(D5 and Ttr34), 52°C (EV94), and 60°C (Ttr58).
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The amplifications were assessed for quality and size on a 2%
agarose gel prior to sequencing. ABI Genemapper v4.0 and an
internal standard marker (Genescan-500 ROX, Applied Biosystems
Inc.) were used to determine allele fragment size.

Samples were genetically sexed by amplification and Real-Time
PCR (Stratagene) of the zinc finger (ZFX and ZFY) genes (Morin
et al., 2005).

2.5 Data review

Prior to analysis, the mtDNA and nucDNA data sets were
reviewed for quality using the standards described in Martien et al.
(2014a) and Morin et al. (2010). This included 10% random
replication, re-sequencing of unique haplotypes, having all allele
size calls reviewed by two independent genotypers, and eliminating
samples deemed to be of poor quality.

For the bottlenose dolphin data set, each microsatellite locus
was assessed for deviations from Hardy-Weinberg equilibrium
(HWE) using tests for heterozygote deficiency (Raymond and
Rousset, 1995) and exact tests of HWE (Guo and Thompson,
1992), as implemented in the R package strataG (Archer et al,
2017). The same software was used to evaluate linkage
disequilibrium for each pair of loci using Fisher’s method and the
Markov chain method. All HWE and linkage disequilibrium tests
were conducted using 1,000 dememorization steps, 10,000 batches,
and 1,000 iterations per batch. The tests were conducted separately
for the Marianas and the Hawai‘i EEZ and combined across the two
strata to calculate a global P-value for each locus (Fisher, 1935). The
jackknife procedure described in Morin et al. (2009) was used to
identify samples that were highly influential (i.e., log-odds greater
than two) in deviations from HWE. The genotypes identified by the
jackknife procedure were removed from the data set. HWE and
linkage disequilibrium analyses were not conducted for the Fraser’s
dolphin data set, as there were not enough samples in that data set
to stratify into putative populations, and equilibrium is not expected
when samples from multiple populations are combined into a
single stratum.

Pairs of samples that matched in sex, mtDNA haplotype, and
microsatellite genotype were considered duplicate samples. In
addition, all samples from the Marianas were confirmed to have
come from unique individuals via photo-identification. The
software program DROPOUT (McKelvey and Schwartz, 2005)
was used to identify additional pairs of samples whose genotypes
differed at four or fewer loci. These pairs could represent duplicate
samples with genotyping errors. One sample from each duplicate
pair was removed prior to analysis. We also used DROPOUT to
calculate the probability of two randomly selected individuals
sharing an identical genotype.

Martien et al. (2012) conducted genetic analyses on bottlenose
dolphins sampled from the main Hawaiian Islands, which included
mitochondrial control region sequences from 119 animals and
genotypes from 116 animals at eight of the 14 microsatellite loci
used in this study. We included the data from Martien et al. (2012)
in all of our mtDNA analyses. However, we did not include
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nucDNA data from Martien et al. (2012) since doing so would
have substantially reduced the number of microsatellite loci.

2.6 Genetic diversity and ancestry

We calculated haplotypic diversity (h) and nucleotide diversity
() for the mtDNA data set using strataG (Archer et al., 2017).
These calculations were made both including and excluding the
Marianas individuals that possessed Fraser’s dolphin haplotypes, as
those individuals strongly influence diversity estimates. For the
nucDNA data set, we used strataG to calculate average number of
alleles per locus, expected and observed heterozygosity, and allelic
richness. The nucDNA diversity estimates include all individuals,
regardless of haplotype.

To estimate the proportion of the nuclear ancestry of the
Marianas animals that comes from bottlenose and Fraser’s
dolphins, we used the Bayesian clustering program STRUCTURE
(Pritchard et al., 2000; Falush et al., 2003; Hubisz et al., 2009). We
first used STRUCTURE to analyze all bottlenose dolphin samples,
clustering them into K = 1 to 6 groups using an admixture model
with correlated allele frequencies and no prior information on
group membership. We then re-ran the same analysis, but
included the Fraser’s dolphin samples and examined values of K
from 1 to 4. In each case, the range of K values was chosen to span
the number of clusters STRUCTURE was likely to detect. We
evaluated the different values of K by computing both the
posterior probability for each value of K (L(K)) and the second
order rate of change of the likelihood with respect to K (AK)
(Evanno et al, 2005) and by examining the extent to which
individual samples were clearly assigned to a cluster.

We conducted two STRUCTURE analyses using the
USEPOPINFO option to look for evidence of Fraser’s dolphin
ancestry in the nuclear genomes of the Marianas animals. In the
first analysis, all bottlenose dolphin samples, including those from
the Marianas, were labeled as bottlenose dolphins and all Fraser’s
dolphin samples as Fraser’s dolphins. STRUCTURE then estimated
the probability that each Marianas sample was a migrant (i.e., pure
Fraser’s dolphin), had a Fraser’s dolphin parent (F1 hybrid), or had
a Fraser’s dolphin grandparent (F2 hybrid). In the second
USEPOPINFO analysis, we did not assign a species label to the
Marianas samples. Thus, the analysis used an uninformative prior
as to the species origin of the Marianas samples and estimated the
proportion of their nuclear ancestry that came from each species.
To examine the impact of unequal sample size on the results, we
repeated both of the USEPOPINFO analyses but subsampled the
non-Marianas bottlenose dolphins to equal the sample size for
Fraser’s dolphins. For all of the USEPOPINFO analyses, we
assumed that allele frequencies were independent between the
two species.

All STRUCTURE analyses were run with a burn-in of 100,000
steps and a run length of 500,000 steps. We replicated each run 10
times and averaged the ancestry coefficients of individuals across
replicate runs using the CLUMPP algorithm of Jakobsson and
Rosenberg (2007). For the analyses that used a subset of the
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bottlenose dolphin samples, a different random subset was chosen
for each of the 10 replicate runs. All STRUCTURE and CLUMPP
analyses were conducted within strataG (Archer et al,, 2017).

3 Results
3.1 Data collection

Across all PIFSC survey effort in the Marianas, there were 48
bottlenose dolphin groups sighted, 40 from the small-boat surveys
and eight from the ship surveys (Hill et al., 2020; Yano et al., 2022).
More than half of the sighted groups (52%, n = 25) were found in
water depths less than 200 m and most (83%, n = 40) were found in
water depths less 800 m (Figure S1). All but four were within 20 km
from shore (Figure S1). During the shipboard surveys there were
only four bottlenose dolphin groups from which photographs were
collected, two in offshore waters and one each off the northern
islands of Pagan and Agrihan. There were no bottlenose dolphin
groups sighted during small-boat surveys in 2010, and only one
group sighted during small-boat surveys in 2019 from which
photographs were collected. Given the limited data from the 2010
and 2019 small-boat surveys, as well as from the shipboard surveys,
mark-recapture analyses were based only on data from 2011 to 2018
small-boat surveys in the southern portion of the archipelago.

A total of forty-three biopsy samples were collected from five
bottlenose dolphin groups sighted during shipboard surveys and
from 20 groups sighted during small-boat surveys (Figure 1).
Fifteen of the biopsies were collected prior to 2014 and were also
part of the sample set used by Martien et al. (2014b). These fifteen
samples were included in the nuclear DNA data set (see below). The
remaining 28 biopsies were new to this study and were only
included in the mitochondrial DNA and genetic sex data sets. All
of the biopsies collected prior to 2014 and 25 of the 28 collected
after 2014 were taken within 20 km of shore, and were considered
part of the Marianas population for genetic analyses. The remaining
three were taken more than 150 km from shore and were included
in the western Pacific genetic stratum (see below).

3.2 Photo-identification and individual
encounter histories

A total of 243 days of small-boat surveys were conducted within
the southern Marianas study area (Figure 2) in 2011-2018, resulting
in 32 sightings of bottlenose dolphin groups during which high to
moderate quality photos of distinctive individuals were collected
(Table 1). The resulting southern Marianas photo-identification
catalog included 76 distinctive individuals represented by 144 yearly
encounters (Figure S2A)". In addition, the two sightings of groups
in offshore waters and two sightings of groups off the northern
islands of Pagan and Agrihan during shipboard surveys resulted in

1 Full sighting histories of the distinctive individuals, including within-year

resights are provided in Table S3.
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catalogs of six and four individuals for offshore and the northern
islands, respectively. No matches were found between the separate
catalogs, and no individuals were resighted offshore or in the
northern islands.

Approximately half (47%, n = 36) of the cataloged individuals
from the southern islands were encountered in more than one year,
and 25% (n = 19) were encountered in three or more years, although
no dolphins were seen in more than five years of the eight-year
study (Figure 3A). The length of individual encounter histories
ranged from one to 8 years (Figure 3B). Resightings occurred
between all pairs of island groups (Table 2).

The number of previously unidentified individuals encountered
each year continued to increase throughout the study period
without leveling off (Figure 3C). Cataloged individuals were
encountered in every year, month, and location of the study, but
with some variability in occurrence (Figures S2A, C, E). More yearly
encounters of distinctive individuals occurred between 2012 and
2015 than in other years (Figure S2A) despite only small differences
in survey effort between years (Figure S2B). Nearly half (43%, n =
65) of the yearly encounters of distinctive individuals occurred in
May and June (Figure S2C), which were also the months with the
greatest survey effort (Figure S2D). More yearly encounters of
distinctive individuals occurred off the 3-Islands area (n = 73)
compared to Rota (n = 47) and Guam (n = 24) (Figure S2E). The
number of bottlenose dolphin groups sighted and the yearly
encounters of distinctive individuals were higher off Rota than
Guam despite the greater amount of survey effort off Guam in
depths less than 800 m, where most of the group sightings occurred
across all locations (Figures S1, S2F, S3).

3.3 Mark-recapture modelling and
abundance estimation

Goodness-of-fit testing resulted in an estimate of ¢ = 0.82 (y* =
12.34; df = 15) for the full bottlenose dolphin data set. In the
absence of a standard procedure for dealing with underdispersion in
the data (i.e., ¢< 1), ¢ was set to one following guidance from Cooch
and White, (2022). The model that received the most AICc weight
allowed capture probability to vary with time (Table 3). The model-
averaged estimate of apparent survival probability is 0.79 (SE =
0.06), and the estimates of yearly capture probability range from a
high in 2012 (0.56, SE = 0.13) and 2013 (0.56, SE = 0.12) to a low in
2018 (0.27, SE = 0.12) (Table S1). The super-population size, which
does not account for losses over time or individuals that do not
enter the study area, was estimated as 111 (SE = 12) distinctive
individuals (Table S1).

Model selection results from the summer-only (2011-2018) and
spatially-consistent (2011-2016) data subsets used in the sensitivity
analyses are similar to those of the full Marianas bottlenose dolphin
data set (Table S2). These subsets resulted in similar estimates of
model-averaged parameters to estimates from the full dataset (Table
S1), suggesting that the results are not sensitive to some forms of
sampling variability and bias. The yearly abundances of distinctive
individuals are also similar between data sets and the 95% CIs were
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FIGURE 2
Bottlenose dolphin group sightings (black dots, n=32) for which high to moderate quality photos were taken of distinctive individuals during small-
boat survey effort (gray lines) within the southern Marianas study area from 2011 to 2018.
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FIGURE 3

Summary of distinctive bottlenose dolphins encountered in the southern Marianas study area from 2011 to 2018 showing (A) the frequency of yearly
encounters, (B) frequency of encounter history lengths, and (C) rate of discovery of distinctive individuals. The discovery curve relates the cumulative
number of yearly encounters (n = 144) to the cumulative number of distinctive individuals (n = 76). The points represent each year of the study
period, and the dashed line demonstrates the trajectory that would have resulted if each encountered distinctive individual was

previously unidentified.
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TABLE 2 Number of distinctive individuals resighted within and between locations in the southern Marianas study area across sightings during which
high to moderate quality photos were collected (n=32).

Location (No. Group Sightings, Rota Aquijan Tinian

No. Identifications) (8, 29) (3, 17) (4, 27)

Guam (6, 20) 4

Rota (8, 29) 5 13

Aquijan (3,17) 2 6 -

Tinian (4, 27) 5 11 8 2

Saipan (11, 33) 3 13 8 17 12

The total number of group sightings and the number of individuals identified at each location are given in parentheses. Distinctive individuals are only counted once in each cell, regardless of the

number of times they were resighted between locations.

overlapping, but the estimates from the full data set are more precise
for most years (Figure S4).

Using data from 22 groups, the proportion of distinctive
individuals in the study area was estimated as 0.90 (SE = 0.01)
and was applied to the estimates of N; from the full data set. The
resulting yearly abundance estimates for both distinctive and non-
distinctive individuals within the study area range from 41 (SE = 14,
95% CI = 21-79) in 2011 to 53 (SE = 17, 95% CI = 29-99) in
2018 (Table 4).

3.4 Genetic data review

The bottlenose dolphin data set was divided into four strata: (1)
western Pacific, (2) Marianas, (3) Hawai‘i EEZ, and (4)
northeastern Pacific. The probability of two individuals sharing
the same genotype at all microsatellite loci is 1.99 x 10" for
unrelated individuals and 1.04 x 10™* for siblings. Among the
bottlenose dolphin samples, 18 pairs of replicate samples (three
pairs from the Marianas, 15 from the Hawai‘i EEZ) were identified
either genetically or photographically, all of which also matched
with respect to sex and mtDNA haplotype. One sample from each
pair was therefore excluded from the final data set. In addition,
twelve samples were found to be genetically identical to samples
included in Martien et al.’s (2012) study. In these cases, the sample
used by Martien et al. (2012) was excluded, as the newer samples
had been genotyped at more loci. In all cases of replicate samples

from the Hawai‘i EEZ, both within our sample set and between our
sample set and that of Martien et al. (2012) both samples were
collected from the same island. Of the replicate samples collected in
the Marianas, two pairs came from the same island (one from
Saipan and one from Tinian), while the other pair involved one
sample collected near Guam and one collected near Rota.

We excluded eight Fraser’s dolphin samples from the mtDNA
data set and 22 from the microsatellite data set due to poor sample
quality. One bottlenose dolphin sample was excluded from the
mtDNA data set and five were excluded from the nucDNA data set
due to poor quality, and 25 samples were collected from the
Marianas after nucDNA laboratory work was completed and were
therefore not included in the microsatellite data set. After all
exclusions, our mtDNA data set includes 305 bottlenose dolphins
(including 119 from Martien et al., 2012 and 40 from the Marianas)
and 39 Fraser’s dolphins, while the nucDNA data set includes 164
bottlenose dolphins (including 14 from the Marianas) and 25
Fraser’s dolphins.

The jackknife analysis of the bottlenose dolphin data set
identified one individual that is homozygous for a rare allele at
locus SL125t and therefore has a disproportionate effect on HWE at
that locus. That individual’s genotype at SL125t was treated as
missing data for all microsatellite analyses. While none of the loci
are out of HWE in the Marianas samples, three are out of HWE for
the Hawai‘i EEZ samples. However, the Hawai‘i EEZ is known to
contain multiple populations (Martien et al., 2012). When the HWE
analysis was re-run separately for each of the four populations

TABLE 3 Model selection results from the POPAN mark-recapture estimation of distinctive bottlenose dolphin abundance in the southern Marianas

study area from 2011 to 2018.

Model* No. parameters AlCc AAICc AlCc weight c-hat
@() p(H) b() N() 11 342.47 0.00 0.69 1.00
9() p() b() N() 4 345.84 338 0.13 1.00
@) pleth) b() N() 5 346.61 4.14 0.09 1.00
9() p() b(H) N() 10 348.26 5.80 0.04 1.00
@) plefd) b(t) N() 11 348.83 636 0.03 1.00
@) p(t*) b(t) N() 16 349.23 6.76 0.02 1.00

The notation of the models (n = 6) and parameters (n = 5) is explained in the text. AICc is the Akaike’s information criterion corrected for small sample size; AAICc is the difference in the AICc of
a given model from the AICc of the best model; AICc weight is the Akaike weight used for model averaging.
*Models with probability of entry dependent on effort (b(eff)) were also tested but resulted in anomalous abundance trajectories, and were therefore excluded.
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TABLE 4 Mark-recapture estimates of distinctive and non-distinctive
bottlenose dolphins (Niota,i) associated with the southern Marianas study
area from 2011 to 2018 including the standard error (SE) and 95%
confidence intervals (CI).

Year Niotat,i SE 95% ClI
2011 41 14 21-79
2012 46 11 29-72
2013 48 10 33-71
2014 49 10 33-72
2015 50 11 32-77
2016 50 14 30-84
2017 53 16 30-93
2018 53 17 29-99

identified by Martien et al. (2012), none of the loci were out of
HWE. Similarly, while seven pairs of loci are out of linkage
equilibrium in the data set overall, none of them are out of
equilibrium within any of the populations identified by Martien
et al. (2012). Therefore, all loci were retained.

3.5 Genetic diversity and ancestry

We resolved 34 unique haplotypic sequences among the
bottlenose dolphin samples we analyzed, 14 of which were also
identified by Martien et al. (2012). Haplotypes 33 and 37 include

10.3389/fmars.2023.1254959

heteroplasmic sites, which are the only sites that distinguished them
from haplotypes 32 and 6, respectively. There are six haplotypes
identified within the Hawai‘i EEZ by Martien et al. (2012) that we
did not detect in samples collected after that analysis. Thus, the final
combined data set includes 40 haplotypes. All mtDNA analyses
were conducted on this combined data set (Table 5).

In addition to the Fraser’s dolphin haplotype reported by Martien
et al. (2012), we detected a second Fraser’s dolphin haplotype, Lh11,
among the Marianas bottlenose dolphin samples. The individual
encounter rates (Figure S5A) and encounter history lengths (Figure
S5B) are similar between the individuals possessing bottlenose
dolphin and Fraser’s dolphin haplotypes.

We resolved 26 unique haplotypes among the Fraser’s dolphin
samples (Table S4). Seven Fraser’s dolphin samples - five from the
Philippines and two from Hawai‘i - possess haplotypes (Lhl and
Lh11) detected in the Marianas bottlenose dolphin samples. Sixteen
of the haplotypes we resolved, including Lhl and Lh11, match
haplotypes reported by Chen et al. (2020). Lh1 is also identical to
the haplotype that Allen et al. (2016) found in a bottlenose dolphin
population in northern Australia.

Haplotypic diversity is low among the Marianas bottlenose
dolphin individuals (Table 6), with 78.4% (29 out of 37)
individuals possessing haplotype 32 or Lhl (Table 5). Nucleotide
diversity is also very low when the individuals possessing Fraser’s
dolphin haplotypes are excluded (Table 6). However, when those
individuals are included, nucleotide diversity in Marianas
bottlenose dolphins is higher than for any other stratum.
Estimates of nuclear genetic diversity are also lower for the
Marianas than for any other stratum (Table 7).

TABLE 5 Bottlenose dolphin haplotype frequencies by data collection location.

Accession no. Haplotype Marianas Western Pacific Hawai‘i EEZ NE Pacific
(37) (10) (256) (2)
EF672600 1 59
EF672601 2 32
EF672602 3 21
EF672603 4 46
EF672604 5 5
EF672605 6 29
EF672606 7 2
EF672607 8 1 2
EF672608 9 3 1 4
EF672609 10* 1
EF672610 11+ 1
EF672611 12 16
EF672612 13 1 15
EF672613 14* 1
EF672614 15* 1
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TABLE 5 Continued

Accession no. Haplotype Marianas Western Pacific Hawai‘i EEZ NE Pacific
(37) (10) (256) (2)

EF672615 16* 1

EF672616 17 2

EF672617 18* 1

EF672618 19 6

EF672625 20 3

OR146755 26 3

OR146756 27 1

OR146757 28 1

OR146758 29 1

OR146759 30 1

OR146760 31 1

OR146761 32 16 1

OR146762 33 1

OR146763 34 1 1

OR146764 35 1

OR146765 36 1

OR146766 37 1

OR146767 38 1

OR146768 39 1

OR146769 40 1

OR146770 41 1

OR146771 42 1

OR146772 43 1

OR146773 Lhl 13

OR146783 Lhi1 1

Sample sizes are given in parentheses. Haplotypes are numbered to be consistent with Martien et al. (2012). Haplotypes marked with an asterisk were only found by Martien et al. (2012), not in
the new samples analyzed for this paper. Haplotypes 21-25 have only been detected at Palmyra Atoll, which is not part of our study area, and so are omitted from the table. Haplotypes Lh1 and
Lh11 are Fraser’s dolphin haplotype detected in Marianas bottlenose dolphins. GenBank accession numbers starting with OR were newly accessioned as part of this study, while those starting
with EF were accessioned by Martien et al. (2012).

TABLE 6 Diversity estimates for the bottlenose and Fraser's dolphin mtDNA data sets.

. # of
Species Stratum
Haplotypes
Bottlenose Marianas — no Fraser’s haps 23 (7,15) 6 0.514 0.008
Bottlenose Marianas - all 40 (14,22) 8 0.698 0.026
Bottlenose Hawai‘i EEZ 256 (121,127) 26 0.874 0.021
Bottlenose All locations, no
s 291 (134,144) 38 0.898 0.020
Fraser’s haps
Bottlenose All 305 (141,151) 40 0.906 0.022
Fraser’s All 39 (19,18) 26 0.965 0.017

Strata labeled ‘no Fraser’s haps’ exclude the 15 bottlenose dolphin individuals that possess Fraser’s dolphin haplotypes. n = sample size (females, males), h = haplotypic diversity, © =
nucleotide diversity.
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TABLE 7 Diversity estimates for the bottlenose and Fraser’s dolphin nucDNA data sets.

# of alleles

Species Stratum

Bottlenose Marianas 14 5.86
Bottlenose Hawai‘i EEZ 144 8.79
Bottlenose ‘ All 164 9.43
Fraser’s ‘ All 25 7.79

0.689 0.658 5.857
0.746 0.743 6.332
0.752 0.737 ‘ 6.550
0.726 0.737 ‘ 6.561

Allelic richness (Ar) was calculated for a minimum sample size of 14. H, and H, are expected and observed heterozygosity, respectively.

In the Fraser’s dolphin data set, there are 19 females and 18
males, while in the bottlenose dolphin data set there are 142 females,
153 males, and 13 animals that could not be genetically sexed
(Table 6). Among the Marianas bottlenose dolphins there are 14
females, 22 males, and one animal that could not be genetically
sexed (Table 6).

When we used the program STRUCTURE to cluster all
bottlenose dolphin samples, including those from the Marianas,
the models with K = 1, 2, and 3 had nearly identical values of L(K),
while AK was highest for the model with 3 groups (Table S5). For
the K=2 model, the Marianas samples have an average assignment
probability of 91.2% to group 1, the other western Pacific samples
have an average assignment probability of 86.1% to group 1, and the
Hawai‘i EEZ samples have an average assignment probability of
36.5% to group 1 (Figure S6A). In the K=3 model, the assignment
probability of the western Pacific and Hawai‘i EEZ samples to

group 1 declines, with the remainder of their assignment probability
split equally between 2 and 3 (Figure S6B).

When we included the Fraser’s dolphin samples in the analysis,
L(K) steadily increases with increasing K, while AK peaks at K=2
(Table S5). However, the model with three groups clearly separates
the bottlenose dolphin samples into two groups (Figure S7). Under
this model, the Marianas samples have 88.1% assignment to group 1,
the western Pacific and Hawai‘i EEZ bottlenose dolphin samples have
average assignments to group 2 of 73.0% and 95.8%, respectively, and
the Fraser’s dolphins have an average assignment of 99.3% to group 3.

The STRUCTURE analysis with the USEPOPINFO option used
to set informative species priors for all samples shows that the
Marianas animals all have zero probability of being migrants (i.e.,
pure Fraser’s dolphins) and have, on average, a 0.057 probability of
having either a Fraser’s dolphin parent or grandparent (Table 8).
The average proportion of Fraser’s dolphin ancestry in the Marianas

TABLE 8 Summary of STRUCTURE results for the Marianas bottlenose dolphin samples (n = 14).

Assignment probability

Haplotype Proportion Fraser’'s ancestry F1 hybrid F2 hybrid

104035 M 32 0.062 0 0.001
104066 F Lhl 0.079 0 0.001
104067 M 34 0.187 0 0.038
104070 M 32 0.041 0 0.001
108172 M 32 0.128 0 0.022
108183 M 39 0.064 0 0.007
108207 F Lhl 0.147 0 0.010
108208 F Lhl 0.255 0.001 0.085
116858 F 32 0.103 0 0.006
116866 M 32 0.077 0 0.002
116867 M Lhl 0.526 0.278 0.260
116868 M Lhl 0317 0 0.054
116869 M 32 0.238 0 0.035
116881 M 33 0.028 0 0

Mean 0.161 0.020 0.037

The column ‘Proportion Fraser’s ancestry’ shows what proportion of an individual’s nuclear genome is estimated to be derived from Fraser’s dolphins, based on the analysis that used an
uninformative species prior for all Marianas bottlenose dolphin samples. The columns labeled ‘Assignment probability” show the probabilities that an individual has a Fraser’s dolphin parent (F1
hybrid) or grandparent (F2 hybrid) based on the analysis that used an informative species prior, with all Marianas samples presumed to be bottlenose dolphins. The sum of the two Assignment
probability columns shows the overall probability of an individual having a Fraser’s dolphin ancestor in the previous two generations.
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animals is estimated as 0.161 when we use an uninformative prior as
to the species origin of the Marianas samples (Table 8). When the
bottlenose dolphin samples were randomly subsampled to the same
sample size (n = 25) as the Fraser’s dolphins, the average probability
of having a Fraser’s dolphin ancestor in the last two generations
declines to 0.007, but the average estimated proportion of Fraser’s
dolphin ancestry increases slightly to 0.196 (Table S6).

4 Discussion

The sighting, photo-identification, and genetic data presented
here all indicate the presence of a small, island-associated
population of bottlenose dolphins in the Marianas. All of the
sightings off the southernmost islands were within 20 km from
shore and most were within 10 km (Figure S1). More than half of
the sighted groups were in water depths less than 200 m (56%, n =
23; Figure S3). The between-year re-sighting rate (47% seen in 2+
years, 25% seen in 3+ years) and long encounter histories of some
individuals are both indicative of an island-associated population.
Bottlenose dolphin groups were sighted in every month that there
was survey effort, indicating year-round presence. Most individuals
that were encountered in multiple years during the small-boat
surveys were documented moving between survey areas (Guam,
Rota, and 3-Islands; Table 2). These movements suggest that, at
least in the southern portion of the archipelago, animals travel
between islands rather than being resident to a single island, as is
largely the case in the main Hawaiian Islands (Baird et al., 2009;
Martien et al,, 2012). Though most of our data come from the
southern portion of the archipelago (Guam to Saipan), the presence
of haplotypes 32 and Lh1, the two dominant haplotypes, in samples
collected off of Anatahan, Pagan, and Agrihan suggest that the
population extends at least as far north as Agrihan, near the
northern limit of the archipelago (Figure 1). This conclusion is
supported by satellite tag data showing that animals tagged near
Rota traveled north past Anatahan (Hill et al., 2020).

The yearly estimates of bottlenose dolphin abundance within
the southern Marianas study area in 2011-2018 are each less than
54, with upper limits of the 95% confidence intervals from 71 to 99
(Table 4). Although the sensitivity analyses suggest that these yearly
estimates are robust to some forms of temporal and spatial
sampling variability and bias within the study area, other
indicators suggest that sampling frequency and extent did not
fully account for all dolphins in the population. For example,
more than half of the individuals were encountered in only one
year of the study and the discovery curve has yet to level off
(Figure 3C), supporting the suggestion that population level
coverage cannot be assumed in each year. Further, the estimate of
apparent survival probability (0.79, SE = 0.06) is unusually low
compared to those of other bottlenose dolphin populations (Silva
et al., 2009; Speakman et al., 2010; Fruet et al., 2015; Carretta et al.,
2016; Couet et al., 2019; Estrade and Dulau, 2020; Ludwig et al.,
2021; Van Cise et al,, 2021) and other odontocete populations (e.g.,
Santostasi et al., 2016; Bradford et al., 2018). This low apparent
survival probability is likely a sampling artifact potentially caused
by dolphins emigrating (either fully or temporarily) from the study
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area. Post-hoc analyses using a Cormack-Jolly-Seber (CJS) model
(Cormack, 1964; Jolly, 1965; Seber, 1965) to estimate apparent
survival directly found that a time-since-marking parameterization
using a two age-class model (Cooch and White, 2023) could not
mitigate the apparent transience in the Marianas population (Table
S7). The apparent survival of newly captured individuals (including
so-called “transients”) was estimated as 0.75 (SE = 0.09), while that
of re-encountered individuals (“residents”) is 0.81 (SE = 0.09). An
alternate ad hoc approach following Pradel et al. (1997), in which
the first occurrence of each individual was removed prior to
running models, resulted in an estimate of apparent survival for
the “resident” population of 0.91 (SE = 0.07; Table S7). While
preliminary, this estimate is more aligned with other bottlenose
dolphin studies (Fruet et al., 2015; Estrade and Dulau, 2020; Van
Cise et al., 2021).

As the genetic and movement data suggest, the survey effort in
the southern Marianas on which the abundance estimate is based
only covered a portion of the population’s likely range. This partial
sampling would not necessarily lead to a biased estimate of the full
population if all individuals in the population were available for
capture at some point during each sampling period. However,
despite evidence that individuals are moving throughout the
study area, it is possible there is temporal or individual variation
in home ranges. Such variation could result in unequal capture
probabilities in the southernmost islands, limiting our ability to
survey the full population. As a result, even if the estimates
presented here accurately reflect the yearly abundance of
bottlenose dolphins in the southern Marianas from 2011-2018,
they likely underestimate the size of the broader population. Despite
their limitations, these estimates indicate that the Marianas
population is relatively small. The super-population size estimate
of approximately 110 distinctive individuals (120 if non-distinctive
individuals are included) may provide some insight into the
magnitude of the full population size. However, this estimate does
not account for losses over time and is thus difficult to interpret over
long study periods. Further, it also does not account for individuals
in the population that did not use the study area during the study
period. Additional survey effort outside of the southern Marianas is
needed in order to produce an estimate of abundance that accounts
for the full population. In addition, the incorporation of auxillary
data sources (e.g., satellite telemetry and opportunistic sightings)
into integrated mark-recapture models could lead to improved
estimates by providing estimates of availability or enabling
parameterization of spatial capture-recapture models (McClintock
et al., 2022).

The genetic data provide further evidence of an island-
associated population in the Marianas and limited interchange
with the offshore bottlenose dolphin population. Haplotypic
diversity is low, with only two haplotypes accounting for over
three-quarters of all individuals. These two haplotypes were
observed in animals sampled throughout the full range of the
study area and in every year of the study period (2011-2018).
Thus, the low haplotypic diversity is unlikely due to the sampling of
close maternal relatives during a single group sighting. Nuclear
diversity is also low, again indicating a small population with
limited interchange with the surrounding offshore population(s).
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Both mitochondrial and nuclear genetic diversity in the
Marianas bottlenose dolphin population are considerably lower
than among the four island-associated populations around the
main Hawaiian Islands (h = 0.0779-0.892, m = 0.018-0.022, H, =
0.736-0.746, H, = 0.692-0.750; Martien et al., 2012). The lower
genetic diversity of the Marianas population compared to the main
Hawaiian Islands resident populations could be the result of lower
abundance (Van Cise et al., 2021). Alternatively, it could reflect a
greater degree of genetic isolation. The main Hawaiian Islands
support multiple populations that are separated from each other by
only 38 to 110 km. Estimates of gene flow among the Hawaiian
Islands range from 1 to 5.8 migrants per generation (Martien et al.,
2012), which is sufficient to maintain substantially more genetic
diversity than any of the populations could sustain alone. In
contrast, the Mariana Islands appear to support only a single
population that is separated from the nearest islands and atolls by
over 500 km of open ocean.

The existence of an island-associated population of bottlenose
dolphins around the Marianas is not unexpected, given previous
findings of island-associated cetacean populations around other
oceanic islands and island groups (Parsons et al., 2006; Oremus
et al., 2007; Baird et al., 2008; Silva et al., 2008; Tezanos-Pinto et al.,
2009; Andrews et al., 2010; Martien et al., 2012; Oremus et al., 2012;
Baird et al., 2013; Albertson et al., 2016). The increased productivity
caused by runoft, shallow-water habitat, and the island mass effect
(Doty and Oguri, 1956; De Falco et al,, 2022) likely result in the
Marianas representing an “oasis” (sensu Silva et al., 2008) in the
midst of the oligotrophic North Equatorial Current (Suntsov and
Domokos, 2013). The habitat discontinuities that result from such
conditions have been proposed as drivers of genetic differentiation
for other coastal and island-associated cetacean populations
(Hoelzel et al., 1998; Natoli et al., 2005; Moller et al., 2007;
Andrews et al., 2010; Martien et al., 2012; Martien et al., 2014a;
Albertson et al., 2016; Martien et al., 2017).

Unlike the main Hawaiian Islands, where each island area hosts
its own demographically independent and genetically distinct
population (Martien et al., 2012), the southern Marianas appear
to support a single population. The lack of differentiation within the
Marianas could be due to the relatively small amount of nearshore
habitat. The total landmass in the Marianas is only 1000 km?,
compared to 16000 km® in the main Hawaiian Islands.
Furthermore, the Marianas lack the large shallow-water plateaus
that occur adjacent to most of the main Hawaiian Islands. It is
possible that the available nearshore habitat in the southern portion
of the archipelago is not sufficient to support multiple populations.
However, given our small sample size and near lack of samples in
the northern part of the archipelago, it is possible that additional
sampling will reveal the existence of additional populations. Thus,
future research should include the collection of more biopsy
samples, as well as photo-identification and satellite tagging data,
from the portion of the archipelago north of the 3-Islands area,
where our data are sparse.

Martien et al. (2014b) concluded that the Fraser’s dolphin
haplotype they detected in the Marianas population was the result
of introgressive hybridization. However, their finding could also be
due to incomplete lineage sorting, which occurs when two species
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share a haplotype that both inherited from their most recent
common ancestor. Incomplete lineage sorting is particularly
common in recently diverged species with high abundance, as is
the case for many species in the family Delphinidae, which includes
bottlenose dolphins and Fraser’s dolphins. The Fraser’s dolphin
haplotype that was detected in 14 Marianas animals (Lh1) is
identical to the Fraser’s dolphin haplotype that Allen et al. (2016)
detected in a bottlenose dolphin population in northern Australia.
The fact that this haplotype has been detected in two bottlenose
dolphin populations is consistent with the presence of a shared
haplotype between the species due to incomplete lineage sorting.

However, our STRUCTURE analyses of nuclear loci suggest
that introgressive hybridization is more likely than incomplete
lineage sorting. Nearly all of the Marianas animals, including
those with bottlenose dolphin haplotypes, show greater than 5%
Fraser’s ancestry, with some individuals showing over 50% Fraser’s
ancestry (Table 8). Our finding of a second Fraser’s dolphin
haplotype (Lh11) in the Marianas population further supports the
hypothesis of introgressive hybridization, as the likelihood of the
Marianas population containing two separate instances of
incomplete lineage sorting is very low. Therefore, it is much more
likely that the Marianas population occasionally hybridizes with
Fraser’s dolphin, resulting in two introgressed haplotypes.

The low probabilities of the Marianas animals having Fraser’s
dolphin ancestry within the last two generations (Table 8), despite
nearly all of them showing evidence of nuclear introgression, suggest
that hybridization occurred enough generations in the past to allow the
Fraser’s dolphin alleles to spread throughout the population. This
conclusion is also supported by photographs taken at the time of biopsy
showing that all individuals, regardless of haplotype, appear to be
morphologically typical bottlenose dolphins (Martien et al., 2014b),
whereas first generation hybrids usually display morphologies
intermediate between the parent species (Berube, 2002).

Phylogenetic analyses using genomic nuclear data would be
valuable in further investigating the introgression of Fraser’s
dolphin DNA into the Marianas bottlenose dolphin population
(Payseur and Rieseberg, 2016). Genomic data could be useful in
determining both the timing and likely number of introgressive
hybridization events into the Marianas population. Given that our
study and Allen et al’s (2016) study that detected Fraser’s dolphin
mtDNA in a bottlenose dolphin population both took place in the
Indo-Pacific region, other bottlenose dolphin populations in the
region should be sampled to determine the prevalence of
hybridization with Fraser’s dolphins. Future studies should include
more samples of Fraser’s dolphins and western Pacific bottlenose
dolphins to further evaluate the extent and frequency of hybridization
between the species. Genomic nuclear data from across the Indo-
Pacific would be valuable in confirming that the Fraser’s dolphin
haplotypes that we and Allen et al. (2016) detected in bottlenose
dolphin populations are the result of introgressive hybridization,
rather than incomplete lineage sorting (Durand et al, 2011; Lohse
and Frantz, 2014; Payseur and Rieseberg, 2016; Moura et al., 2020).

Cetacean species are known to exhibit an unusually high rate of
interspecific hybridization. Isolated hybridization events have been
documented both in wild populations and among captive animals,
and do not always involve sister species (Bérube, 2002; Willis et al.,
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2004; Kingston et al., 2009; Schaurich et al., 2012; Martien et al.,
2014b; Allen et al., 2016). Consequently, introgressive hybridization
has long been suspected as a source of taxonomic confusion in the
Delphinidae (Kingston et al., 2009; Amaral et al., 2014; Moura et al.,
2020). Our results support the hypothesis that introgressive
hybridization may be an important evolutionary force in the family.

The low abundance, relative isolation, and unique evolutionary
history of the Marianas bottlenose dolphin population all raise
concerns about its conservation and management. Coastal and
island-associated populations face significant anthropogenic risks
due to the concentration of pollutants (Reijnders et al., 2009; Ylitalo
et al., 2009; Alonso et al., 2014), vessel traffic (Erbe et al., 2019;
Carome et al., 2022; Carzon et al.,, 2023), and recreational and
commercial fisheries effort (Martien et al., 2012; Oremus et al,,
2012; Baird et al., 2015) near coastlines. In addition, the Marianas
bottlenose dolphin population faces potentially significant noise
impacts due to the frequent, large-scale military exercises that
occur within its range. Chronic noise can have significant
population-level impacts, especially for animals with high site
fidelity (Forney et al., 2017), even in the absence of any obvious
behavioral reaction to noise (Beale and Monaghan, 2004; Bejder etal.,
2009). For island-associated populations, repeated noise disturbance
can result in displacement from preferred habitat and the effective
reduction in the amount of available habitat if noise renders parts of
their habitat unusable a significant proportion of the time. Potential
impacts to the Marianas bottlenose dolphin population due to
military and other human activities should be evaluated and
closely monitored.
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