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Abstract

Atlantic white-sided dolphins (Lagenorhynchus acutus) are

highly social odontocetes with a poorly understood tendency

to mass strand. With limited capacity to study social ecology

in the open ocean, mass strandings provide an opportunity to

improve our understanding of group structure. Our study of

32 mass stranding events that occurred on Cape Cod, Massa-

chusetts, between 1999 and 2009 identifies aspects of social

ecology that vary across the year. A greater number of mass

stranding events occurred outside of the breeding season and

there was evidence of age-structuring during the breeding

season. We find generally low average intragroup pairwise

relatedness assessed across eight microsatellite loci in a subset

of 16 mass stranding events. Mass stranded groups do not

show higher than expected relatedness when compared to a

baseline estimate derived from single-stranded individuals.

Overall, our integration of genetic estimates of relatedness

with data on sex and maturity-class from stranded specimens

suggests that Atlantic white-sided dolphins fall near the more

fluid end of the continuum from short-term, highly fluid social

associations to long-term, stable groups represented among

the odontocetes. Despite their tendency to mass strand, sta-

ble, kin-based associations are not a defining feature of social

group structure in this species.

K E YWORD S

Atlantic white-sided dolphin, Lagenorhynchus acutus, mass
strandings, odontocete, relatedness

Received: 10 August 2019 Accepted: 16 January 2021

DOI: 10.1111/mms.12783

Mar Mam Sci. 2021;1–18. wileyonlinelibrary.com/journal/mms © 2021 Society for Marine Mammalogy 1

https://orcid.org/0000-0002-3923-6438
http://wileyonlinelibrary.com/journal/mms


1 | INTRODUCTION

Odontocetes, or toothed whales, employ a wide range of social strategies that may vary both within and among spe-

cies, as well as across time and space within a single population (Möller, 2012). While some species are solitary or

travel in pairs, others associate in fairly large, stable matrilineal groups (Read et al., 1996; Whitehead, 1998).

Between these extremes, several dolphin species exhibit highly fluid social groups based on short-term associations,

which may or may not be kin-based (Gowans et al., 2007). Social strategies may also vary between sexes (Connor

et al., 1998). For example, in Tursiops sp. male alliances form in response to reproductive pressures, while female

bands form in response to feeding pressures (Gowans et al., 2007) or shared reproductive condition (Connor

et al., 2000; Wells, 1991). Among the more common driving forces that favor social group formation are predator

avoidance, cooperative foraging, communal care of young, and enhanced reproductive opportunities, with the rela-

tive benefits of each varying according to prevailing environmental circumstances (Silk, 2007).

Attempts to better understand odontocete social group structure have been complicated by their oceanic

marine habitat. Direct observations of individuals interacting at the ocean surface have been useful, but can be mis-

leading, given that the majority of social interactions occur underwater (Connor et al., 1998; Whitehead, 1997). For

practical reasons, much of what is known about odontocete social behavior stems from studies of species with

coastal distributions or those whose individuals are easily identifiable by dorsal fin markings (e.g., Connor

et al., 2000; Wells, 1991). Recently, mass strandings have been recognized as opportunities to better understand

odontocete social behavior, especially if DNA analysis can be used to estimate genetic relationships (Mirimin

et al., 2011; Viricel et al., 2008). Mass strandings are events in which two or more individuals, excluding mother-calf

pairs, come ashore together. Assuming that animals mass strand within social units, these events provide a window

of opportunity to analyze the age and sex composition, as well as genetic relatedness, of individuals within groups.

Mass strandings can be caused by a variety of environmental factors that affect multiple members of a group

(Brabyn & McLean, 1992; Evans et al., 2005), including disease (Garrigue et al., 2016), algal toxins (Bengston

et al., 2017), acoustic disturbance (Fernández et al., 2005), and anomalous weather (Mazzariol et al., 2011). Mass

strandings can also reflect the strength of social bonds that lead to following a disoriented member of a pod into pre-

carious and tidal areas (Mazzariol et al., 2018). In the latter case, where sociality plays a direct role in mass stranding,

the assumption that mass strandings are reflective of natural social structure is likely to hold true. However, it is

important to note that there are also cases when mass strandings may not reflect natural social structure, for exam-

ple when a widespread disturbance affects multiple unaffiliated members of a species or multiple groups that cannot

be differentiated on the beach. The largest recorded mass mortality event of baleen whales, which typically exhibit

less sociality, was attributed to an unknown foraging aggregation during a harmful algal bloom (Häussermann

et al., 2017). The number of individuals affected in mass strandings of Cuvier's beaked whales (Ziphius cavirostris) is

also often several times the average size of groups of this species recorded at sea, suggesting either that the

strandings involve multiple groups or the group size detected at sea does not accurately reflect true social structure

for this species (MacLeod & D'Amico, 2006).

The Atlantic white-sided dolphin (Lagenorhynchus acutus) is one of the most commonly mass stranded

odontocete species in the Northeast United States (Bogomolni et al., 2010). The cause of these mass strandings is

typically unknown. Furthermore, while their tendency to mass strand may hint at group cohesion, the social dynam-

ics of this species that is typically found offshore in open ocean environments remain poorly understood. Atlantic

white-sided dolphins are largely restricted to continental shelves in temperate and subpolar waters of the North

Atlantic, with a fairly widespread distribution stretching from North America to Europe (Hayes et al., 2018; Reeves

et al., 1999). Prior analyses of genetic structure across this distribution found no evidence of significant differentia-

tion between eastern and western North Atlantic populations, and limited differentiation between the North Sea

and North Atlantic populations (Banguera-Hinestroza et al., 2014). Social groups of this species frequently number in

the hundreds, although average group sizes were estimated at around 50 in two earlier studies of white-sided dol-

phins in the western Atlantic (Cetacean and Turtle Assessment Program, 1982; Weinrich et al., 2001).
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In the Gulf of Maine, Atlantic white-sided dolphins exhibit seasonal shifts in distribution (Palka et al., 1997) and

an annual reproductive cycle (Sergeant et al., 1980; Weinrich et al., 2001) that may drive seasonal differences in

group size, and sex and age composition. Free-swimming groups tend to be smaller in the spring and early summer

(April–June) than in the mid-summer and early fall (July–October). The latter period coincides with the presumed

breeding season that follows peak calving (Sergeant et al., 1980; Weinrich et al., 2001). Seasonal differences in sex

and age composition among mass stranded groups have been used to formulate hypotheses that juveniles leave their

natal group after weaning at 18 months and that adult males and females associate in “bachelor herds” and “repro-
ductive herds,” respectively (Sergeant et al., 1980), yet these hypotheses have remained largely untested.

Genetic data from mass strandings of Atlantic white-sided dolphins have recently begun to shed light on the

level of relatedness within groups. Mirimin et al. (2011) documented generally low levels of within-group relatedness

and fairly high levels of genetic diversity in two mass strandings of Atlantic white-sided dolphins from the west coast

of Ireland. Their findings suggest movement of individuals among groups for the purposes of mating and are gener-

ally consistent with prior observations in the Northwest Atlantic (Amaral, 2005). However, these prior studies have

been limited in sample size (i.e., number of groups) and seasonal scope, leaving open questions of stability and com-

position of social structure across space and time. Is low intragroup relatedness typical of the species across the

North Atlantic, and throughout the annual breeding cycle? To address this question, here we report on a larger study

of L. acutus strandings along the northeastern coast of the United States throughout the year, inside and outside of

the breeding season.

2 | METHODS

2.1 | Biological samples

All data and specimens for our study were collected in the vicinity of Cape Cod, Massachusetts, located on the

northeastern coast of the United States (Figure 1). Cape Cod is a hook-shaped coastal land protrusion that extends

into the southern Gulf of Maine. This region is characterized by gently sloping beaches and extreme tidal fluctua-

tions. Within North America, this region reports the highest frequency and magnitude of mass strandings involving

several species of odontocetes, including the Atlantic white-sided dolphin (Bogomolni et al., 2010). The coverage

region for this study included an estimated 1,125 km of Massachusetts coastline, encompassing coastal portions of

Cape Cod Bay, Nantucket Sound, and Buzzards Bay.

Data were available from 32 Atlantic white-sided dolphin mass stranding events on Cape Cod occurring

between 1999 and 2009, involving a total of 242 live and dead animals (Table 1). Note that most mass strandings

were observed or reported after individuals were already on shore, so it was generally uncertain whether the

stranded animals made up an entire pod. During this same time period in this geographic region, there were

134 Atlantic white-sided dolphins observed to have stranded singly, with no indication of an associated pod. For all

strandings, date and location of event, group size, and the body lengths of individuals were recorded. The season

during which each group stranded was characterized as either “breeding/calving” or “nonbreeding,” where May to

September was considered the breeding/calving season, and October to April was considered the nonbreeding sea-

son. Seasons were defined based on the previously described calving season of May to September and gestation

period of 11 months (Sergeant et al., 1980; Weinrich et al., 2001). Maturity-class and sex were determined by physi-

cal examination for most individuals.

Maturity-class was not recorded for 20 males, 81 females, and 41 individuals of unknown sex at the time of

stranding, but could be estimated for individuals of known sex using body length data. For the females, maturity-

class was estimated using sex-specific body size limits determined from postmortem gonad inspections and the Sum-

of-Fraction-of-Immatures model of Murphy et al. (2009). Gonad and standard straight length data from 62 sexually

mature and 19 immature bycaught or stranded females were used to calculate a threshold of 199.5 cm for maturity
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in females. Females that were ≥ 199.5 cm in length were deemed to be mature, and all other animals (excluding

dependent calves) were considered juveniles. Sufficient data were not available to confidently categorize males using

the same method. However, gonad inspection of 61 bycaught or stranded males revealed that all males >240.0 cm

were mature. This finding was consistent with Rogan et al. (1997) who report a length at sexual maturity for male

Atlantic white-sided dolphins of the northeastern Atlantic as 240.0 cm. All males in our data set (excluding depen-

dent calves) <240.0 cm were therefore considered juveniles.

Sex remained undetermined for 64 individuals at the time of stranding. For nine of these individuals with avail-

able tissue (see below), we used genetic markers to determine sex. Total genomic DNA was multiplexed in a PCR

with three odontocete sex-determining primers (ZFYX0582F, ZFY0767R, ZFX0923R) described by Bérubé and

Palsbøll (1996) following the reaction conditions outlined in Palsbøll et al. (1992). Reactions were run alongside one

male and one female of known sex (through gonad examination) that served as positive controls, as well as one reac-

tion without added dolphin DNA that served as a negative control to check for reaction contamination. The PCR

products were separated by electrophoresis on a 2% agarose gel, and sex was confirmed through the visualization of

sex-specific bands.

Tissue of 89 (36.8%) dolphins from 16 of the 32 mass stranding events were sampled for further genetic analysis

(Table 1). The proportion of animals sampled within groups ranged from 0% to 100% (mean = 32.6% ± 35.3% SD).

Tissue samples were also collected from 74 dolphins (55.2%) that stranded alone. Samples were obtained either as a

skin plug from live animals as they were being tagged prior to release, or as a dorsal fin clip (approximately 3 × 3 cm)

from dead animals. Prerelease tagging of all live cetaceans is required per stranding agreements between the

F IGURE 1 Map of Atlantic white-sided dolphin strandings on Cape Cod, Massachusetts, from 1999 to 2009.
Black circles represent individuals that stranded alone (single stranded); blue diamonds represent individuals that
stranded as part of a group of animals (mass stranded).
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responding agency and the National Oceanic and Atmospheric Administration. All tissue samples were archived at

−20�C prior to DNA extraction. We extracted total genomic DNA from approximately 25 mg of tissue using the

Qiagen DNeasy Blood and Tissue kit (Valencia, CA) and measured DNA concentration using a fluorometer.

We assessed relatedness in single and mass stranded individuals via microsatellite genotyping. Mitochondrial

control region sequences provided additional data to exclude inferred mother-calf relationships if the adult female

and calf did not share a haplotype. As has been done elsewhere (Viricel et al., 2008), we used data from single

stranded individuals to approximate relatedness levels among presumed unrelated individuals. While there is no way

to fully test the assumption that single stranded individuals are unrelated, they represent the best approximation for

this study. All Atlantic white-sided dolphins in the western North Atlantic are considered one population (Banguera-

Hinestroza et al., 2014), and as such it is fair to assume that the single stranders derive from the same population as

the mass stranders.

2.2 | Genetic analysis of microsatellites and relatedness estimation

We genotyped samples using eight polymorphic di- or tetra-nucleotide microsatellite loci developed from other cetacean

species, previously confirmed to successfully cross-amplify microsatellite DNA from the Atlantic white-sided dolphin

(Dde65, Dde66, Dde69, Dde70, and Dde72 from Coughlan et al., 2006; Sco11, Sco28, and Sco31 from Mirimin

et al., 2006). Microsatellite loci were amplified individually (i.e., without multiplexing) in reaction volumes of 10 μl includ-

ing approximately 80 ng of DNA, 1× PCR buffer (200 mM Tris HCl [pH 8.4], 500 mM KCl; Invitrogen, Inc.), 2.0 mM

MgCl2, 0.25 mM dNTPs, 1.0 μM of each primer, and 0.5 U of Taq DNA polymerase (Invitrogen, Inc.). Slight deviations

from these reaction conditions included 0.1 μM of each primer for Dde66 and 2.0 μM of each primer for Dde70, Sco11,

and Sco31. Thermal profiles matched published protocols (Table S1) except for Dde70: 95�C for 3 min, followed by

25 cycles at 95�C for 30 s, 56�C for 30 s, and 72�C for 15 s. Alleles were separated on an ABI Prism 310 Genetic Ana-

lyzer, and scored for size using GENEMAPPER, version 3.7 software (Applied Biosystems, Inc.). Allele sizes were deter-

mined by comparison with an internal size standard (GeneScan 500 LIZ Size Standard, Applied Biosystems, Inc.).

These data were collected prior to the establishment of best practices for microsatellite genotyping (Morin

et al., 2010), so no genotyping error rate was calculated at the time of data collection. However, several samples were

genotyped multiple times when peaks were questionable and there were no indications of genotyping issues. Further-

more, we have assessed the genotypes using multiple metrics to test for evidence of scoring error and for their utility to

estimate relatedness, and no measures deviated from expectations (see details in the Results section). The following ana-

lyses were performed on the genotypes from the single stranded data set of presumed unrelated individuals. We used

MICROCHECKER (Van Oosterhout et al., 2004) and INEst ver. 1.0 (Chybicki & Burczyk, 2009) to test our microsatellite

genotypes for evidence of null alleles. MICROCHECKER was run using 1,000 runs and 95% confidence intervals. INEst

was run using 10,000 iterations of the Individual Inbreeding Model, which simultaneously estimates inbreeding in order

to avoid upwardly biased estimates. We used GENEPOP ver. 4.2 (Roussett, 2008) to test for deviations from Hardy–

Weinberg equilibrium (HWE) and linkage disequilibrium. HWE was evaluated using an exact probability test based on the

Markov chain method with 10,000 iterations. Linkage disequilibrium was evaluated using Fisher's exact test based on the

Markov chain method and 10,000 iterations. We used FSTAT 2.93 (Goudet, 2001) to calculate inbreeding coefficients,

FIS, on a locus-by-locus basis and to evaluate whether any of these values deviated significantly from zero (based on

8,000 randomizations). Because of the multiple loci involved, sequential Bonferroni corrections were used to gauge statis-

tical significance among the results of each of the above tests.

Prior to evaluating kinship within each mass stranded group, we further assessed the discriminatory power of

our microsatellite markers in two ways. First, we calculated the probability of two individuals sharing a genotype by

chance using the program FaMoz (Gerber et al., 2003). Second, we performed a rarefaction analysis based on 10,000

simulations using the program RERAT (Schwacke et al., 2005) and the Queller and Goodnight (1989) method to esti-

mate symmetric pairwise relatedness with no bias correction. The rarefaction analysis allowed us to evaluate the
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stability of relatedness estimates using our eight microsatellite markers. Relatedness estimates are expected to

increase in accuracy with increasing numbers of markers, with stability achieved at the point where the relationship

between the average change in estimated relatedness and the number of markers used begins to approach a hori-

zontal asymptote (Schwacke et al., 2005).

We used the R package related (Pew et al., 2015) to calculate pairwise relatedness and determine whether aver-

age intragroup relatedness was significantly greater than expected by chance within mass stranded groups. We first

evaluated relatedness estimators by comparing pairwise relatedness estimates among 400 pairs of simulated individ-

uals representing 100 unrelated pairs, 100 half-sibs, 100 full-sibs, and 100 parent-offspring pairs. Individuals were

simulated using the allele frequencies from the single-stranded data set with expected values of r = 0, 0.25, and 0.5

for unrelated pairs, half-sibs, and both full-sibs and parent-offspring pairs, respectively. With this approach, we evalu-

ated relatedness estimators from Queller and Goodnight (1989), Li et al. (1993), Lynch and Ritland (1999),

Ritland (1996), and Wang (2002), as well as dyadic and triadic maximum likelihood estimators from Milligan (2003)

and Wang (2007). Pearson's correlation coefficient was used to select the best estimator for our data set.

Relatedness for each pair of dolphins within each mass stranded group was then calculated using the best esti-

mator and a 95% confidence interval based on 100 bootstraps over loci. If the 95% confidence interval fell at or

above a relatedness value of 0.25 but below 0.5, individuals were considered to be putative half-sib pairs. If the 95%

confidence interval fell at or above a relatedness value of 0.5, individuals were considered to be putative full-sib or

parent-offspring pairs. This conservative approach to identifying putative parent-offspring pairs was complemented

by a direct comparison of microsatellite genotypes that identified any pair within a stranding event that contained an

adult and nonadult sharing one allele at each locus to be a candidate parent-offspring pair.

To compare observed and expected relatedness values, the average pairwise relatedness within each mass

stranded group was compared to a neutral expectation for relatedness in a group of the same size. Neutral expecta-

tions of relatedness were generated by simulating 1,000 groups through random draws from the single stranded indi-

viduals for each group size from 2 to 16, representing the range in genotyped group sizes for our mass stranded

individuals. Group simulations and relatedness estimates were performed using the grouprel function in the package

related (Pew et al., 2015). Estimated relatedness values for mass stranded groups were thus compared to an associ-

ated null distribution of relatedness values for the simulated groups of the same size; p values associated with this

comparison were calculated as the proportion of simulated groups that had a relatedness estimate greater than or

equal to the average estimated relatedness value. The threshold for significance was adjusted using a sequential

Bonferroni approach.

2.3 | Genetic analysis of mitochondrial control region

The relationship between adults and immature individuals (including both juveniles and dependent calves) was fur-

ther evaluated through a direct comparison of microsatellite genotypes and mitochondrial haplotypes. All pairs of

mature females and immature individuals (of either sex) that shared at least one allele for all genotyped microsatellite

loci were sequenced at the mitochondrial control region to further assess pairwise relationships. Matching haplo-

types support designation of a putative mother-offspring relationship, while identification of distinct haplotypes

between the two individuals refutes this relationship.

We sequenced a portion of the mitochondrial control region using primers MTCRF and MTCR-R first described

by Hoelzel and Green (1998) using a protocol modified from Mirimin et al. (2011). Unfortunately, due to funding and

personnel limitations, there was a 10-year gap between microsatellite genotyping and mitochondrial control region

sequencing, and during their storage in a − 80�C freezer many samples had evaporated as a result of poorly sealed

tubes. We attempted to re-elute these samples with sterile water but 3 of the 18 samples selected for this analysis

failed to amplify despite several attempts at the following PCR protocol.

8 PUGLIARES-BONNER ET AL.



Mitochondrial control region amplifications were conducted in a total volume of 20 μl using the following reac-

tion concentrations: 20–50 ng of DNA, 1× Standard Taq Buffer (10 mM Tris–HCl [pH 8.3], 50 mM KCl, 1.5 mM

MgCl2; New England Biolabs), 0.5 mM MgCl2, 0.2 mM dNTPs, 0.6 mg/ml BSA, 0.3 μM of each primer, and 0.5 U of

Taq DNA polymerase (New England Biolabs). The amplification thermal profile was: 94�C for 5 min, followed by

35 cycles at 94�C for 30 s, 56�C for 30 s, and 72�C for 30 s, and a final elongation step at 72�C for 10 min. PCR

products were visualized on an agarose gel. The remaining 10 μl of each successful PCR product was enzymatically

purified through the addition of 1 unit Exonuclease I (New England Biolabs), 0.25 units Antarctic Phosphatase (New

England Biolabs), and 1× Exonuclease I buffer (67 mM Glycine-KOH, 6.7 mM MgCl2, 10 mM β-ME, pH 9.5); purifica-

tion reactions were incubated at 37�C for 1 hr, followed by 15 min at 85�C to denature the enzymes.

BigDye sequencing reactions were conducted in a final volume of 10 μl including 2 μl purified PCR product,

5 pM primer, 1× BigDye Sequencing Buffer (Applied Biosystems), and 0.2× BigDye Terminator Ready Reaction Mix

v 3.1 (Applied Biosystems). The sequencing profile consisted of 25 cycles of 96�C for 30 s, 50�C for 15 s, and 60�C

for 4 min. Sequencing products were purified using Princeton Separations Centrisep columns and sequenced in both

directions on an Applied Biosystems ABI 3730 Genetic Analyzer. Sequencing reactions, purification, and sequencing

was carried out by the University of Maine DNA Sequencing Facility. Resulting sequences were manually edited and

aligned using CodonCode Aligner v8.0.2 and trimmed to 599 bp for comparison with existing haplotypes in GenBank

(Accession No. FR668237-FR668246, FR682916-FR682924).

An additional 113 individuals from this study, beyond the putative mother-offspring pairs described above, were

also sequenced to address other research objectives. All haplotypes identified were named following the convention

of Mirimim et al. (2011) and uploaded to GenBank under accession numbers MT450724-MT450751.

3 | RESULTS

3.1 | Stranding demographics and seasonal stranding trends on Cape Cod

From 1999 to 2009, almost twice the number of Atlantic white-sided dolphins came to shore during mass strandings

on Cape Cod compared to single strandings (Table 1). Males were significantly more common than females in both

single (M:F = 2, Exact binomial test p < .001) and mass strandings (M:F = 1.88, Exact binomial test p < 1 × 10−5).

There was a significant difference in maturity-class composition between mass strandings and single strandings

(χ2 = 7.578, df = 2, p < .05). Adults made up a larger proportion (mass: 49.3%, single: 37.5%, Exact binomial test

p < .001) and calves made up a smaller proportion (mass: 12.5%, single: 23.2%, Exact binomial test p < .0001) of the

mass strandings than the single strandings; there was no difference in the proportion of juvenile individuals (mass:

38.1%, single: 39.3%, Exact binomial test p = .732).

There was an average of 7.56 (± 9.51 SD) individuals per mass stranding event. Of the 23 stranding events for

which complete sex and maturity-class information were available, 15 (65%) were of mixed sex (mean size: 6.53

± 4.75 SD), 6 (26%) consisted exclusively of males (mean size: 3.17 ± 1.20 SD), and 2 (9%) consisted exclusively of

females (mean size: 4 ± 2.83 SD; Table 1). Of the mixed-sex strandings, nearly half (47%) consisted exclusively of

adults. Of the all-male strandings, the largest proportion (50%) consisted exclusively of juvenile individuals. All-

female strandings were too rare to discern a meaningful pattern relative to maturity.

Mass strandings on Cape Cod were observed more frequently during the nonbreeding season (n = 23) than dur-

ing the breeding/calving season (n = 9), though the difference between seasons in number of mass stranding events

per month was not significant (t = −1.314, p = .220). We detected no significant differences between seasons in size

(t = 0.961, p = .362; Figure 2a) or sex-composition (χ2 = 0, df = 1, p = 1; Figure 2b) of mass stranding events. How-

ever, there was a significant difference in maturity-class composition between seasons (χ2 = 10.726, df = 2, p < .01),

with a greater proportion of juveniles and fewer calves in the nonbreeding season. Excluding calves, we also
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observed a trend of mostly single maturity-class stranding groups during the breeding/calving season, and mostly

mixed maturity-class stranding groups during the nonbreeding season (Figure 2c).

3.2 | Intragroup relatedness of mass stranded dolphins

The eight microsatellite loci used in our study appeared robust to all deviations tested for using the baseline single-

stranded data set (N = 74). Within this subset of the data, we found no evidence of scoring error due to stuttering,

no evidence for large allele dropout, and no evidence for null alleles. Our estimates of null allele frequencies never

exceeded 0.01 (Table 2), which should have rendered their effects on relatedness estimates negligible. No locus was

found to significantly deviate from HWE, and we found no evidence of linkage between any pair of loci. We did not

observe any evidence of inbreeding, as reflected in locus-by-locus FIS estimates that did not deviate significantly

from 0 (Table 2).

(a) (b) (c) (d)

F IGURE 2 Seasonal trends in (a) size of mass stranding events, (b) sex ratio, (c) maturity-class structure, and
(d) average pairwise relatedness of mass stranded Atlantic white-sided dolphin groups from Cape Cod between
1999 and 2009. The proportion of females and adults were calculated excluding dependent calves and individuals of
unknown age. The average pairwise dyadic maximum likelihood estimate of relatedness within groups is based on
eight microsatellite loci. Shaded area indicates breeding/calving season.

TABLE 2 Summary statistics for eight microsatellite loci used to genotype Atlantic white-sided dolphins.

Locus
Allele size
range (bp) No. of alleles Ho He FIS FIS p-value

Null allele
frequency

Dde65 187–211 7 0.743 0.805 0.077 .131 0.006

Dde66 348–374 11 0.824 0.755 −0.093 .988 0.003

Dde69 193–213 6 0.595 0.629 0.055 .288 0.004

Dde70 131–161 13 0.797 0.777 0.080 .181 0.004

Dde72 213–241 8 0.730 0.684 −0.067 .906 0.002

Sco11 200–224 7 0.432 0.467 0.085 .188 0.005

Sco28 151–171 6 0.541 0.480 −0.126 .975 0.002

Sco31 252–284 9 0.784 0.739 −0.062 .888 0.002

Mean 8.375 0.681 0.667 −0.004 .569

SD 2.5 0.141 0.131

Note. Ho = observed heterozygote frequency; He = expected heterozygote frequency. FIS = inbreeding coefficient; FIS
p-value is outcome of test for significant deviation from 0. Allele size range and number of alleles are counted from the full

data set of 163 genotyped individuals. All other statistics were generated from 74 dolphins stranded singly on Cape Cod

between 1999 and 2009.
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All loci were polymorphic with a mean of 8.37 (± 2.5 SD) alleles per locus (range = 6–13), which produced

observed heterozygosities averaging 0.681 (± 0.141 SD) per locus (range = 0.432–0.824; Table 2). This level of diver-

sity generated a low-to-moderate probability of a chance match between the multilocus genotypes of distinct indi-

viduals, at 1 in 8,772. Our rarefaction analysis indicated that estimates of relatedness were reasonably stable, as

indicated by a 6.40% and 7.43% change in average relatedness estimates between the use of 7 and 8 loci and 6 and

7 loci, respectively. 98.16% of individuals (N = 160 of 163) were successfully genotyped for at least 7 of 8 loci

(N = 113, 69.33% at all 8 loci). Most of the missing data derived from a single locus, Dde70, for which genotypes

could not be confidently called due primarily to large and closely overlapping stutter peaks obscuring allelic distinc-

tions observed in 30.06% of individuals. Subsequent analyses were run both with and without this locus; no differ-

ence in conclusions was noted so only results from analyses with all eight loci are included below.

Simulations of pairs of individuals with varying levels of relatedness using allele frequencies from the single-stranded

dataset identified the dyadic likelihood estimator (Milligan, 2003) as the best fit for our data (Table S2). Estimates of relat-

edness presented here are thus calculated with this maximum likelihood estimator. Average intragroup pairwise related-

ness was generally low within mass stranding events. We found no significant difference in pairwise relatedness (t-test

p = .470) between individuals that stranded as part of mass stranding events which occurred during the breeding/calving

vs. nonbreeding seasons (Figure 2d). Two events (MS21 and MS25) exhibited average pairwise relatedness that neared

significance (MS1 p = .054; MS25 p = .019), but following correction for multiple tests, no event exhibited significantly

higher average pairwise relatedness than expected based on simulations of groups of the same size populated with a ran-

dom set of genotypes from single stranded individuals (Figure 3, Table S3). Similarly, no group contained a significantly

F IGURE 3 Comparison of observed and expected estimates of average pairwise relatedness among groups of
stranded Atlantic white-sided dolphins of different sizes. Histograms show distribution and frequency of relatedness
estimates derived from 1,000 simulations of groups of individuals randomly drawn from the set of 74 genotyped
dolphins that stranded singly on Cape Cod between 1999 and 2009. The vertical bars show observed average intra-
group pairwise relatedness estimates for 16 mass stranding events that occurred during this same time period.
Relatedness estimates represent the average pairwise dyadic maximum likelihood estimate of relatedness within
groups based on eight microsatellite loci.
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greater number of individual pairwise comparisons suggestive of full-sib or parent-offspring relationships (relatedness

lower 95% CI ≥0.5), or of half-sib relationships (relatedness lower 95% CI ≥0.25 and < 0.5), following correction for multi-

ple tests. With this conservative approach based on the 95% confidence interval around the relatedness estimate, only

one group contained pairs identified as putative full-sibs or parent-offspring (MS12: 2.86% of pairs), and two groups con-

tained pairs identified as half-sibs (MS12: 2.86% and MS21: 3.63% of pairs).

Further analyses of potential parent-offspring relationships identified additional adult-immature pairs (N = 17) within

mass stranding events that shared one allele at each microsatellite locus. The fact that all of these pairs were not identified

by the above approach using the lower bound of the 95% confidence interval around the relatedness estimate suggests that

the conservative approach may have a relatively high rate of false negatives. When possible, we further evaluated these

potential parent-offspring relationships through the consideration of mitochondrial haplotypes. This was not possible for

twopairs that involved adult females forwhich no haplotype could be successfully obtained, one pair that involved an imma-

ture individual for which no haplotype could be successfully obtained, and seven pairs that involved an adult male. Of the

seven remaining pairs that involved both an immature individual and an adult femalewith a sequencedmitochondrial haplo-

type, four putative mother-offspring pairs with matching haplotypes were identified: one mother-calf pair in MS25, one

mother-calf and one mother-juvenile pair involving different adult females in MS27, and one mother-juvenile pair in MS12.

Both calves were female and the two juveniles were male. It is important to remind readers here that our genetic data for

mass stranded groups do not always represent the full group of associated live individuals, both because tissue samples

were not available for all stranded individuals and because it is possible that some members of the group survived or were

not recovered. The latter could explain the groups that contain dependent calves but no adult females (MS4, MS19, MS22,

MS24,MS28,MS30).

4 | DISCUSSION

Our integration of genetic estimates of relatedness with data on sex and maturity-class from stranded specimens

supports a relatively fluid, nonkin-based social structure in the Atlantic white-sided dolphins of the western North

Atlantic, both within and outside the presumed breeding/calving season. We draw conclusions on the fluidity of

social structure based on comparisons of group composition between mass strandings that occurred throughout the

year, in particular comparing stranding events that occurred within and outside the breeding/calving season. We fur-

ther provide evidence for a nonkin-based social structure based on a comparison of genetic estimates of relatedness

within mass strandings and among those dolphins that strand singly. Overall, our study of a recent decade of Atlantic

white-sided dolphin strandings on Cape Cod, including 32 mass stranding events, expands significantly upon and is

generally consistent with prior studies in the eastern and western North Atlantic.

From our analysis, we can infer seasonal differences in some but not all aspects of Atlantic white-sided dolphin

social ecology. Despite the fact that Atlantic white-sided dolphins are commonly observed from spring to autumn

near Cape Cod (Katona et al., 1993), prior studies have reported that strandings occur more frequently in Massachu-

setts during the non-breeding season (Amaral, 2005; Palka et al., 1997). These prior studies include a review of the

Smithsonian Strandings Database from 1970 to 1995 (Palka et al., 1997) and an unpublished Master's thesis which

analyzed single and mass-stranding data from the western Atlantic white-sided dolphin population collected

between 1973 and 1999 (Amaral, 2005). The average number of mass stranding events per month has also been

consistently higher during the nonbreeding season since the 1970s, as observed by Amaral (2005) from 1973 to

1999 and during our study period from 1999 to 2009, though this difference between seasons was not statistically

significant during either time period. These trends may be driven by seasonal variation in environmental conditions,

prey and predator abundance and distribution, and reproductive ecology. However, it has yet to be convincingly

explained, as it is not a clear reflection of the limited data we have on shifts in seasonal distribution of free-swimming

groups (Palka et al., 1997).
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The sizes of mass strandings recorded from 1999 to 2009 also do not reflect seasonal trends in group size

observed among free-swimming groups. We observed no significant difference in the sizes of mass strandings that

occurred within and outside the breeding season (Figure 2a), though Weinrich et al. (2001) have previously reported

free-swimming groups tend to be larger during the breeding season. Importantly, however, the sizes of mass

stranded groups were typically much smaller than the average group size observed at sea (Cetacean and Turtle

Assessment Program, 1982; Weinrich et al., 2001), suggesting that mass strandings may represent only a subset of

the individuals that compose a free-swimming group.

We can interpret our other findings related to group composition within the context of the dolphin's annual

reproductive cycle, with peak calving in June and July, followed by breeding (Sergeant et al., 1980; Weinrich

et al., 2001). Amaral (2005) previously reported a non-significant trend toward female-skewed sex ratios of mass

stranding events during the spring and summer and male skewed-sex ratios during the fall and winter. However, we

found no difference in sex-composition between the nonbreeding and breeding/calving season (Figure 2b). We do

report a significant difference in age structure within mass stranded Atlantic white-sided dolphin groups between

seasons, as well as between mass strandings and single strandings, which may be explained by selection pressures

related to mating that vary seasonally. For example, we commonly found pure groups of either adults or juveniles

during the breeding/calving season and a greater frequency of mixed groups during the nonbreeding season

(Figure 2c). We also found a larger than expected ratio of adults to juveniles overall among the mass stranding

events, as compared to a ratio close to one among single stranded individuals. This finding is consistent with Ser-

geant's (1980) hypothesis that juveniles leave their family group upon weaning and may be found as solitary animals

or in loose groupings thereafter. Amaral (2005) similarly reports finding fewer mass-stranding juveniles than

expected in adult-dominated groups. Our evidence for age segregation in Atlantic white-sided dolphins is further

corroborated by several previously reported cases of single age-class mass strandings, including two cases that

occurred in the month of September at the end of the breeding/calving season, one in the northeast United States

consisting of 12 male juveniles (Amaral, 2005) and one in Ireland consisting of 19 individuals and no juveniles (Rogan

et al., 1997).

These trends may be rooted in the disparate reproductive strategies employed by females and males (Gibson &

Mann, 2008; Hartmann et al., 2008; Möller, 2012). Pregnant and nursing (i.e., mature) females may preferentially

group together during the breeding/calving season, because of similar dietary requirements and a shared need for

increased vigilance in predator detection (Connor et al., 2000; Gero et al., 2006; Möller, 2012; Möller &

Beheregaray, 2004). Outside of the breeding/calving season, juvenile females may seek out groups including mature

females as a means of learning to take care of young through participation in allomaternal care (Mann &

Smuts, 1998; Rogers et al., 2004). The advantage of forming age-structured groups for males during the breeding

season could relate to the formation of mating coalitions (Krützen et al., 2003), a common tactic for securing access

to mates (Olsen & Blumstein, 2009; Parsons et al., 2003; Rogers et al., 2004). Such behavior has been observed in

male bottlenose dolphins (Tursiops sp.), which form long-term pair bonds (Connor et al., 2001; Krützen et al., 2003;

Parsons et al., 2003), a strategy that serves both to increase the copulatory success of males and as a defense against

other roving male alliances (Connor et al., 2001; Möller et al., 2001; Wells, 1991). During such times, juvenile males

may be forced to form their own, temporary social groups.

Our evidence supporting the relatively fluid nature of Atlantic white-sided dolphin group composition across the

year is consistent with our genetic data that support a nonkin-based social structure (though some highly fluid social

groups of dolphins can exhibit kin-based relationships: Gowans et al., 2007). We found generally low average intra-

group pairwise genetic relatedness within 16 mass stranding events that occurred on Cape Cod between 1999 and

2009. Compared to simulated estimations of relatedness in groups of varying sizes populated randomly by individ-

uals that stranded singly over the same time period, mass stranded groups did not show significantly higher than

expected levels of relatedness (Figure 3). We were able to identify a small number of putative mother-offspring pairs,

who matched in at least one allele at each microsatellite locus and mitochondrial haplotype. Two of these pairs

included animals identified as juveniles (the other two included dependent calves), both of which were male and from
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stranding events that occurred outside the breeding season. It is currently hypothesized that juveniles leave their

natal group after weaning at 18 months (Sergeant et al., 1980); without more precise age information from these

juveniles, it is not possible to know if they had not yet weaned, had weaned but did not leave the natal group, or ret-

urned to their natal group after disassociation.

Our genetic data are generally consistent with those of Mirimin et al. (2011), who conducted a similar analysis of

Atlantic white-sided dolphins based on two mass stranding events on the western shores of Ireland. We found simi-

lar allelic diversity, observed heterozygosities, and inbreeding levels across the seven microsatellite loci shared

between the two studies. Both our study and that of Mirimin et al. (2011) leverage the opportunity to investigate

social structure of an oceanic dolphin through a study of mass strandings. While we have readily acknowledged sev-

eral of the limitations of this approach above (i.e., not all individuals in a group are sampled, stranded individuals may

not reflect the typical social behaviors of healthy individuals in the population), we also contend that strandings pre-

sent a valuable resource for understanding cetacean ecology. Particularly for oceanic dolphins, research on stranded

animals is less costly than boat-based studies, results in little to no disruption to natural populations, and is in many

instances the only window of opportunity to learn about these elusive species.

To draw broader conclusions on the social structure of Atlantic white-sided dolphins, we place our results within

the context of prior studies of genetic relatedness in mass-stranded odontocetes across species representing the full

spectrum of kin associations—from the extraordinarily cohesive, matrilineal social structure observed among long-

finned pilot whales (Globicephala melas; Amos et al., 1993) to the complete lack of kin-based bonds in short-beaked

common dolphins (Delphinus delphis; Viricel et al., 2008). Studies of species exhibiting matrilineal social structure tend

to show high levels of relatedness in small mass stranded groups (Mazzariol et al., 2018, 2011; Téllez et al., 2014)

and decreasing relatedness with increasing group size (Téllez et al., 2014). Moderate to large-sized groups may

include multiple maternal lineages, and both related and unrelated individuals (Mesnick, 2001; Oremus et al., 2013;

Téllez et al., 2014). In contrast, a prior study of delphinids typified by large oceanic aggregations report little evidence

for kin associations within mass stranded groups (Viricel et al., 2008). Overall, our results, together with those of

Amaral (2005) and Mirimin et al. (2011), suggest that Atlantic white-sided dolphins fall near the fluid end of the con-

tinuum of associations represented among the odontocetes. Despite their tendency to mass strand, stable or kin-

based associations are not a defining feature of social group structure in this species.
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