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Abstract
Little Bahama Bank in the northern Bahamas supports several populations of bottlenose dolphins (Tursiops truncatus). We 
provide the first estimates of birth rate and age-class-specific apparent survival rates for the local South Abaco population 
using data from a long-term (1997–2014) photo-identification (photo-ID) study and use the estimated life history parameters 
in a population viability analysis (PVA) to predict future population trends. Hurricane events are predicted to become more 
intense due to climate change but knowledge of how hurricanes may impact cetacean populations is limited. Little Bahama 
Bank is subject to hurricane activity, so we also investigate the potential impact of hurricanes on calf, juvenile and adult 
survival. Photo-ID data confirmed the existence of a core adult population with relatively high site fidelity in South Abaco, 
but also evidence of transient animals. Estimated annual birth rate was 0.278 (95% CI: 0.241–0.337). We found strong support 
for a decline in apparent survival for all age-classes. Estimated survival declined by 9% in adults (0.941 in 1998, to 0.855 in 
2013), 5% in juveniles (0.820 in 2000, to 0.767 in 2013) and 36% in calves (0.970 in 1997, to 0.606 in 2013). Evidence that 
survival was influenced by repeated hurricane activity leading to increased mortality and/or emigration was stronger for 
calves and juveniles than for adults. PVA simulations of an assumed isolated South Abaco population showed that declines 
would lead to extinction within decades, even under the most optimistic scenario. Future work should focus on establishing 
if South Abaco is part of natural source–sink metapopulation dynamics on Little Bahama Bank by assessing trends in 
abundance in local populations and establishing how they interact; this will be important for assessing their conservation 
status in a potentially increasingly changing environment.
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Introduction

Knowledge of birth and survival rates of populations 
is needed to describe a species’ life history but can also 
be important in the context of conservation. If species 
monitoring indicates a decline in abundance, unless the 
cause is already clear (e.g. Taylor et al. 2017), estimates of 
birth and survival rates can help identify possible reasons 
for the decline (e.g. Currey et al. 2011). Investigation of how 
these rates have varied over time may also provide insight 
into the influence of environmental changes (e.g. Agrelo 
et al. 2021; Jourdain et al. 2021). Incorporating population-
specific birth and survival rates in population dynamics 
models, such as a population viability analysis, allows 
population growth rates to be estimated and inferences made 
about future conservation action that may be needed to halt 
a decline in abundance (e.g. Bezamat et al. 2021).
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Little Bahama Bank (surrounding Great Abaco and Grand 
Bahama Islands) in the northern Bahamas supports several 
populations of bottlenose dolphins (Tursiops truncatus), 
totalling an estimated 1100 individuals (Durban 2002). Due 
to the abrupt drop-off in water depth immediately offshore 
of Little Bahama Bank, the overall population is believed 
to be closed, with no immigration or emigration occurring 
(Parsons et al. 2006). Within this overall population, three 
genetically distinct local populations have been described, 
although some gene flow (via both females and males) is 
evident (Parsons et al. 2006). These are the East Abaco 
population (east of Great Abaco; Fearnbach et al. 2012), 
the Northern community (north of Grand Bahama and 
encompassing the White Sand Ridge region; Rossbach and 
Herzing 1999; Rogers et al. 2004) and the South Abaco 
population, which forms the focus of the current study. 
A fourth population (the Southern community) has also 
been identified off the north-west coast of Grand Bahama 
(Rossbach and Herzing 1999; Rogers et  al. 2004). The 
distinctness of the local populations combined with some 
interchange among them indicates that bottlenose dolphins 
on Little Bahama Bank may form a metapopulation.

In this paper, we analyse data from a long-term photo-
identification study to estimate the birth rate and age-class-
specific apparent survival rates of bottlenose dolphins in 
South Abaco. We use this new information on life history 
parameters to explore the future prospects of this local 
population using a population viability analysis (Brook et al. 
2000; Thompson et al. 2000; Manlik et al. 2016). Results 
from these analyses may help inform the extent to which it 
is reasonable to consider the bottlenose dolphins on Little 
Bahama Bank as a metapopulation.

Climate change appears to be contributing to the observed 
increase in intensity and frequency of at least some forms of 
extreme weather events (e.g. National Academy of Sciences 
2020). Evidence suggests that the intensity of hurricanes, 
one form of extreme weather, is increasing and that this is 
likely to be due to global warming (e.g. Knutson et al. 2021). 
Hurricanes have been linked to negative environmental 
consequences in a variety of ecosystems (e.g. Tanner et al. 
1991; Gardner et al. 2005) and also to impacts on species, 
including permanent or temporary emigration (e.g. Preen 
and Marsh 1995), increases in habitat range (e.g. White et al. 
2005), and abundance declines due to potential reductions 
in particular food resources (e.g. Wauer and Wunderle 
1992). In marine mammals, hurricane activity may impact 
survival (Preen and Marsh 1995; Langtimm and Beck 
2003), reproduction (Miller et al. 2010), foraging (Smith 
et al. 2013), social structure (Elliser and Herzing 2011) and 
stranding events (Mignucci-Giannoni et al. 2000).

A future increase in the proportion of high intensity 
storms (Category 4 and 5 on the Saffir-Simpson Hurricane 
Wind Scale; NOAA 2021a) is predicted to be more likely 

than an increase in the frequency of hurricane events (NOAA 
GFDL 2021). However, in the northern Bahamas, there has 
been a marked increase in hurricane events in the South 
Abaco area following the passage of Hurricane Andrew in 
1992 (NOAA 2021b), including, recently, Hurricane Dorian, 
a Category 5 hurricane which directly hit Great Abaco and 
Grand Bahama in 2019. Before Hurricane Andrew in 1992, 
the last hurricane to impact South Abaco was Hurricane 
Betsy in 1965. Several studies have documented potential 
effects of hurricane activity on bottlenose dolphins in The 
Bahamas (Elliser and Herzing 2011; Fearnbach et al. 2011, 
2012), but knowledge of how hurricanes may affect cetacean 
survival is limited. Thus, we also explore whether hurricanes 
may have influenced the apparent survival rates of calves, 
juveniles or adults in the South Abaco bottlenose dolphin 
population, and which features of hurricanes (frequency, 
intensity, proximity) may best explain any effect.

Methods

Data collection and photographic identification

Boat-based photo-identification surveys were conducted 
between 1997 and 2014 off the west coast of South 
Abaco, within the waters of Little Bahama Bank (northern 
Bahamas), in an estimated 50   km2 study site (Fig.  1; 
Fig. A1). This site was located between the north of Gorda 
Cay (approx. 26°20′ N, 77°62′ W) and the south of Cross 
Harbour (approx. 25°90′ N, 77°25′ W). Photo-identification 
survey equipment and protocols were similar to those 
documented in Fearnbach et  al. (2012), with surveys 
conducted between January and October every year, 
with increased effort during the summer months (June to 
August). Photographs of individual dorsal fins were graded 
for photographic quality following the method outlined 
by Durban et al. (2000) based on image size, focus, angle 
and percentage of the fin visible in the frame. Only good-
quality photographs were used in analysis. All photographed 
individuals were identified based on the unique markings on 
their dorsal fin and matched against a catalogue of known 
bottlenose dolphins from this population.

Calving data and birth rate analysis

A dataset containing calving histories of individual females 
for the years 1996–2013 was constructed. The year 1996 was 
included because some calves were identified in 1997 (when 
photo-identification effort started) as 1-year-olds based on 
their relative size and appearance. A confidence level of 
1 (certain) or 2 (uncertain) was assigned to both year of 
birth and mother-ID in the dataset. Certainty of mother-ID 
was based on the criteria that mother and calf were seen 
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together, with calf in echelon position, on more than two 
unique days (e.g. Arso Civil et al. 2017). Certainty of year 
of birth was based on a combination of ageing of the calf 
based on body size, skin coloration, presence of foetal folds, 
field observations and expert opinion by DC based on the 
long-term study of individuals in this population.

Only those mother–calf pairs that had a confidence of 
1 (certain) for mother-ID were included in the birth rate 
analysis. However, calves with either a confidence 1 (certain) 
or 2 (uncertain) for year of birth were included because, 
for this analysis, a 1-year error in birth date (the maximum 
possible) is less problematic than a false lengthening or 
discontinuation of an inter-birth interval. Three females 
considered part of the East Abaco population (BMMRO 
unpublished data) but seen occasionally with calves in South 
Abaco were excluded from the analysis.

Mean inter-birth interval (IBI; time in years between 
births) and annual birth rate (probability of a female 
having a calf in a year) were estimated for this population 

following the methods described in Arso Civil et al. (2017). 
In summary, generalised linear mixed models (GLMM) 
were used to model the probability of a female giving birth 
as a function of the number of years since the previous 
birth and/or the quadratic form of this covariate included 
as fixed effects, and mother-ID and/or year included as 
random effects. As in Arso Civil et  al. (2017), it was 
assumed that females do not give birth in consecutive 
years. This assumption was based on information collected 
over the long-term photo-identification study in South 
Abaco in which there is no evidence for females giving 
birth in consecutive years (BMMRO unpublished data). 
All models assumed binomial error in the response and 
used a logit link. Analysis was undertaken in R Version 
4.1.1 (R Core Team 2021), with package lme4 (Bates et al. 
2015). Support from the data for each model was based on 
Akaike’s Information Criterion (AIC).

Fig. 1  Map showing the approximate location of the South Abaco bottlenose dolphin population on Little Bahama Bank (LBB; northern 
Bahamas) in relation to other local populations (after Rogers et al. 2004). Bathymetry data: GEBCO Compilation Group (2020)



 J. Coxon et al.

1 3

Estimating apparent survival

Open-population capture–recapture Cormack–Jolly–Seber 
(CJS) models (Lebreton et al. 1992) were used to estimate 
apparent survival probabilities of calves, juveniles and 
adults.

Calf and juvenile survival

To estimate calf and juvenile survival, annual capture 
histories of all individuals with known year of birth (with 
confidence 1, see above) were generated. Calves and 
juveniles in the South Abaco population can be tracked with 
confidence as they age using either temporary or permanent 
marks, as well as identified via mother–calf association. 
Age-class models were fitted to estimate the probability of 
survival of calves (defined here as 0–2 years) and juveniles 
(defined here as 3–8 years). The age of sexual maturity, 
i.e. exiting the juvenile age-class, was set at 9 years based 
on mid-value estimates for female bottlenose dolphins in 
Wells and Scott (2018). Two age-class structures were 
investigated, in which calf survival was modelled as either 
(1) non-age-specific, i.e. a single parameter for all ages, or 
(2) age-specific, i.e. separate parameters for first-, second- 
and third-year survival. Juvenile survival was modelled as 
non-age-specific in both age-class structures.

Goodness of fit tests of CJS model assumptions about 
apparent survival probabilities and recapture probabilities 
(Lebreton et al. 1992), were run using package R2ucare 
(Gimenez et al. 2018) in R Version 4.1.1 (R Core Team 
2021), following the schematic in Figure 1 in Gimenez 
et al. (2018). The overall test was not significant (χ2

35 = 
30.80, p = 0.67) indicating no lack of fit, including no 
overdispersion in the data.

Survival (Phi) was modelled as age-class-specific (calves 
and juveniles, as described above), and was also allowed 
to vary annually (time) or with a linear time trend (Time). 
The modelled relationships between age-class and time or 
Time were allowed to be additive (a common effect of time 
or Time on both age-classes) or interactive (separate effects 
of time or Time on each age-class). Recapture probability 
(p) was modelled as constant (.) or varying by year (time). 
We refer to these models of calf/juvenile survival as base 
models.

Adult survival

To estimate adult survival, annual capture histories of all 
individuals that were permanently marked, i.e. animals with 
dorsal fin nicks, and that were believed to be an adult on first 
capture were generated. Goodness of fit tests were run as 
described above. The overall test was highly significant ( �2

48
 

= 106.6, p < 0.01) indicating lack of fit of the CJS model. 

Tests 3.SR and 2.CT were both significant (Test 3.SR: 
�
2

12
 = 30.01, p < 0.01; Test 2.CT: �2

15
 = 60.22, p < 0.01), 

indicating lack of fit likely resulting from a transience effect 
and a trap dependence effect, respectively. All models of 
adult survival thus incorporated two features. First, survival 
probability was modelled by transient-class, in which one 
class represented survival in the year following first capture 
and a second class represented survival in all subsequent 
years. The first class includes so-called transient individuals 
(captured only once) for which survival will be negatively 
biased (Pradel et al. 1997), thus only estimates of survival 
for the second class (non-transients) are subsequently 
considered. Second, annual recapture probability was 
modelled to vary between individuals captured or not 
captured in the previous year, modelled as an individual 
time-varying covariate (see, e.g. Schleimer et al. 2019). 
Component tests 3.SR and 2.CT were removed from the 
overall goodness of fit test (Pradel et al. 2005), which then 
showed no lack of fit ( �2

21
 = 16.3, p = 0.75), including no 

evidence of overdispersion in the data.
Survival (Phi) was modelled as transient-class-specific 

(trans) and was also allowed to vary annually (time) or 
with a linear time trend (Time). The modelled relationships 
between trans and time or Time were only allowed to be 
interactive because in these models there are separate 
effects on transients and non-transients; we do not want 
the modelled effect on non-transients to be influenced by 
transients, as would occur in an additive model. Recapture 
probability (p) was modelled as trap dependent (td) and was 
also allowed to vary annually as an additive or interactive 
relationship with time. We refer to these models of adult 
survival as base models.

All models assumed binomial error in the response and 
used a logit link function. Models were run using the R 
package RMark (Version 2.2.7; Laake 2013), implementing 
software MARK (Version 9.0; White and Burnham 1999). 
Support from the data for each model was based on AICc 
(AIC adjusted for small sample size; Burnham and Anderson 
2002).

Modelling the effect of hurricanes on survival

Data on hurricanes affecting the South Abaco study site 
during this study were gathered from the National Oceanic 
and Atmospheric Administration (NOAA) National 
Hurricane Center (NOAA 2021b). These were additionally 
confirmed in a local context (Table 1). A hurricane was 
defined as a direct hit if it passed within 50 miles (approx. 
80 km) of the South Abaco study site, and non-direct if it 
passed within 100 miles (approx. 160 km), based on the 
100 mile average diameter of hurricane force winds (e.g. 
Willoughby et al. 2007). Major hurricanes were defined as 
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those that achieved Category 3 (or greater) wind speeds on 
the Saffir-Simpson Hurricane Wind Scale (NOAA 2021a) 
over the South Abaco study site; Category 1 or 2 hurricanes 
were defined as Minor. 

To model the effect of hurricanes on apparent survival, a 
set of covariates with annual values for the period 1997–2014 
was compiled. Three types of covariate were created to rep-
resent different possible effects on survival (Table 2). Binary 
covariates categorised years as 1 or 0 to represent the presence 
or absence of a hurricane. ‘Time since’ covariates categorised 
years as the time since the last hurricane to investigate the 
potential lagged effect of hurricanes. Cumulative count covar-
iates categorised years by the number of years with hurricanes 
since 1992. To investigate whether major and/or direct hur-
ricanes may have had a greater influence on survival, hurri-
cane covariates were created that included (a) only years with 
hurricanes that were major and/or direct and (b) years with all 
hurricanes (Table 2). In 2 years, 1999 and 2004, there were 
two hurricanes, one of which was major and direct (Table 1).

The effect of hurricanes on apparent survival of calves/
juveniles and of adults was modelled by incorporating each 
of the hurricane covariates in Table 2 in the base models 

described above. For calves/juveniles, hurricane covariates 
were modelled as additive or interactive relationships with 
age-class and with time (varying by year) or Time (linear 
time trend). For adults, hurricane covariates were modelled 
as additive or interactive relationships with trans and with 
time or Time. We refer to these models as hurricane effect 
models.

Population viability analysis (PVA)

Population viability analysis was conducted in software Vor-
tex Version 10 (Lacy and Pollak 2020). The South Abaco 
population was treated as isolated and independent for the 
purposes of the PVA. All simulations were run as individual-
based models using birth rate and age-class-specific appar-
ent survival rates estimated during this study. Mortality rates 
for calves, juveniles and adults required as inputs to Vortex 
were calculated as 1 − survival rates estimated by the most-
supported base models. Three scenarios were modelled to 
explore the impact of different survival rates estimated by 
these models, which all predicted a declining trend in sur-
vival (see “Results”). The Baseline (2005) scenario included 
survival estimates for calves, juveniles and adults from 2005, 
a year midway within the study period that thus represents 
mid-range (approximately average) estimates of survival 
(Table 3). The High (2000) scenario included survival esti-
mates from 2000, the first year when survival estimates were 
available for all age-classes, and thus representing high esti-
mated survival (Table 3). The Low (2010) scenario included 
survival estimates from 2010, avoiding the estimates for the 
final three years, in which terminal bias could be present (e.g. 
Schleimer et al. 2019), and thus representing low estimated 
survival (Table 3). The estimated birth rate was the same in 
all three scenarios (Table 3; see “Results”).

Values for maximum lifespan, maximum age of female/
male reproduction and female/male age at first offspring 
were based on values from Wells and Scott (2018). 
Inbreeding depression was omitted; however, the default 
inbreeding depression value of 6.29 (O’Grady et al. 2006) 
was also tested (see below). A polygynous mating system, 
non-density-dependent reproduction and an equal sex 
ratio at birth were selected (c.f. Thompson et al. 2000) 

Table 1  Hurricanes affecting the South Abaco study site 1992–2014

See text for definition of major/minor and direct/non-direct. Date is 
not specific to the South Abaco study site

Year Hurricane Date Intensity (major/
minor)

Proximity 
(direct/non-
direct)

1992 Andrew Aug 16–28 Major Non-direct
1995 Erin Jul 31–Aug 6 Minor Direct
1996 Bertha Jul 5–14 Minor Non-direct
1999 Dennis Aug 24–Sep 7 Minor Non-direct
1999 Floyd Sep 7–17 Major (Cat 4) Direct
2001 Michelle Oct 29–Nov 5 Minor Non-direct
2004 Frances Aug 25–Sep 8 Minor Direct
2004 Jeanne Sep 13–28 Major (Cat 3) Direct
2005 Wilma Oct 15–25 Minor Non-direct
2007 Noel Oct 28–Nov 2 Minor Non-direct
2011 Irene Aug 21–28 Minor Direct
2012 Sandy Oct 22–29 Minor Direct

Table 2  Covariates created 
for analysis of the effect of 
hurricanes on survival

See text for definition of covariate type

Covariate type Hurricane covariate Year (binary) or value

Binary Direct and/or major years 1999, 2004, 2011, 2012
All hurricane years 1999, 2001, 2004, 2005, 2007, 2011, 2012

‘Time since’ Last direct and/or major year 2, 3, 0, 1, 2, 3, 4, 0, 1, 2, 3, 4, 5, 6, 0, 0, 1, 2
Last hurricane year 1, 2, 0, 1, 0, 1, 2, 0, 0, 1, 0, 1, 2, 3, 0, 0, 1, 2

Cumulative count Direct and/or major years 2, 2, 3, 3, 3, 3, 3, 4, 4, 4, 4, 4, 4, 4, 5, 6, 6, 6
All hurricane years 3, 3, 4, 4, 5, 5, 5, 6, 7, 7, 8, 8, 8, 8, 9, 10, 10, 10
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and it was assumed that all mature males were part of the 
breeding pool. Initial population size was set at 50, based 
on the average estimated abundance of the South Abaco 
population from 2001 to 2013 (Webber 2018). Carrying 
capacity was set at 70, based on the highest upper 95% 
confidence limit from 2001 to 2013 (Webber 2018). 
For each scenario simulated, a single population was 
stipulated, with 5000 iterations (see Currey et al. 2009a) 
over 150 years, with extinction defined as only one sex 
remaining. Reproduction and survival EV (environmental 
variation) correlation was set at the Vortex default of 
0.5. Maximum number of broods per year and maximum 
number of progeny per brood were both set as 1.

Sensitivity testing

The Baseline (2005) survival and birth rates were varied 
by + 1% and + 1SDev to test the relative influence of fixed 
proportion and observed variation, respectively, in these 
parameters on the population projection (c.f. Manlik et al. 
2016). The default inbreeding depression value of 6.29 
was also tested. Testing involved calculating the difference 
between the predicted mean (stochastic) instantaneous 
population growth rate (stoch-r in Vortex, where λ =  er; 
hereafter referred to as mean growth rate) of Baseline 
(2005) and the mean growth rate when a single parameter 
was altered, by + 1% or + 1SDev, whilst not altering any 
other values. To compare survival and birth rate parameter 
influence on population dynamics, a percentage change 
in the mean growth rate was calculated by dividing the 

difference in mean growth rate by the Baseline (2005) 
estimate of mean growth rate.

Population stabilisation

Given the results (see below), PVA simulations were run 
to establish the increases in survival (from Baseline (2005) 
values) needed to stabilise the South Abaco population. 
Keeping birth rate at the value in the Baseline (2005) 
scenario, survival rates were gradually increased by 1% 
across all age-classes simultaneously until stability was 
reached. This simplistic approach was chosen in the absence 
of information to warrant consideration of potentially more 
realistic scenarios in which targeted conservation measures 
might differentially affect the survival of different age-
classes. The SDev values for mortality in the PVA were 
proportionally scaled to the respective survival estimates 
as survival rates were artificially increased. These same 
simulations were also run with birth rate increased to 33.3% 
(representing a likely minimum 3-year inter-birth interval). 
The SDev value for birth rate was also proportionally scaled 
when birth rate was artificially increased.

Results

Estimated birth rate

Only three models (within 2 AIC units of each other) 
received any support from the data; all other models had a 
delta-AIC of greater than 21.8 from the third most-supported 
model. These three models included years since previous 

Table 3  Summary of key 
parameters used within the 
population viability analysis 
(PVA) in Vortex; F = female, 
M = male

See text for source of parameter values

Parameter Value Parameter Value

General PVA parameters
 Age first offspring (F) 9 years Max. age reproduction (F) 50 years
 Age first offspring (M) 11 years Max. age reproduction (M) 50 years
 Maximum lifespan 50 years Inbreeding depression –
 Initial population size 50 Sex ratio at birth 50:50
 Carrying capacity 70 Males in breeding pool 100%

Baseline (2005) scenario parameters
 Calf mortality 12.4% (SDev: 3.3%) Adult mortality 9.0% (SDev: 1.4%)
 Juvenile mortality 20.0% (SDev: 4.6%) Birth rate 27.8% (SDev: 2.5%)

High (2000) scenario parameters
 Calf mortality 5.2% (SDev: 2.9%) Adult mortality 6.6% (SDev: 2.0%)
 Juvenile mortality 18.0% (SDev: 8.4%) Birth rate 27.8% (SDev: 2.5%)

Low (2010) scenario parameters
 Calf mortality 26.9% (SDev: 6.5%) Adult mortality 12.1% (SDev: 3.1%)
 Juvenile mortality 22.0% (SDev: 5.7%) Birth rate 27.8% (SDev: 2.5%)
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birth and years since previous birth in quadratic form as 
fixed effects, and mother-ID and/or year as random effects. 
To account for model uncertainty, the estimated coefficients 
from these three models were model-averaged using AIC 
weights using the multi-model inference package MuMIn 
(Version 1.43.17; Bartoń 2020) implemented in R Version 
4.1.1 (R Core Team 2021), to estimate the mean inter-birth 
interval and hence birth rate. Model-averaged inter-birth 
interval was 3.60 years (95% CI: 2.97–4.15) and annual birth 
rate was 0.278 (95% CI: 0.241–0.337).

Base estimates of survival

Calves and juveniles

In total, 56 calves with known year of birth were identified 
between 1996 and 2013. Preliminary analysis indicated that 
modelling calf survival as a single parameter for all calf 
ages received more support from the data than modelling 
age-specific calf survival, i.e. separate parameters for first-, 
second-, and third-year survival. Thus, calf survival was 
estimated only as a single parameter (non-age-specific). 
Within these models with non-age-specific calf survival, a 
model with linear time trend on survival interacting with 
age-class and constant recapture probability had much more 
support than any other model (Table 4). The results of this 
model indicated a decreasing trend in calf and juvenile 
survival (Fig. 2a, b). Estimated calf survival decreased from 
0.970 (95% CI: 0.875–0.993) in 1997, to 0.876 (95% CI: 
0.795–0.927) in 2005 (equivalent to approximately half-way 
through the time series) and 0.606 (95% CI: 0.368–0.802) in 

2013, representing an approximate 36% decrease in apparent 
survival over the time series. Estimated juvenile survival 
declined less steeply from 0.820 (95% CI: 0.598–0.933) 
in 2000, to 0.800 (95% CI: 0.695–0.876) in 2005 and 
0.767 (95% CI: 0.548–0.899) in 2013, representing an 
approximate 5% decrease in apparent survival over the time 
series. Recapture probability was estimated at 0.85 (95% CI: 
0.79–0.90).

Adults

The adult dataset included 84 individuals. Two models with 
linear time trend on survival interacting with transient-class 
had much more support than any other model and differed 
only in whether trap dependency was modelled as interacting 
with time or not (Table 5). The estimated coefficients from 
these two models were model-averaged using AICc weights 
to obtain base estimates of adult survival. Results indicated a 
declining trend in survival (Fig. 2c). Adult survival declined 
from 0.941 (95% CI: 0.876–0.973) in 1998, to 0.910 (95% 
CI: 0.878–0.935) in 2005 and 0.855 (95% CI: 0.718–0.932) 
in 2013, representing an approximate 9% decrease in 
apparent survival over the time series. Estimated recapture 
probability varied between 0.46 and 0.77.

Effect of hurricanes on survival

For calves and juveniles, six models had most support from 
the data within a delta-AICc of 3; other models had a delta-
AICc of greater than 5 and thus little support (Table 4). 
Of these six models, two had more support than the others 

Table 4  Most supported base models and hurricane effect models for calves and juveniles

DM direct and/or major hurricane, Phi survival probability, p recapture probability, age-class calf/juvenile, dot constant, time varying annually, 
Time linear time trend, + additive effect, * interactive effect

Base model AICc Delta-AICc No. of 
parameters

Deviance AICc 
weight

Phi:Time*age-class p:dot 382.7 0 7 232.2 0.98
Phi:age-class p:time 390.1 7.4 20 210.4 0.02

Hurricane effect model Hurricane covariate AICc Delta-AICc No. of 
parameters

Deviance AICc 
weight(CovX in previous column)

Phi:Time*age-class + CovX p:dot Time since last DM hurricane year 381.9 0 8 229.2 0.32
Phi:Time*age-class + CovX p:dot Cumulative count of DM hurricane years 381.9 0 8 229.2 0.32
Phi:Time*age-class + CovX p:dot Binary covariate for all hurricane years 384.5 2.6 8 231.8 0.09
Phi:Time*age-class + CovX p:dot Time since last hurricane year 384.5 2.6 8 231.9 0.08
Phi:Time*age-class + CovX p:dot Cumulative count of all hurricane years 384.6 2.7 8 232.0 0.08
Phi:Time*age-class + CovX p:dot Binary covariate for DM hurricane years 384.8 2.9 8 232.2 0.07
Phi:Time*age-class*CovX p:dot Cumulative count of all hurricane years 387.6 5.7 13 224.0 0.02
Phi:Time*age-class*CovX p:dot Cumulative count of DM hurricane years 387.9 6.0 13 224.3 0.02



 J. Coxon et al.

1 3

Fig. 2  Estimates of apparent 
survival for (a) calves, (b) 
juveniles and (c) adults. For 
calves and juveniles, model-
averaged estimates from the 
hurricane effect models are 
shown as well as estimates from 
the base model (see text and 
Tables 4 and 5). The hurricane 
covariates included in these 
models, either ‘time since last 
direct and/or major hurricane 
year’ or ‘cumulative count of 
direct and/or major hurricane 
years since 1992’, are shown on 
the top axis in panels (a) and (b)
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(delta-AICc > 2.5) and also slightly more support than the 
base survival model (delta-AICc = 0.8; Table 4). In both 
these models, the hurricane covariate was included as well as 
the linear time trend in survival in the base model, indicating 
that these hurricane covariates helped to explain additional 
variation in the data. The hurricane covariates in these two 
models both related to direct and/or major (DM) hurricane 
years, modelled in two different ways: ‘time since last direct 
and/or major hurricane year’ or ‘cumulative count of direct 
and/or major hurricane years since 1992’. Coefficients from 
these two most-supported DM hurricane effect models were 
model-averaged to produce a set of hurricane-impacted 
survival rates for calves and juveniles to explore how 
these estimates differed from the base survival estimates. 
Estimated calf survival dropped by approximately 3% in 
1999 (Hurricanes Dennis and Floyd), 8% in 2004 (Hurricanes 
Frances and Jeanne), 19% in 2011 (Hurricane Irene) and 
12% in 2012 (Hurricane Sandy) (Fig. 2a). Between these 
direct and/or major hurricane years, survival was estimated 
to continue to decline slowly, i.e. no recovery in estimated 
calf survival rates was predicted. Estimated juvenile survival 
dropped by approximately 11% in 2004, 13% in 2011 and 
7% in 2012; however, in contrast to calf survival, juvenile 

survival was predicted to recover between direct and/or major 
hurricane years (Fig. 2b).

For adults, many hurricane effect models had some 
support from the data within a delta-AICc of 5 but only one 
had more support (delta-AICc = 0.3) than the base model 
(Table 5). In this model, the hurricane covariate, cumulative 
count of all hurricane years since 1992, replaced the linear 
time trend in survival in the most-supported base models 
(Table 5). That is, the hurricane covariate did not explain 
variation in the data additional to the trend in the base 
models. Of the most-supported hurricane effect models 
(delta-AICc < 2), only one included the hurricane covariate 
as well as the linear time trend. Survival estimates from 
these most-supported hurricane effect models were very 
similar to base estimates and are not shown in Fig. 2c.

Population viability analysis (PVA)

Model scenarios

The Baseline (2005) scenario estimated a mean growth 
rate of − 0.0662 for the South Abaco population, with a 
probability of extinction of 1 (i.e. all 5000 iterations were 

Table 5  Most supported base models and hurricane effect models for adults

DM direct and/or major hurricane, Phi survival probability, p recapture probability, trans transient-class (transient/non-transient), time varying 
annually, Time linear time trend, td trap dependency, + additive effect, * interactive effect

Base model AICc Delta-AICc No. of 
parameters

Deviance AICc 
weight

Phi:Time*trans p:td*time 852.2 0 22 805.6 0.58
Phi:Time*trans p:td 853.0 0.8 6 840.8 0.39
Phi:Time*trans p:td + time 858.4 6.2 22 811.8 0.03

Hurricane effect model Hurricane covariate
(CovX in previous column)

AICc Delta-AICc No. of 
parameters

Deviance AICc 
weight

Phi:trans*CovX p:td*time Cumulative count of all hurricane years 851.9 0 22 805.3 0.17
Phi:Time*trans + CovX p:td*time Binary covariate for all hurricane years 852.9 1.0 23 804.0 0.10
Phi:trans*CovX p:td Cumulative count of all hurricane years 853.1 1.2 6 840.9 0.09
Phi:trans*CovX p:td*time Cumulative count of DM hurricane years 853.3 1.4 22 806.7 0.08
Phi:trans*CovX p:td Cumulative count of DM hurricane years 854.0 2.1 6 841.8 0.06
Phi:Time*trans + CovX p:td*time Time since last hurricane year 854.2 2.3 23 805.3 0.05
Phi:Time*trans + CovX p:td*time Time since last DM hurricane year 854.3 2.4 23 805.5 0.05
Phi:Time*trans + CovX p:td*time Cumulative count of DM hurricane years 854.4 2.5 23 805.6 0.05
Phi:Time*trans + CovX p:td*time Binary covariate for DM hurricane years 854.4 2.5 23 805.6 0.05
Phi:Time*trans + CovX p:td*time Cumulative count of all hurricane years 854.4 2.5 23 805.6 0.05
Phi:Time*trans + CovX p:td Time since last DM hurricane year 854.7 2.8 7 840.4 0.04
Phi:Time*trans + CovX p:td Cumulative count of DM hurricane years 854.8 2.9 7 840.5 0.04
Phi:Time*trans + CovX p:td Binary covariate for all hurricane years 854.8 2.9 7 840.6 0.04
Phi:Time*trans + CovX p:td Cumulative count of all hurricane years 854.9 3.0 7 840.6 0.04
Phi:Time*trans + CovX p:td Time since last hurricane year 855.0 3.1 7 840.7 0.04
Phi:Time*trans + CovX p:td Binary covariate for DM hurricane years 855.0 3.1 7 840.7 0.04
Phi:trans + CovX p:td Cumulative count of DM hurricane years 856.6 4.7 5 846.4 0.02
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predicted to become extinct within 150 years), and a mean 
time to extinction of 41.9 years (Fig. 3). The High (2000) 
and Low (2010) scenarios estimated mean growth rates of 
− 0.0361 and − 0.1109, with a probability of extinction 
of 0.99 and 1, and a mean time to extinction of 73.0 years 
and 25.7 years, respectively (Fig. 3). Thus, even the most 
optimistic scenario predicted a strong population decline.

Sensitivity testing

Mean growth rate was most sensitive to a + 1% increase in 
adult survival (Table 6), causing a + 11.3% increase in mean 
growth rate and resulting in the largest change in mean time 
to extinction. A + 1% increase in juvenile survival caused 
the mean growth rate to increase by + 3.3%. Changes in 
mean growth rate were smaller for + 1% increases in calf 
survival (+ 2.1%) and estimated birth rate (+ 1.8%). The 

Fig. 3  Population viability 
analysis for the South Abaco 
population using estimated 
survival values for calves, 
juveniles and adults from the 
base models (see text). Stoch-r 
mean (stochastic) instantaneous 
population growth rate, SD(r) 
standard deviation of r, PE 
probability of extinction, mean 
TE mean time to extinction 
(years)

Table 6  Sensitivity testing 
results for fixed proportion 
(+ 1%) and observed variation 
(+ 1SDev) analyses

Stoch-r  mean (stochastic) instantaneous population growth rate, SD(r) standard deviation of r, PE 
probability of extinction, mean TE mean time to extinction (years), Sensitivity calculated difference 
between stoch-r for Baseline (2005) and stoch-r on altering a single parameter input, Change in stoch-r 
(%) percentage change in stoch-r caused by a particular parameter change. Note a fixed + 1% or + 1SDev 
change to survival rates relates to a − 1% or − 1SDev change to mortality rate in Vortex

Parameter Stoch-r SD(r) PE Mean TE Sensitivity Change in 
stoch-r (%)

Baseline (2005) – 0.0662 0.1430 1.00 41.9 – –
Fixed proportion (+ 1%)
 Birth rate − 0.0650 0.1436 1.00 42.7 0.0012  + 1.8
 Calf survival − 0.0648 0.1422 1.00 42.9 0.0014  + 2.1
 Juvenile survival − 0.0640 0.1409 1.00 43.5 0.0022  + 3.3
 Adult survival − 0.0587 0.1393 1.00 46.9 0.0075  + 11.3
 Inbreeding depression − 0.0681 0.1399 1.00 41.0 0.0019 − 2.9

Observed variation (+ 1SDev)
 Birth rate − 0.0638 0.1431 1.00 43.4 0.0024  + 3.6
 Calf survival − 0.0622 0.1403 1.00 44.5 0.0040  + 6.0
 Juvenile survival − 0.0527 0.1336 1.00 52.4 0.0135  + 20.4
 Adult survival − 0.0564 0.1382 1.00 48.9 0.0098  + 14.8
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inbreeding depression default value of 6.29 (O’Grady et al. 
2006) had a small negative effect on mean growth rate 
(Table 6).

Observed variation sensitivity testing showed that a + 1SDev 
increase in juvenile survival had the largest proportional 
influence on mean growth rate, causing a + 20.4% increase 
(Table 6). A + 1SDev increase in adult survival had the second 
largest influence on mean growth rate, causing a proportional 
change of + 14.8%. Changes of + 1SDev to both calf survival 
and estimated birth rate had smaller effects on the mean growth 
rate of + 6.0% and + 3.6%, respectively (Table 6).

Population stabilisation

PVA simulations showed that survival estimates for calves, 
juveniles and adults would have to increase by + 6% from 
the Baseline (2005) values to stabilise the South Abaco 
population (Fig. 4). This would equate to survival rates of 
0.936 for calves, 0.860 for juveniles and 0.970 for adults. 
When the estimated birth rate was increased to 33.3% 
(an inter-birth interval of 3  years), a +  5% increase in 
survival across all age-classes was not sufficient to stabilise 
population size, but a + 6% increase in survival would allow 
the population to grow (Fig. 4). 

Discussion

In this study, we used individual sighting histories to 
produce the first estimates of birth rate and age-class-specific 
apparent survival rates for the South Abaco population of 

bottlenose dolphins (Tursiops truncatus) on Little Bahama 
Bank (northern Bahamas), used these estimated life history 
parameters in a population viability analysis (PVA) to predict 
future population trends, and investigated the potential effect 
of hurricanes on calf, juvenile and adult survival. We found 
that there is a core adult population (with relatively high 
site fidelity) in South Abaco, based on regularly sighted 
marked adult individuals in the photographic-identification 
data and relatively high recapture probabilities estimated 
from the mark-recapture models. However, we also found 
evidence of transient adults, indicating that there are mature 
individuals that are infrequently seen in South Abaco. These 
findings are comparable with those reported for the East 
Abaco population (Fearnbach et al. 2012) and the Northern 
community (Rossbach and Herzing 1999; Rogers et  al. 
2004) on Little Bahama Bank. Population viability analysis 
simulations showed that the detected decline in survival of 
all age-classes would drive the South Abaco population (if 
isolated) to extinction in a relatively short time frame, even 
under the most optimistic scenario. Evidence that hurricanes 
had an effect on apparent survival was stronger for calves 
and juveniles than for adults.

Birth and survival rates

The estimated birth rate for the South Abaco population 
of 0.278 (95% CI: 0.241–0.337) is slightly higher than 
that reported for the east coast of Scotland (0.222, 95% 
CI = 0.218–0.253; Arso Civil et al. 2017) and considerably 
higher than that reported, using different methodology, 
for Sarasota, Florida (0.144, SD = 0.0244; Wells and 

Fig. 4  Results of population 
stabilisation simulations for 
the South Abaco population. 
Stoch-r mean (stochastic) 
instantaneous population 
growth rate, SD(r) standard 
deviation of r, yr year, IBI 
inter-birth interval. Increases in 
survival are from the Baseline 
(2005) values and were applied 
to calves, juveniles and adults 
simultaneously
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Scott 1990). This suggests that birth rate is not currently 
a cause for concern for the South Abaco population. Adult 
apparent survival at the beginning of the time series 
(0.941; 95% CI: 0.876–0.973) is within the range reported 
for other bottlenose dolphin populations worldwide (e.g. 
Silva et  al. 2009; Daura-Jorge et  al. 2013; Arso Civil 
et al. 2019). It is also similar to the average survival rate 
reported for the East Abaco population between 1993 and 
2009 (0.94; Fearnbach et  al. 2012). Juvenile apparent 
survival in South Abaco was found to be markedly lower 
than for adults. Lower juvenile survival (where the 
juvenile definition is similar to the current study) has 
also been reported for bottlenose dolphin populations off 
the Azores (Silva et al. 2009) and in the Sado Estuary, 
Portugal (Gaspar 2003).

A decline in apparent survival was detected in calves, 
juveniles and adults, with a particularly strong effect in 
calves (a decline of approximately 36% over the study 
period), leading to low calf survival in later years in the 
time series. A strong decline in first-year calf survival in the 
population of bottlenose dolphins in Doubtful Sound, New 
Zealand occurred in a short period of time (Currey et al. 
2009b). Estimates of survival may be subject to negative so-
called terminal bias at the end of a time series, particularly 
in the final 3 years (e.g. Schleimer et al. 2019). In our study, 
the decline in estimated survival in the base models occurs 
across the whole study period, not only in the final three 
years, as found by Schleimer et al. (2019). The declines in 
the three final years estimated from the hurricane models 
for calves and juveniles were a result of including the hur-
ricane covariates. Therefore, there is no evidence that the 
estimated declining trends in apparent survival are a result of 
terminal bias. We cannot distinguish between mortality and 
permanent (or long-term temporary) emigration in apparent 
survival and thus have no information to indicate whether 
the estimated declines are caused by one or the other or both 
(e.g. Baker et al. 2010). Several mother–calf pairs have been 
sighted within multiple local populations on Little Bahama 
Bank (Rogers et al. 2004; Parsons et al. 2006; the current 
study). It is, therefore, possible that declining calf survival 
rates could reflect mother–calf emigration from South Abaco 
instead of, or as well as, a decline in true survival. The esti-
mated decline in juvenile survival was much less than for 
calves but the low estimates of juvenile survival overall may 
also be a result of emigration instead of, or as well as, true 
mortality.

Effect of hurricanes on survival rates

For adults, although inclusion of hurricane covariates did 
not improve our base survival models, results did show that 
replacing a simple time trend with a covariate representing 
cumulative hurricane activity had equivalent support from 

the data. Thus, it is possible that repeated hurricane activity 
may have caused or contributed to the estimated decline 
in survival over time. However, any such inference must 
be made very cautiously. Estimates of survival from the 
hurricane effect models were very similar to those from 
the base models providing little evidence that hurricanes 
had any effect on adult survival rates. It is also possible 
that other unmeasured factors that have increased over time 
could have caused or contributed to the estimated decline. 
Bassos-Hull et al. (2013) reported that bottlenose dolphins 
on the west coast of Florida were relatively unaffected at 
a population level by an individual major, direct hurricane 
event (Charley) in 2004. In contrast, a 3% decline in 
survival was reported in the East Abaco population in 1999 
that was speculated to be due to the impact of Hurricanes 
Dennis and Floyd (Fearnbach et  al. 2012). Repeated 
hurricane activity has also previously been speculated to 
be a potential contributing stressor to the long-term gradual 
decline in abundance in the East Abaco population between 
1996 and 2009 (the end of the study time series; Fearnbach 
et al. 2012).

In contrast, there was stronger evidence from our analysis 
that direct and/or major (DM) hurricane events affected 
survival of calves and juveniles. Hurricane covariates 
describing time since the last DM hurricane year or the 
cumulative number of years with DM hurricanes were 
included in well-supported models as well as the time 
trend in survival, indicating that these hurricane covariates 
explained variation in the data additional to that trend. 
Calves have previously been reported to be more affected 
by extreme weather in other mammalian species, such 
as reindeer (Rangifer tarandus; Hansen et  al. 2019). 
Miller et  al. (2010) suggested that a potential increase 
in reproduction in a bottlenose dolphin population in the 
Mississippi Sound following a major hurricane (Katrina) 
in 2005 may have been partially influenced by an increase 
in calf mortality as a result of the hurricane. However, 
Bassos-Hull et al. (2013) argued that this could have been 
due to natural variation in birth rate. In 3 of the 4 years 
with the strongest decreases in estimated calf survival rate 
in our study (1999, 2004 and 2011), all five hurricanes 
occurred in the months of August and September, whereas 
in all other hurricane years, these events only occurred in 
the months of October and November (Table 1; NOAA 
2021b). In East Abaco, neonates are mostly documented 
in the winter months (Fearnbach et al. 2011). Assuming 
the same calving seasonality in South Abaco, one possible 
contributing factor to the stronger decreases in calf survival 
in 1999, 2004 and 2011 could be that the first-year calves 
were relatively younger in these years and were thus more 
vulnerable when these hurricanes hit the South Abaco area.

A decrease in apparent survival rates may indicate an 
increase in emigration instead of, or as well as, an increase 
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in mortality. The decline and recovery pattern in estimated 
juvenile survival (Fig. 2b) could indicate that disruptive 
DM hurricane events result in movement out of the South 
Abaco area, rather than, or as well as, true mortality. A 
large change in the Northern community social structure 
was seen following Hurricanes Frances and Jeanne in 
2004, when 30% of the resident dolphins were replaced 
by immigrants (Elliser and Herzing 2011). However, the 
extent to which juvenile animals were involved is unclear, 
as the study mostly did not differentiate between juveniles 
and adults.

Predicted population decline

Assuming the bottlenose dolphins in South Abaco form an 
isolated population and that survival rates do not improve, 
our PVA simulations predict a strong decline towards 
extinction within decades. To stabilise the population, 
survival rates of calves, juveniles and adults would need 
to increase by 6% from our suggested Baseline (2005), 
which represents the approximate average over the study 
period. These survival rates that would allow a viable 
population fall within the upper end of the range reported 
for other populations of bottlenose dolphins (e.g. Gaspar 
2003; Silva et al. 2009; Arso Civil et al. 2019). Currey 
et al. (2011) identified reduced survival in calves (animals 
less than 3 years old) as the likely cause of the decline 
in the Doubtful Sound bottlenose dolphin population. In 
our study in South Abaco, the decline in calf survival is 
greater than the declines in juvenile and adult survival, 
but even our most optimistic PVA scenario projected a 
steep population decline when calf survival was high 
at approximately 95%. Given that estimated birth rate 
in South Abaco is similar to or higher than in other 
bottlenose dolphin populations, it is likely that low adult 
and/or low juvenile survival rates are driving the predicted 
population decline. This tentative conclusion is also 
supported by the results of the sensitivity analysis, which 
show that population growth rate is most influenced by 
variation in adult and juvenile survival. However, evidence 
of movements of dolphins between populations on Little 
Bahama Bank (Rogers et al. 2004; Parsons et al. 2006; the 
current study) indicates that the South Abaco population 
is unlikely to be isolated. The declining survival rates 
estimated here may thus reflect a combination of both 
true mortality and permanent (or long-term temporary) 
emigration, the relative contribution of which cannot be 
estimated without additional data and analysis.

In some situations, there may be an identifiable cause 
of a decline in a local small cetacean population, which 
may be able to be directly targeted for management action 
(e.g. Currey et al. 2009b; Slooten 2013). However, where 

populations may be impacted by multiple pressures, it is 
more difficult to identify specific conservation measures to 
arrest a decline (e.g. Tezanos-Pinto et al. 2015). Despite 
indications that hurricane activity may have affected 
bottlenose dolphin survival in South Abaco, especially 
in calves, the extent to which the estimated long-term 
declines in survival in all age-classes are caused by repeated 
hurricane activity in this area is unknown. There are other 
pressures that might be affecting this population. Suspected 
underlying impacts of overfishing (e.g. Bearzi et al. 2008) 
and disturbance from continued presence of small boats (e.g. 
Bejder et al. 2006; Pirotta et al. 2015) could potentially be 
influencing survival rates (BMMRO unpublished data). 
Shark predation risk to younger dolphins (e.g. Mann and 
Barnett 1999) may also be a contributing factor, which 
could increase following hurricane events, as seen in the 
East Abaco population (Fearnbach et al. 2011). If hurricanes 
are a contributing cause of a decline in the South Abaco 
population, and a continued high frequency and/or potential 
increase in intensity of hurricane events occurs due to 
climate change (e.g. NOAA GFDL 2021), this would be 
impossible to mitigate against.

Little Bahama Bank bottlenose dolphins 
as a metapopulation

Our results provide some support for the hypothesis that 
South Abaco bottlenose dolphins could form part of a larger 
metapopulation on Little Bahama Bank. The generally 
high site fidelity but also evidence of infrequently sighted 
individuals would be expected if the local South Abaco 
population was part of a metapopulation on the Bank. A 
similar pattern of relatively high site fidelity, but with some 
movement of individuals (and limited gene flow) has also 
been observed in other populations (East Abaco, Northern 
community) on Little Bahama Bank (Rossbach and Herzing 
1999; Rogers et al. 2004; Parsons et al. 2006; Fearnbach 
et al. 2012).

If the small local population in South Abaco is part 
of a metapopulation, its decline as predicted by the 
population viability analysis, whether a result of mortality 
and/or emigration, would form a natural part of the 
source–sink dynamics (Dias 1996). In that scenario, a 
small South Abaco sink may have little impact on a larger 
metapopulation on Little Bahama Bank. However, the loss 
of a local population of bottlenose dolphins could result 
in reduced genetic and behavioural variation (e.g. Reeves 
2018) and the regional ecosystem in South Abaco might 
also be disturbed (Heithaus et al. 2008), so this would 
not be without impact. If, instead, Little Bahama Bank 
does not act as a metapopulation, or if there were other 
local sink populations within it (as potentially indicated 
by the abundance decline in the East Abaco population; 
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Fearnbach et al. 2012), this would represent a greater 
conservation concern.

A focus of future work on the South Abaco population 
should be on assessing trends in local abundance to 
determine if the estimated declines in apparent survival 
rates and the predicted decline in population size are 
reflected in an observed decline in abundance. In a wider 
context, future work should aim to update the status 
of all local populations on Little Bahama Bank and to 
co-ordinate research efforts to establish how the local 
populations interact as well as to study their dynamics 
jointly. This could help to provide wider context to 
potential emigration (permanent or temporary) from South 
Abaco. Continued long-term photographic-identification 
studies will be essential in elucidating the existence of a 
metapopulation of bottlenose dolphins on Little Bahama 
Bank, as well as assessing their conservation status 
with potentially increasing environmental changes and 
anthropogenic pressures.

Appendix

See Fig. A1.
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