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ABSTRACT

Tamanend's bottlenose dolphins (Tursiops erebennus) face population and environmental stressors that influence the age and

length at sexual maturity (ASM and LSM, respectively) and calving interval, which are life history traits used to assess popu-

lation status and health. We provide initial estimates of the ASM, LSM, and calving interval, as well as descriptions of ovarian

activity of female Tamanend's bottlenose dolphins that stranded in South Carolina waters. ASM and LSM estimates were ap-

proximately 10years and 215cm, respectively. Analysis of carcasses sampled over a three-decade period (1992-2022) indicated

temporal variations in maturation, possibly related to unusual mortality events and/or periods of poor animal health. Stranding

location did not appear to influence maturation. The calving interval estimate averaged between 2 and 4 years. Corpora counts

relevant to age supported previous findings of corpora accumulation in bottlenose dolphins. In mature females, the left ovary

accumulated more corpora and generally weighed more than the right ovary, suggesting asymmetric ovarian activity. To support

the conservation of this newly recognized coastal and estuarine species, we suggest continued monitoring of the onset of sexual

maturation and calving interval.

1 | Introduction

Marine mammals are long-lived and slow-growing and often
exhibit delayed sexual maturity in which juveniles spend mul-
tiple years investing in growth and social development rather
than in reproduction (Charnov 1990; Fowler 1981; Galezo
et al. 2020; McFee et al. 2010). Due to the high energetic costs
of gestation and lactation in females, maturation indicates when
an animal can efficiently begin diverting energy toward repro-
duction (Gallagher et al. 2018; Reddy et al. 1994). In contrast to
physical maturity, which is based on a critical mass and fusing
of vertebral elements, sexual maturity is determined based on
the development of reproductive organs and hormones (Mead

and Potter 1990). The onset of sexual maturity is estimated as
the age at sexual maturity (ASM) and length at sexual maturity
(LSM). Calving intervals, the time between sequential calves,
can also be estimated to assess population growth. Determining
the onset of sexual maturity and calving interval for different
populations and species is important to elucidate the relation-
ships between maturation, reproduction, and environmental
and animal health.

Sexual maturity and calving intervals can be estimated
from stranded marine mammals. As mammals, dolphins
have two ovaries with follicles containing eggs, and follicle
growth is stimulated by increased estrogen and decreased
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progesterone levels (Boness 2009). As a follicle grows, fluid
accumulates, and when a sexually mature female ovulates,
the mature follicle, referred to as a Graafian follicle, bursts
and releases an egg (Slijper 1962). Luteal tissue forms in the
ruptured follicle and creates a corpus luteum (CL) that is
composed of connective and glandular tissue and produces
progesterone to maintain pregnancy (Slijper 1962; Yoshida
et al. 1977). Following fertilization and pregnancy, the CL
inhibits subsequent ovulation; however, after an unfertilized
cycle or parturition, the CL degenerates into a corpus albicans
(CA), also known as an ovarian scar (Yoshida et al. 1977).
Scar regression has been observed in Franciscana dolphins
(Pontoporia blainvillei; Harrison et al. 1981) and short-beaked
common dolphins (Dabin et al. 2008; however, recent re-
search by Palmer et al. (2022) suggests that scars may persist
throughout life in this species). However, in other cetacean
species, including bottlenose dolphins (Tursiops spp.), scars
appear to accumulate throughout life (Best 1982; Harrison
and Ridgway 1971; Kemper et al. 2019; Lockyer 1987; Tarpley
et al. 2016). Scar retention allows the reproductive status and
ovarian activity of deceased cetaceans to be evaluated based
on ovarian corpora.

ASM and LSM of marine mammals are influenced by envi-
ronmental conditions and prey availability (Eberhardt 1977;
Kasuya 1991; Kato 1987; Laws 1956; Lydersen and Gjertz 1987),
contaminant exposure, and diseases impairing growth and
gonadal development (Murphy et al. 2015; Roca-Monge
et al. 2022), population density (Kasuya 1991; Kjellgwist
et al. 1995; Ohsumi 1986), and other factors that affect growth
rates. In general, conditions favoring faster growth rates of
immature animals (e.g., favorable prey availability, good
health, or lower population density) may result in sexual mat-
uration at younger ages and/or greater body lengths and vice
versa. Additionally, as large mammals and K-strategists, ceta-
ceans have reproductive rates that are characterized by slow
growth, low reproductive rates, long gestation, high maternal
investment, and long lifespans (Boness et al. 2002; MacArthur
and Wilson 1967). Calving intervals and reproductive output
in cetaceans are influenced by calf mortality, prey and nutri-
ent availability, and maternal health. Calf mortality (Fruet
et al. 2015; Haase and Schneider 2001; Henderson et al. 2014;
Robinson et al. 2017) and favorable prey and nutrition avail-
ability (Kasuya 1991; Meyer-Gutbrod et al. 2015) have been
associated with shorter calving intervals. In contrast, poor
maternal health (Christiansen et al. 2020) and maternal se-
nescence (Karniski et al. 2018; Robinson et al. 2017) have been
associated with longer calving intervals.

ASM, LSM, and calving intervals have not previously been
estimated for Tamanend's bottlenose dolphins (Tursiops er-
ebennus; previously referred to as T. truncatus, see Costa
et al. (2022); hereafter also referred to as “dolphins”) found
in coastal and estuarine waters of the western North Atlantic.
However, before recognition as a distinct species, Tamanend's
bottlenose dolphins were likely included in common bottle-
nose dolphin (T. truncatus) studies, and as such, parameter
estimates in the literature may overlap. Female common bot-
tlenose dolphins, found worldwide and offshore in the west-
ern North Atlantic, generally reach sexual maturity between
5 and 12years of age and at body lengths between 220 and

235cm (e.g., Fruet et al. 2015; Harrison and Ridgway 1971;
Mead and Potter 1990; Odell 1975; Robinson et al. 2017;
Schwacke et al. 2022; Sergeant et al. 1973; Wells et al. 1987)
and exhibit calving intervals of at least 2years (e.g., Fruet
et al. 2015; Haase and Schneider 2001; Wells et al. 1987).

In South Carolina waters, dolphins are exposed to numerous
stressors (e.g., contaminants (Reif et al. 2017), low prey avail-
ability, human interaction, and infectious diseases (McFee and
Lipscomb 2009) that may affect female maturation and repro-
ductive success. The objective of this research was to provide
initial (1) estimates of the ASM and LSM for the species and
according to the time frame of stranding and stranding loca-
tion, (2) estimates of the calving interval, and (3) descriptions
of ovarian activity of females of the newly recognized species of
Tamanend's bottlenose dolphins that stranded in South Carolina
waters from 1992 to 2022.

2 | Methods
2.1 | Study Area and Strandings

Deceased, stranded Tamanend's bottlenose dolphins in coastal
and estuarine waters of South Carolina, USA (Figure 1) were
collected from 1992 to 2022. Total body length (measured from
the tip of the upper jaw to the fluke notch), stranding date and
location, sex, and decomposition code were collected for each
stranding. Necropsies were performed opportunistically in ei-
ther the field or laboratory. Carcasses were fresh and not frozen.
One or both ovaries were collected during necropsy, opportunis-
tically weighed and measured, and immediately stored in 10%
buffered formalin for a minimum of 24 h. before transferring to
ethanol for permanent storage.

Animals were grouped based on the time frame of stranding and
geographic stranding location. The time frame of stranding was
categorized according to three consecutive (~10year) time peri-
ods: 1992-2001, 2002-2011, and 2012-2022. Stranding locations
were classified as coastal (including barrier islands and coastal
beachfronts) or estuarine (including bays, sounds, harbors, riv-
ers, and tributaries).

2.2 | Ovarian Analysis

Ovarian analysis was performed based on the methods of Akin
et al. (1993). Each ovary was blotted dry, weighed, measured
(length, width, and depth), and grossly examined for externally
visible CLs and CAs. Each ovary was sliced into 1 mm thick sec-
tions to ensure that each corpus was visible in at least one slice.
Slices were examined sequentially under a Nikon SMZ1500 ste-
reomicroscope (Tokyo, Japan), and images of ovaries and ovary
slices were captured using a Jenoptik ProgRes Gryphax camera
(Jena, Germany). A dolphin was classified as sexually mature
if at least one CL or CA was present in either ovary. CLs were
distinguished externally and internally from CAs based on CLs'
rounded protrusion from the ovary's surface and the presence
of yellow-layered granulosa cells, connective tissue, and blood
vessels (Akin et al. 1993). Yellow or orange scars with no dense
connective tissue may be regressed nonovulatory follicles, also
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FIGURE 1 | Stranding locations of female Tamanend's bottlenose dolphins (Tursiops erebennus) included in this study. Multiple overlapping

stranding locations along the coast of South Carolina, USA, have been clustered into a single data point labeled with the number of strandings they

represent (Version 3.34.8; QGIS 2023).

known as atretic follicles (Akin et al. 1993). Although such
scars should ideally not be included when determining ma-
turity, differentiation between atretic follicles and CAs is typ-
ically not possible without histologic examination (Perrin and
Donovan 1984).

2.3 | Age at Sexual Maturity (ASM) and Length at
Sexual Maturity (LSM)

ASM and LSM were estimated for female dolphins at the spe-
cies scale, time frame of stranding, and geographic stranding
location. Tooth-based age estimates were available for a subset
of individuals (n =160/227) that had been aged in previous age-
related studies (McFee et al. 2010; Powell et al. 2019; Schwacke
et al. 2017). Briefly, teeth were sectioned and stained, and to
estimate mean age, growth layer groups (GLGs) were counted
three times, often by the same reader, with 1 week between each
reading to prevent bias (McFee et al. 2010).

To model the growth of females, a Gompertz growth curve was
created using the equation:

Ll = Loo(exp( -b exp( - kt)))!

in which L, is the body length at age ¢, L_ is the asymptotic body
length, b is the constant of integration, and k is the growth rate
constant (Fitzhugh Jr. 1976; Gompertz 1825).

ASM was estimated wusing the DeMaster method
(DeMaster 1978), and LSM was estimated using a modified ver-
sion of the DeMaster method (DeMaster 1978), in which age was
replaced by body length. ASM and LSM were also estimated

with logistic regression to estimate the age at which 50% of indi-
viduals were mature (Danilewicz 2003).

Based on the method of Demaster (DeMaster 1978), ASM and
LSM were estimated using the equation:

ASM /LSM = Zl;j t(f, = fien)

in which f, is the proportion of mature animals of the age/body
length class ¢, j is the age/body length class of the youngest/
smallest mature animal, and k is the age/body length class of
the oldest/longest animal.

The variances of ASM and LSM were estimated using the
DeMaster method (DeMaster 1978) with a modification of
Ferrero and Walker (1993) to account for the width of each age/
body length class using the equation:

e fi1-5)

VAR(ASM /LSM) = w? ZH ~—1
5N, =

s

in which w is the interval width of the age/body length class, f, is
the proportion of mature animals of the age/body length class t, j
is the age/body length class of the youngest/smallest mature an-
imal, k is the age/body length class of the oldest/longest animal,
and N, is the number of individuals in the age/body length class
t. Age/body length class widths varied so that each indetermi-
nate age/body length class (comprised of immature and mature
females) contained at least two animals. For ASM estimates,
interval widths were as follows: species (3), years 2002-2011
(3), coastal (3), and estuarine (4). For LSM estimates, interval
widths were as follows: species (5), years 1992-2001 (10), years
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2002-2011 (5), years 2012-2022 (7), coastal (10), and estuarine
(10). Larger age/body length class widths were a result of smaller
sample sizes of indeterminate ages/body lengths.

Binary logistic regression was used to model the distribution
of mature and immature individuals with the logistic regres-
sion equation:

_ 1
T 1+ e(—xb+a)’

in which Y'is the proportion of mature individuals, x is the age/
body length of the individual, b is the slope of the regression,
and a is the regression intercept. The logistic regression equa-
tion was simplified to ASM/LSM =-a/b to estimate the age/
body length at which 50% of individuals were mature.

Ovarian analysis indicated whether an animal was immature or
mature at its age/body length of stranding; however, each ani-
mal's age/body length at sexual maturation is unknown. Both the
DeMaster and logistic regression methods produced one ASM/
LSM estimate for each group of animals rather than estimating
the age/body length at sexual maturation for each animal and then
producing an averaged ASM/LSM estimate. Therefore, statistical
differences between multiple groups could not be tested, and con-
fidence intervals were used to compare groups.

2.4 | Calving Interval
The calving interval was estimated using two methods.

1. A simple linear regression was used to model the relation-
ship between the total number of corpora and the estimated
age of mature females. The model's slope was reciprocated
to estimate the calving interval (Kemper et al. 2019).

2. The summation method (gestation + lactation + resting
phases) was calculated using the Perrin et al. (1977) equation:

Calving Interval = Length of Gestation + (}%)G + (153 )G,

in which the duration of gestation is in months, L is the proportion
of sexually mature lactating females, P is the proportion of preg-
nant females, G is the duration of gestation in years, and R is the
proportion of sexually mature females not lactating or pregnant.

The duration of gestation was calculated using the Huggett and
Widdas (1951) equation:

Total Gestation Period (t,) = t, + (£, — ),

in which t,is the duration of the nonlinear growth phase, and
t,-t, is the duration of the linear growth phase.

2.5 | Ovarian Symmetry
To test for ovulatory symmetry, counts of the left and right cor-

pora in mature females were compared using a paired t-test.
Ovarian weights were analyzed separately for fresh (i.e., during

necropsy and prior to formalin fixation) and formalin-fixed
ovaries. Not all ovaries weighed when fresh were also weighed
when fixed, and vice versa. To test for weight differences related
to maturation, combined ovarian weights (i.e., the total weight
of a left and right ovary pair) of immature and mature females
were compared using a Welch's t-test. To test for the symmetry
of ovarian growth and development in relation to maturation,
the paired left and right ovarian weights of immature and ma-
ture females were tested using a paired ¢-test or a nonparametric
sign test if the assumptions of the paired ¢-test were not met.

Statistical analyses were performed using SPSS (Version 27;
IBM Corp 2020), and regressions and growth models were per-
formed using R (Version 4.1.1; R Core Team 2021). P-values were
interpreted in the evidence-based language of Muff et al. (2022).
P-value ranges and their associated evidence-based language re-
garding a finding are as follows: 1-0.1 (no evidence), 0.1-0.05
(weak evidence), 0.05-0.01 (moderate evidence), 0.01-0.001
(strong evidence), and 0.001-0.0001 (very strong evidence).

3 | Results

3.1 | Age at Sexual Maturity (ASM) and Length at
Sexual Maturity (LSM)

All dolphins included in this study were identified through genetic
analysis as Tamanend's bottlenose dolphins (Costa et al. 2022). In
total, 518 female dolphins stranded in South Carolina waters from
1992 to 2022. Of these, 238 females and 453 ovaries were analyzed
for maturity. For 227 females, both ovaries were examined and
were included in statistical analysis; 11 females were not included
because only one ovary was available and noted as immature;
thus, maturity could not be determined.

Of the 227 female dolphins for which maturity could be esti-
mated, 102 were immature, and 125 were mature (Table 1). The
body lengths of sexually immature and mature females ranged
from 85-233cm and 205-260cm, respectively. Tooth GLG age
estimates were determined for 160 animals (74 immature and
86 mature). The ages of sexually immature and mature females
ranged from 0-15years and 4.5-42years, respectively (for the
animal aged 4.5years, the growth layer after the fourth year was
approximately half the width of the fourth-year layer, thus indi-
cating an extra 0.5years). The smallest, and also the youngest,
sexually mature female had a body length of 205cm and an es-
timated age of 4.5years. The largest sexually immature female
had a body length of 233cm, and the oldest sexually immature
female had an estimated age of 15years.

A Gompertz growth curve modeled the estimated growth of fe-
male dolphins (Figure 2). Parameter estimates (+ SE) were as fol-
lows: L, =238.04 (£ 1.49), b=0.81 (+0.02), and k=0.41 (0.03).

Due to small sample sizes of animals with ages within the range
of sexual maturation, ASM could not be estimated using the
DeMaster equation for the years 1992-2001 and 2012-2022.
ASM could also not be estimated using logistic regression for
the years 2012-2022. For groups in which both ASM and LSM
were estimated, the DeMaster equation and logistic regres-
sion methods produced similar estimates based on confidence
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intervals. Between the two methods, mean ASM estimates for
each group of animals (i.e., species, time frame of stranding, and
stranding location) differed between 0.1 and 0.7 years, and mean
LSM estimates differed between 0.3 and 1.8 cm. For all dolphins
stranded in South Carolina, using the DeMaster equation, the
mean (£ SD) ASM estimate was 9.9 (£0.5) years (95% CI: 8.9-
10.9years), and the LSM estimate was 215.2 (£2.2) cm (95% CI:
210.8-219.6cm). Using logistic regression, the ASM estimate
was 9.8 years (95% CI: 8.0-11.5years), and the LSM estimate was
215.7cm (95% CI: 211.5-219.8 cm; Table 2).

Temporally, average ASM estimates were higher in 2002-2011
(11-12years) compared to 1992-2001 (7years). Average LSM

TABLE1 | Samplesizes of various analyzed characteristics of female
Tamanend's bottlenose dolphins (Tursiops erebennus).

estimates were higher from 2002-2011 (223cm) than from
1992-2001 (211-212cm) and 2012-2022 (211-212cm); how-
ever, overlapping confidence intervals resulted in ambiguity
(Table 2). Based on stranding location, coastal and estuarine
dolphins had similar average ASM (11 and 9-10years, respec-
tively) and LSM (215 and 216-217 cm, respectively) estimates
(Table 2).

3.2 | Calving Interval

Based on linear regression, there was very strong evidence of a
positive linear relationship between age and total corpora count
(Fl1.79)=32-53, R?=0.2917, p<0.0001; Figure 3). Based on the re-
gression slope of 0.449, the calving interval estimate was 2.23 years.

The second calving interval estimate used the summation
method. Based on data from 319 fetuses and neonates, the sum

‘s n
Characteristics of the duration of the nonlinear phase of growth (62.4days)
analyzed Immature Mature Total and the duration of the linear phase of growth (312.1days) re-
Maturity 102 125 227 sulted in a total gestation period of 374.5days (12.31 months,

1.03years). Of the 105 mature females to which pregnancy and
Age 74 86 160 lactation status could be attributed, 9 were pregnant, 20 were
Ovary pairs 102 113 215 lactating, and none were simultaneously pregnant and lactating.
c N/A 08 08 The proportions of lactating, pregnant, and resting females were
orpora 0.19 (20/105), 0.09 (9/105), and 0.72 (76/105), respectively. The
Fresh weights 14 18 32 durations of gestation (12.31 months), lactation (2.28 months),
Formalin-fixed 27 54 81 and resting (8.66 months) phases yielded a calving interval esti-
. mate of 23.25months (1.94 years).
weights
Pairs of 25 43 68
differentiated left 3.3 | Ovarian Symmetry
and right ovaries
Pairs of ) 1 13 Among 125 mature females, both the left and right ovaries of
undifferentiated 98 females were analyzed. Twenty-three females presented
left and right corpora in the left but not the right ovary, and 6 females pre-
ovaries sented corpora in the right but not the left ovary. There was
very strong evidence that the mean number of corpora in the
L °
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FIGURE2 | Gompertz growth model of female Tamanend's bottlenose dolphins (Tursiops erebennus) in the current study.
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TABLE2 | Estimatesof mean age (years) and body length (cm) at sexual maturity (ASM and LSM, respectively) for female Tamanend's bottlenose
dolphins (Tursiops erebennus) stranded in South Carolina waters.

ASM LSM
n DeMaster equation  Logistic regression n DeMaster equation  Logistic regression
All females 160 9.92 £0.5 9.8 227 215.2+2.2 215.7
(8.9-10.9) (8.1-11.5) (210.8-219.6) (211.5-219.8)

Time frame of stranding

1992-2001 77 N/A®

2002-2011 68 11.7+1.1
(9.5-13.9)

2012-2022 15 N/A

Stranding Location

Coastal 78 11.3+0.8
(9.8-12.7)

Estuarine 82 9.8+1.6
(6.6-12.9)

6.9
(4.3-9.5)
11.1
(9.0-13.3)
N/A

10.9
(8.6-13.2)
9.0
(6.7-11.3)

77

79

71

110

117

211.3+5.1
(201.2-221.4)
222.6+1.6
(219.4-225.8)
212.5+1.0
(210.4-214.5)

215.2+2.9

(209.6-220.8)
216.8+3.5

(210.9-223.5)

212.0
(203.1-221.0)
223.0*
(218.2-227.9)
210.7
(202.5-218.8)

214.9
(208.6-221.0)
216.4
(210.8-221.9)

2Average ASM or LSM estimate + SD.

Y95% confidence interval.

“Estimates could not be calculated due to the small sample size of animals with ages in the range of sexual maturation.

*Logistic regression model produced fitted probabilities indistinguishable from 0 or 1. This was likely due to a small sample size and may indicate an unreliable model
fit.
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FIGURE3 | The positive linear relationship between total corpora count and animal age (years; estimated from tooth growth layers; R>=0.2917,
p<0.0001) of female Tamanend's bottlenose dolphins (Tursiops erebennus) in the current study.

left (M =6.67, SD=4.88) and right (M =4.44, SD =4.33) ova- Thirty-two ovary pairs (14 immature, 18 mature) were weighed
ries was different (Paired t-test, t[97] =3.649, p<0.001). On  fresh, and 81 ovary pairs (27 immature, 54 mature) were weighed
average, the left ovary contained 2.24 more corpora than the after fixation (Table 1; 13 pairs of fixed ovaries had nondifferen-
right ovary. tiated left and right ovaries and were, therefore, only included
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in the combined ovarian weight analysis and not the compar-
isons between left and right ovaries). For fresh weights, there
was very strong evidence that the combined ovarian weight of
mature females (M =15.51g, SD=6.98g) was greater than that
of immature females (M=3.02g, SD=1.77g; Welch's t-test,
£[19.758] = —=7.299, p<0.001). Similarly, for fixed weights, there
was very strong evidence that the combined ovarian weight of
mature females (M=12.99g, SD=4.69g) was greater than that
of immature females (M=3.77g, SD=2.45g; Welch's t-test;
1{78.793] =11.605, p < 0.001).

For immature females, 14 ovary pairs were weighed fresh,
and 25 ovary pairs were weighed after fixation (Table 1). For
fresh weights, there was no evidence that the left (M=1.50g,
SD=0.86g) and right (M=1.52g, SD=0.93g) ovaries weighed
differently (Sign test [left ovary weight—right ovary weight:
Moositive = 105 My =0, nnegative:4, p=0.180]). Similarly, for
fixed weights, there was no evidence that the left (M=1.86g,
SD=1.29g) and right (M =1.86g, SD=1.19g) ovaries weighed
differently (Paired t-test; {[24] =0.018, p=0.985).

For mature females, 18 ovary pairs were weighed fresh, and
43 ovary pairs were weighed after fixation (Table 1). For fresh
weights, the left ovaries (M=8.96g, SD=6.08g), on aver-
age, weighed more than their paired right ovaries (M=6.55g,
SD =3.78 g); however, there was weak evidence that paired left
and right ovarian weights were different (Sign test [left ovary
weight—right ovary weight: Myositive = 13> Mies =05 Mpcoaiive = s
p=0.096]). In contrast, for fixed weights, there was strong evi-
dence that the left ovaries (M =7.71g, SD =4.48 g) weighed more
than their paired right ovaries (M =5.37g, SD=2.67g; Paired ¢-
test, t[42] =2.889, p <0.01).

4 | Discussion

We have provided initial estimates of the age and body length
at sexual maturity (ASM, LSM respectively) and calving inter-
val, and initial descriptions of the ovarian characteristics of
female Tamanend's bottlenose dolphins that stranded in South
Carolina, USA, from 1992 to 2022. The ASM, LSM, and calving
interval were similar to those of common bottlenose dolphins,
although the ASM was on the higher end, and the LSM and calv-
ing interval were on the lower end of the typical ranges. Ovarian
characteristics, including immature and mature ovarian weight,
scar accumulation, and ovulatory symmetry, were also similar
to those previously described in common bottlenose dolphins.

The ASM estimate for Tamanend's bottlenose dolphins was ap-
proximately 10years of age, which is within the upper range of
ages at maturation (5 to 12years of age) typical of female com-
mon bottlenose dolphins (e.g., Robinson et al. 2017; Schwacke
et al. 2022; Sergeant et al. 1973). Such overlap of ASM estimates
could reflect the potential misidentification and inclusion of
Tamanend's bottlenose dolphins in previous common bottle-
nose dolphin studies on Florida's east coast. The LSM estimate
of 215cm in this study is lower than for common bottlenose
dolphins, typically recorded as between 220 and 235cm (e.g.,
Harrison and Ridgway 1971; Mead and Potter 1990; Sergeant
et al. 1973). Tamanend's bottlenose dolphins were likely also in-
cluded in the studies of Mead and Potter (1990) and Sergeant

et al. (1973), who examined dolphins from the eastern coast of
the United States and northeast Florida, respectively. However,
the relative contributions of coastal and estuarine Tamanend's
bottlenose dolphins and offshore common bottlenose dolphins
to these studies are unknown. Tamanend's bottlenose dol-
phins are described as being notably smaller than common
bottlenose dolphins, including those offshore in the west-
ern North Atlantic, possibly related to ecological differences
(Costa et al. 2022). Based on the growth curve for animals in
the current study, females reach an estimated mean asymptotic
body length of 238 cm, which is comparable to the estimates of
241.6cm (McFee et al. 2010) and 240.4cm (McFee et al. 2012)
in other studies of female bottlenose dolphins in South Carolina
(likely including Tamanend's bottlenose dolphins). The LSM
estimates for Tamanend's bottlenose dolphins in this study
are generally smaller than those for bottlenose dolphin popu-
lations in other regions (Kasuya et al. 1986; McFee et al. 2010;
Mead and Potter 1990; Sergeant et al. 1973; Stolen et al. 2002).
Further research will help elucidate whether smaller asymptotic
body lengths and potentially slower growth rates of Tamanend’s
bottlenose dolphins contribute to sexual maturation at similar
ages and smaller body lengths compared to common bottlenose
dolphins.

LSM estimates varied temporally such that maturation occurred
at smaller body lengths during the years 1992-2001 and 2012-
2022 compared to 2002-2011. ASM estimates also indicated
temporal variation, with earlier maturation during the years
1992-2001 compared to 2002-2011. ASM and LSM sample sizes
were similar across each decadal period and did not indicate a
skew toward certain years, so these observed variations are not
likely due to uneven sample sizes. While yearly sample sizes
were small (~7-8 animals each year), observable changes in
ASM and LSM are expected to occur over a period of years, so
larger sample sizes (68-79) resulting from grouping years into
decadal periods likely minimize the potential effects of small
sample sizes during each individual year. High neonate mor-
tality, likely a consequence of brucellosis, was observed in 2009
(W. McFee, unpublished data) and 2012 (McFee et al. 2020).
Brucellosis is an infectious disease caused by the bacterial patho-
gen Brucella ceti and is associated with spontaneous abortions
and neonatal mortality (Colegrove et al. 2016; Ewalt et al. 1994;
Mackie et al. 2020; Miller et al. 1999). From 2012 to 2022, mat-
uration at smaller body lengths may represent a means of in-
creasing reproductive output to counteract reproductive failure.
Additionally, two unusual mortality events (UMEs) along the
western North Atlantic coast during the years 1987-1988 and
2013-2015 were linked to morbillivirus (Lipscomb et al. 1994;
NOAA Fisheries 2021). Offshore common bottlenose dolphins,
the main reservoir of morbillivirus, infect spatially overlapping
coastal and estuarine bottlenose dolphins, with higher expo-
sure in coastal bottlenose dolphins (Balmer et al. 2018; Cloyed
et al. 2021; Rowles et al. 2011). Exposure of Tamanend's bottle-
nose dolphins to morbillivirus could have resulted in poor ani-
mal health and altered maturation. A UME in South Carolina
was also declared in 2011, and although no cause was officially
determined, unusually cold temperatures and reduced prey
availability were likely factors (Krzewinski et al. 2024) that may
have affected the health, energetics, and growth of immature
females. Although the compromised health of prepubescent
females may have initially favored slower growth rates and
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maturation at longer body lengths (Craig and Ragen 1999), our
findings suggest that during periods of lower population den-
sity following each UME, females may have matured at shorter
body lengths and potentially earlier ages. This indicates that fol-
lowing periods of increased mortality, population reproductive
output may have increased. Additional research about temporal
variation in ASM will provide insight into if and how the onset
of maturation may have been affected by UMEs.

Dolphins stranded in coastal and estuarine waters had similar
ASM and LSM estimates. The stranding location of a dolphin
does not necessarily represent the habitat the dolphin occupied
but is used as a proxy to attempt to distinguish between coastal
and estuarine dolphins. Previous research identified spatial
overlap and interaction between coastal and estuarine dolphins
in Charleston, South Carolina (Laska et al. 2011), so both groups
may encounter similar temperature regimes, prey availability,
energy requirements and expenditures, and/or other environ-
mental factors affecting growth rates that favor similar ASMs
and LSMs. Previous diet analyses of coastal and estuarine bot-
tlenose dolphins stranded in South Carolina noted that coastal
dolphins consumed a greater variety of prey and had higher
stomach content weights than estuarine dolphins (Pate and
McFee 2012). Despite this, it seems unlikely that energy require-
ments or caloric consumption vary enough regionally to differ-
entially affect the onset of female maturation between these two
groups.

The calving interval of Tamanend's bottlenose dolphins was es-
timated to be 2.23years using the reciprocal of the slope of cor-
pora counts and mature female age and 1.94years (this is likely
an underestimate due to a small sample of pregnant females)
using the summation method. The reciprocal of the annual
pregnancy rate (Perrin and Reilly 1984) was also investigated.
However, this method produced inconclusive results due to a
low proportion of pregnant females, likely reflecting that the
health of stranded animals may not have been able to support
pregnancy and that pregnancy data acquired from stranded an-
imals may not reflect the general population. However, the two
available estimates suggest that mature female Tamanend's bot-
tlenose dolphins reproduce every 2 to 4years and are consistent
with common bottlenose dolphin calving intervals that typically
range from 2 to 6years, as observed in populations in waters
near the west coast of Florida (Wells and Scott 1990), Argentina
(Vermeulen and Bréger 2015), Brazil (Fruet et al. 2015), Ireland
(Baker et al. 2018), New Zealand (Haase and Schneider 2001),
and Italy (Blasi et al. 2020). Unpublished photo-identification re-
search studying wild coastal and estuarine bottlenose dolphins
(likely Tamanend's bottlenose dolphins) in North Carolina esti-
mated a mean calving interval of 2.9years (Thayer 2008), simi-
lar to our estimates. Because the calving interval in the current
study was not estimated based on observed births and calf sur-
vival during longitudinal studies of wild dolphins, it remains
unknown how various factors, including reproductive failure
(such as from brucellosis) or prey availability, impact calving
intervals of Tamanend's bottlenose dolphins in South Carolina
waters. Estimating the calving interval using corpora accu-
mulation was limited by multiple assumptions, including that
the presence of an ovarian scar is indicative of previous ovu-
lation and that CAs persist throughout a female's life without
absorption. If scars regress with time, the calving interval may

have been overestimated, and if nonovulatory scars were inter-
preted as CAs, the calving interval may have been underesti-
mated. Potential biases could also arise from multiple ovulations
during a single year (Kirby and Ridgway 1984), inhibited ovula-
tion during the first few years after parturition while lactating
(West et al. 2007), and reduced ovulatory activity during repro-
ductive senescence (Ellis et al. 2018). These, therefore, serve as
initial calving interval estimates for this species and geographic
area. Given that stranded animals may not be of good health or
representative of the population, continued monitoring is rec-
ommended by incorporating data from both strandings and
photo-identification surveys.

Both the left and right ovaries were observed to be capable of
accumulating ovarian scars. Ovarian scars have previously
been described as remnants of ovulation that persist through-
out a cetacean's life (Best 1982; Harrison and Ridgway 1971;
Kemper et al. 2019; Lockyer 1987; Tarpley et al. 2016). However,
scar accumulation is not comparable across all species (Inbaraj
et al. 2021). For example, ovarian scars of Franciscana dolphins
(Pontoporia blainvillei) were predicted to completely regress four
years after ovulation (Harrison et al. 1981). Similarly, there was
no evident relationship between age and scars of short-beaked
common dolphins (Delphinus delphis; Dabin et al. 2008); how-
ever, recent research suggests that scars may persist throughout
life in this species (Palmer et al. 2022). The observed increase
of corpora with age in the current study provides initial evi-
dence of corpora accumulation in Tamanend's bottlenose dol-
phins and supports previous findings of corpora accumulation
in bottlenose dolphins (Cockcroft and Ross 1990; Harrison and
Ridgway 1971; Kemper et al. 2019) despite variability in Cetacea.

Ovarian weights varied between maturity stages. Ovaries of
mature females weighed more than those of immature females,
which reflects weight changes due to corpora formation after
maturation. However, sexual maturity occurs prior to physical
maturity, and standard body length and ovarian weight are pos-
itively correlated in common bottlenose dolphins in the north-
western Gulf of Mexico (Turner et al. 2006). Assuming a similar
relationship in Tamanend's bottlenose dolphins (bottlenose dol-
phins in the Gulf of Mexico are not within the geographic dis-
tribution of Tamanend's bottlenose dolphins; Costa et al. 2022),
ovarian growth in females not yet at their asymptotic body
length may contribute to the greater ovarian weight of mature
females.

Left and right ovarian weights differed based on maturity stage.
Before maturity, paired left and right ovary weights did not differ,
suggesting that growth and development occur symmetrically in
both ovaries. After maturation, the left ovary appeared more re-
productively active based on scar accumulation and weight. The
left ovary contained more scars than the right ovary, with more
females having evidence of ovulation in the left ovary only com-
pared to the right ovary, suggesting that in most females either
the left ovary matured prior to the right ovary or both ovaries
matured at the same time, but ovulatory activity favored the left
ovary. Following maturation, there was weak evidence that fresh
weights of paired left and right ovaries differed, although the
left ovaries weighed more on average. However, after fixation,
there was strong evidence that the left ovaries weighed more
than their paired right ovaries. Formalin fixation may impact
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ovary weight. However, in Pacific walruses (Odobenus rosmarus
divergens), ovary volume, but not weight, differed between
fresh/frozen ovaries and formalin-fixed/ethanol-preserved ova-
ries (Larsen Tempel and Atkinson 2020). Ovary weights in rab-
bits initially increased after fixation but decreased over time to
a similar weight as when fresh (Fraser 1985). In addition, ovary
weights in Sprague-Dawley rats changed in the same direc-
tion and magnitude as other organs during fixation (Kanerva
et al. 1983), suggesting that fixed weights could be an alternative
to fresh weights. Assuming that weight changes were consistent
in direction and magnitude, comparisons of fixed-ovary weights
should theoretically produce valid results even if ovaries in the
current study weighed more or less than when fresh. Therefore,
based on the observed scar accumulation and ovarian weight
asymmetry, our findings corroborate previous observations of
asymmetric ovulation favoring the left ovary in bottlenose dol-
phins (Harrison and Ridgway 1971; Kemper et al. 2019; Orbach
et al. 2016).

This research provided initial estimates of the onset of sexual
maturation and calving interval of female Tamanend's bot-
tlenose dolphins that stranded in South Carolina. The results
suggest that females of this species reach sexual maturity at
similar ages and somewhat smaller body lengths than com-
mon bottlenose dolphins. Temporal variations in the onset
of sexual maturity highlight a possible connection between
sexual maturation and animal health. Coastal bottlenose
dolphins tend to have less genetic diversity and are more sus-
ceptible to anthropogenic threats than offshore bottlenose
dolphins (Lowther-Thieleking et al. 2015; Natoli et al. 2004).
Further monitoring is, therefore, essential to detect temporal
variations of ASM, LSM, and calving interval and understand
the effects of various stressors on the reproductive develop-
ment and success of this newly recognized coastal and estu-
arine species.
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