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Population models, such as those used for Population Viability Analysis (PVA), are
valuable for projecting trends, assessing threats, guiding environmental resource
management, and planning species conservation measures. However, rarely are the
needed data on all aspects of the life history available for cetacean species, because
they are long-lived and difficult to study in their aquatic habitats. We present a detailed
assessment of population dynamics for the long-term resident Sarasota Bay common
bottlenose dolphin (Tursiops truncatus) community. Model parameters were estimated
from 27 years of nearly complete monitoring, allowing calculation of age-specific and
sex-specific mortality and reproductive rates, uncertainty in parameter values, fluctuation
in demographic rates over time, and intrinsic uncertainty in the population trajectory
resulting from stochastic processes. Using the Vortex PVA model, we projected mean
population growth and quantified causes of variation and uncertainty in growth. The
ability of the model to simulate the dynamics of the population was confirmed by
comparing model projections to observed census trends from 1993 to 2020. When
the simulation treated all losses as deaths and included observed immigration, the
model projects a long-term mean annual population growth of 2.1%. Variance in annual
growth across years of the simulation (SD = 3.1%) was due more to environmental
variation and intrinsic demographic stochasticity than to uncertainty in estimates of
mean demographic rates. Population growth was most sensitive to uncertainty and
annual variation in reproduction of peak breeding age females and in calf and juvenile
mortality, while adult survival varied little over time. We examined potential threats to
the population, including increased anthropogenic mortality and impacts of red tides,
and tested resilience to catastrophic events. Due to its life history characteristics, the
population was projected to be demographically stable at smaller sizes than commonly
assumed for Minimum Viable Population of mammals, but it is expected to recover
only slowly from any catastrophic events, such as disease outbreaks and spills of oil or
other toxins. The analyses indicate that well-studied populations of small cetaceans
might typically experience slower growth rates (about 2%) than has been assumed
in calculations of Potential Biological Removal used by management agencies to
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determine limits to incidental take of marine mammals. The loss of an additional one
dolphin per year was found to cause significant harm to this population of about
150 to 175 animals. Beyond the significance for the specific population, demographic
analyses of the Sarasota Bay dolphins provide a template for examining viability of other
populations of small cetaceans.

Keywords: bottlenose dolphin, population viability analysis, population modeling, risk assessment, conservation,

demography, PVA

INTRODUCTION

Population Viability Analysis (PVA) is a class of quantitative tools
for assessing status, projecting population growth, evaluating
threats, and exploring conservation and management options
for wildlife populations (Beissinger and McCullough, 2002;
Morris and Doak, 2002; Lacy, 2019). PVA usually involves
simulation models, in order to consider the many biological,
environmental, and human factors and processes that can
impact a wildlife population, in a framework that includes
consideration of the uncertainties in our knowledge of the system
(McGowan et al., 2011), uncertainties about future conditions,
and inherent unpredictability of many stochastic biological
processes (Lacy, 2000a).

The first applications of PVA were developed to estimate
“minimum viable population” size (MVP), the size below
which instability of local environments, stochastic demographic
processes, disrupted population structure (e.g., Allee effects),
genetic decay, and feedbacks among these threats would create
a significant threat of population collapse and extinction even
if the factors that originally drove the population to small
size were ameliorated (Shaffer, 1981; Gilpin and Soulé, 1986).
Subsequently, PVA has become a standard tool in conservation
and wildlife management (Beissinger, 2002), with the focus on
assessing threats and evaluating conservation options. However,
applications of PVA are often based on inadequate data to
provide confidence in the model projections (Ludwig, 1996; Ralls
et al.,, 2002), and a common recommendation is for PVAs to
be used for comparative analyses of threats and options, rather
than predictions of population trajectories far into a mostly
unknowable future (Reed et al.,, 2002; McCarthy et al., 2003).
Thorough PVAs should include a number of components (Ralls
etal., 2002; Lacy, 2019), including:

e Explicit statement of the goals of the analysis, the definition
of viability, and the metrics used;

e Documentation (or reference to documentation available
elsewhere) of the structure of the PVA model: via using
publicly accessible PVA simulation software, providing
the software code for custom-made models, or providing
detailed description of the model structure and algorithms;

e Description of the values of input parameters (including
the sources of data), adequate to allow others to repeat the
analyses;

e Explanation of assumptions made in the model structure
and estimation of parameter values;

e Consideration of uncertainties in processes modeled
(“process uncertainty”) and parameter values (“parameter

uncertainty”) — with testing of alternative values, or with
incorporation of uncertainties into the model so that the
distribution of projected outcomes includes variation due
to the uncertainties (McGowan et al., 2011);

e Presentation of not only the mean results but also the
variation in results arising from both uncertainties in
the inputs and intrinsic environmental and demographic
stochasticity (Saether and Engen, 2002);

e Validation that the PVA model generates population
structure and dynamics that are consistent with observed
population trends.

Population Viability Analysis is most commonly applied to
threatened taxa, for which there are concerns about extinction
risk, but it is also important to evaluate local populations of
wildlife species not currently threatened with extinction. It is
often difficult to obtain adequate data on highly threatened
species to permit accurate projections with PVA, but data on
related, more common species can be used, with appropriate
caution, to provide plausible estimates in cases where data gaps
hinder analysis of the threatened species (Cervin et al., 2020).
Moreover, loss or decline of local populations of even widespread
species can damage community and ecosystem structure and
function (Ebenman et al, 2004; Gaston and Fuller, 2008).
Attention to such processes will be increasingly important as
the global environment changes at an accelerating rate (Schefters
et al., 2016). For any population, PVA can serve as a framework
for compiling, synthesizing, and documenting what we know and
what we do not know about the demography of the population.

The Sarasota Bay common bottlenose dolphin (Tursiops
truncatus) community has been studied more intensely and
continuously, for more years, than almost any other wildlife
population, with research initiated in 1970 (Wells, 2020). These
studies provide a more complete picture of the demography
of this population than is available for most other species that
have been examined with PVA. A few other notable examples
of species for which there have been long-term demographic
studies that enabled detailed PVA include chimpanzees (Pan
troglodytes: Pusey et al., 2007; JGI et al.,, 2011), red wolves (Canis
rufus: Simonis et al., 2018), whooping cranes (Grus americana,
Traylor-Holzer, 2019), and the Shark Bay, Australia, population
of bottlenose dolphins (T. aduncus: Manlik et al., 2016). Such
long-term studies make it possible to build a robust PVA model
of the population and validate the model projections against
historical trends. With the PVA model, we can examine the
current status, project population growth rates, assess tolerance
of, or resistance to, threats, test resilience to catastrophic events,

Frontiers in Marine Science | www.frontiersin.org

December 2021 | Volume 8 | Article 788086


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Lacy et al.

Bottlenose Dolphin Population Viability

quantify sustainable removals or habitat degradation, evaluate
management options, and identify needs for research into
uncertain parameters that are primary drivers of the populations’
fates. Beyond the significance for the specific population, a PVA
of the Sarasota Bay dolphins can provide a template (or baseline
for comparison) for examining viability of other populations of
small cetaceans.

MATERIALS AND METHODS
Study Population

The local population that is the focus of this analysis is the long-
term resident Sarasota dolphin community, with home range
extending through the inshore waters from southern Tampa
Bay to Venice Inlet, and to about one kilometer offshore of
the Gulf of Mexico beaches (Wells, 2014). For the purposes
of this manuscript, the terms population and community are
used interchangeably, recognizing that the Sarasota dolphin
community is not a closed reproductive unit (Wells et al,
1987). Photographic identification surveys have been conducted
through these waters on ten days each month since mid-1992,
with a goal of covering the entire area at least three times
per month. To increase the probability of capturing life history
milestones for dolphins included in the analyses, consideration
was limited to those dolphins showing high site fidelity to the
core portion of the community home range (Tyson and Wells,
2016). The animal must have had a minimum of 10 sightings
recorded since 1975 (or the animal is the calf of a female with
at least 10 sightings). Sighting sources included all available data
from the sighting database: surveys, focal animal follows, and
capture/release. More than 50% of all recorded sightings must
lie within the study area as defined above. The animal must have
been observed in the region during more than six months of the
year. These months can have occurred within 1 year or may have
been spread across all of the years of the animal’s records.
Population structure and demographic rates were estimated
from the census data for the Sarasota Bay resident community
from the full years of 1993 through 2019. Data provided by
the Sarasota Dolphin Research Project (Wells, 2020) included
records for each individually identifiable dolphin of birth year or
year first seen within the population, years of observation within
the study population, year of last observation, and a code as to
if the disappearance was a known death or unknown if death
or emigration. An estimated 95% of dolphins sighted in field
surveys were recognizable, so the monitored population consists
of most of the resident dolphins. The annual number of newly

identifiable dolphins' shows that after the initial year (1993), very
few previously unknown dolphins other than newborns were
added to the catalog of known animals. These newly identified
dolphins were treated in the analyses as likely immigrants,
although it is possible that some were the result of changes to
identifying features, and a few might have been residents that
escaped identification for a few years. If a few resident dolphins
were missed in annual censuses, the demographic rates and the
population projections would still be valid estimates for those
dolphins that were monitored. Sample sizes are given in Table 1.
Further details of the data collection methods will be given in see
text footnote 1.

Estimation of Demographic Rates

The census-level data and nearly complete records on the fates of
each individual dolphin during those years in which it resided in
the study area make possible direct calculations of demographic
rates each year and for each age- and sex-class as the number
of events (births, disappearances, documented deaths, or arrival
into the population as an immigrant) divided by the number of
dolphins of that age and sex that were in the population (“at risk”
of experiencing the demographic event). Sampling variation in a
rate is then given by the standard error for a binomial distribution
(Akgakaya, 2002). Age-specific reproductive rates and mortality
were calculated on the subset of records for dolphins of known
age, with demographic events tallied only for those years that
each dolphin was resident in the population (Some dolphins were
outside of the community range for intervals of years and resident
during other intervals.) In basing the calculations on monitored,
individually identifiable animals of known age, we are relying
on an assumption that the small number of unidentifiable or
unknown age dolphins do not experience different demographic
rates than do the monitored individuals. This assumption will
be tested by comparing the population projections based on
those calculated rates to the observed trends in population
size and structure.

For some demographic parameters the most appropriate
estimate for use in a PVA model (as described below) can be
slightly different than the best estimates used for other purposes.
For example, for a PVA model it will likely be unimportant
if all females become reproductively mature at the same age
(e.g., 6 years) and have lower but increasing reproductive success
during their early reproductive years (e.g., up to age 12), or

'Wells, R. S., Scott, M. D., Hohn, A. A., Sweeney, J. C., Townsend, F. L, Allen,
J. B., et al. (in preparation). Life history, reproductive biology and demographic
parameters for common bottlenose dolphins (Tursiops truncatus) in Sarasota Bay,
FL. Front. Mar. Sci.

TABLE 1 | Number of individually identifiable dolphins, and dolphin-years of observation, in the Sarasota Bay resident population from 1993 through 2019.

Females Males Unknown sex Total
Individuals Dolphin-years Individuals Dolphin-years Individuals Dolphin-years Individuals Dolphin-years
Known age 146 1599 146 1703 121 293 413 3595
Unknown age 33 296 6 85 30 96 69 477
Total 179 1895 152 1788 151 389 482 4072
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instead each female attains reproductive maturity sometime
between 6 and 12 years of age and has the full species-
typical reproductive success once it begins breeding. However,
that distinction might be important to understanding the life
history of the species.

A thorough PVA requires estimates of: mean demographic
rates (specified as probabilities of each demographic event -
reproduction, mortality, dispersal, etc.); the variation in rates
across years; and uncertainty in the model parameters. If there
were extreme environmental events with impacts on demography
falling outside of the typical variation (“catastrophes”), then the
annual variation in each demographic rate can be partitioned into
the “environmental variation” (EV) caused by typical fluctuations
in the local environment (food, predation, disease, weather) vs.
the rates in any catastrophe years. Catastrophe years would then
be modeled as a distinct process in a PVA model.

The appropriate breeding and mortality rates to use in the
PVA are the means of the observed annual rates, because the
simulation model will sample each year a rate from a distribution
with that mean and with variance given by EV. Therefore, we
obtained means of annual rates by first calculating a rate for each
year of data, and then averaging those annual rates (unweighted
by annual sample size). If it can be assumed that the true rates are
constant across years (i.e., EV = 0), then more precise estimates
of mean rates would be obtained by using a weighted mean across
years (with the weights being the sample sizes of number of
animals monitored each year) - i.e,, pooling all data across the
years of observation.

Observed annual variation in demographic rates will
include both the population-wide variation in probabilities of
demographic events (EV) and the inter-individual variation
resulting from the fates of individuals being probabilistic
outcomes (demographic stochasticity). Therefore, the EV is
calculated as the annual variation that exceeds the variation
expected as sampling error for a binomial distribution
(Akgakaya, 2002). Details of the methodology are given in
the Vortex manual (Lacy et al., 2020). The uncertainty in model
parameters is normally quantified as the standard error (SE)
of the estimates, and this uncertainty can be included in the
model projections by sampling the parameter values for each
iteration from a normal distribution with the specified mean
and SE. Demographic stochasticity is an automatic consequence
of an individual-based simulation, in which the fate of each
individual is determined by simulating a Bernoulli process
(e.g., sex determination, survival vs. death, breeding vs. not,
emigration vs. continued residency).

Reproduction

Age-specific reproductive rates were calculated from data on 241
calves for which the age of the dam was known or estimated. In
the population model, age of reproduction is defined as the age
at which an animal produces a calf. Thus, it is about one year
later than conception. The youngest dolphin in the community
to produce a calf was 6 years of age. As shown in Figure 1, the
proportion of females producing calves increases steadily from
age 7 years (about 13% breeding) up to age 12 years (after which
about 30% breed each year). From age 12 through 25 years,
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FIGURE 1 | Percent of females of each age producing a calf, as determined
from a 3-part regression of breeding rate against age. Equation: %producing
calf = 29.42 + 4.399 x (Age-12) x (Age < 12) — 1.165 x (Age-25) x

(Age > 25).

there was no discernible trend in reproductive rate. After age
25 years, breeding rate steadily decreases, with the oldest known
dam being 48 years.

We therefore term the age class from 12 to 25 years as the
“peak” breeding age. The increasing breeding rate from 6 to
12 years (“young” breeders) is due to different ages of sexual
maturation and possibly lower breeding rates among active
breeders that are still young. The declining rate after 25 years
(“older” breeders) appears to be due to a wide range of ages of
reproductive senescence, with previously reproductive females
ceasing to reproduce as early as 26 years or as late as 48 years,
as well as being due to lower breeding rates in older breeders that
were not yet reproductively senescent. The age-specific breeding
rate (BR, expressed as the probability of producing a calf in that
year) was calculated for the PVA model by a 3-part regression:
BR from age 6 to 12 years was calculated as an increasing linear
regression; BR from 12 years through 25 years was calculated as a
constant (the regression slope was not significant); and the BR
from 25 years through 48 years was calculated as a decreasing
linear regression. Intercepts of regressions for young (at age
12 years) and older (at age 25 years) females were forced to go
through the value estimated for Peak breeding age females. Non-
linear regressions did not provide a significantly better fit for any
of the three age intervals.

Paternity analysis of 152 calves found that males can breed
from age 10 years through 43 years, and this is further supported
by analysis of testosterone levels and testis size’ (see text
footnote 1). Although males in early and late years of the
reproductive lifespan appear to sire fewer offspring, for the
modeling we assumed no trend with age in the probability of
siring a calf. However, the model projections for polygynous
species such as bottlenose dolphins do not depend on the
proportion of males breeding, unless the population declines to
so few males that reproduction is limited by the availability of
adult males, or the population is small and closed to immigration
and inbreeding occurs due to only a few males siring most
of the offspring.

Duffield, D. A., and Wells, R. S. (in preparation). Paternity patterns in a long-term
resident bottlenose dolphin community. Front. Mar. Sci.
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Birth Sex Ratio

The sex is not known for calves that disappeared in the Ist
year of life, so the sex ratio at birth is not known with
precision. However, of newborns that could be sexed at some
time during their lives, there were 86 females and 81 males
(120 were unknown sex). We therefore assumed that the birth
sex ratio is 1:1.

Mortality

Disappearances of calves less than 1 year of age were assumed
to be deaths and not emigration events, even if a carcass
was not recovered, because those calves would be unlikely
to survive separated from their mothers. For older animals,
a disappearance from the resident population could be due
to mortality, emigration, or changes to identifying features.
Disappearances were recorded as deaths if a carcass was found
or if the dolphin was last observed in clearly declining health.
Mortality rates for age classes >1 years cannot be calculated
directly from the census data, because 66% of disappearances
and 59% of disappearances of known age animals could not
be documented as deaths. Age-specific loss rates were therefore
calculated both for all disappearances and for only known deaths.

It is difficult to estimate emigration rates accurately from the
records of dolphins known to have been outside of the study
population for intervals of years during which they were known
to be alive (due to sightings in nearby populations or later
return to residency in Sarasota Bay), because dolphins emigrating
permanently from the region would be an unknowable subset
that likely had different probabilities of being sighted than
did dolphins that remained in nearby populations (whether
seen again in the Sarasota Bay community or not). The
rate of disappearances is therefore an upper bound, and the
documented death rate a lower bound, on the actual mortality
rate in the population.

Wells et al. (2015) estimated that 33% of losses are recovered
as carcasses, so another estimate of the true death rate is the
documented deaths divided by 0.33.

For the purpose of modeling the trajectory of this population,
all disappearances represent losses to the community — whether
by death or emigration - but these losses will be partly
offset by immigrants entering the community. Therefore, we
tested scenarios in which all losses were included in the
model as “mortality,” and the estimated immigration rate (see
section “Immigration” below) was included as an annual input
to the population.

After the 1st year, loss and death rates did not vary significantly
from year 1 to year 5 (termed “juveniles” for the purpose of this
report), nor from year 5 to year 25 (termed “young adults”).
A majority of the losses of dolphins in early age classes were
unknown sex, so we cannot assess if there is a sex difference
in mortality of early ages. The mortality for ages 5 to 25 did
not differ significantly between males and females. After year 25
(“older adults”), females and males experienced increased rates
of disappearances and of known deaths, and the rates for males
increased linearly with age, while older females showed no change
in mortality with age. For older males, therefore, the rates at each
age were estimated from linear regressions against age, with the

intercepts at 25 years being forced to be the mean values for the 6
to 25 years age class.

Maximum Lifespan

The oldest recorded female dolphin in the Sarasota Bay
population was 67 years; the oldest recorded male was 52 years
(see text footnote 1). In the population model, we specified
maximum lifespans of 68 years for females and 53 years for males.
The shorter lifespans of males compared to females might be a
consequence of the accumulation of PCBs and other persistent
organic pollutants in males, while breeding females depurate
much of their load of pollutants during gestation and lactation’
(Wells et al., 2005).

Immigration

From 1993 to 2019 there have been 52 dolphins (26 females,
14 males, 12 of unknown sex) that were first observed in the
population as subadults or adults and became resident, giving
an annual mean of 1.93 immigrants per year. Although the sex
ratio among immigrants of known sex is skewed toward females,
the sex of a female is more likely to be known, because if they
ever produce a calf their sex becomes documented. Thus, we have
assumed that the sex ratio of immigrants is 1:1.

Population Modeling

The population dynamics were modeled using the Vortex
(version 10.5.5) population viability analysis software (Lacy,
2000b; Lacy and Pollak, 2020; Lacy et al., 2020; software
available at www.scti.tools/vortex/). Vortex is an individual-
based model that simulates the fate of each individual through
an annual cycle of breeding, mortality, increment of age,
dispersal among subpopulations, removals (or emigration
from the population), supplements (managed or natural
immigration), and truncation if the population exceeds the
carrying capacity (ceiling density dependence). Stochasticity in
demographic processes is modeled as annual variation in each
demographic rate at the population level (environmental
variation) and random, binomial sampling variation in
the fates of individuals (demographic stochasticity) (Lacy,
2000a,b). Vortex provides the flexibility to specify demographic
parameters as functions of environmental (e.g., climate, prey
base), population (e.g., density, social structure), or individual
(e.g., age, contaminant load, location, inbreeding, genotype)
properties. Individual fates are summed to provide outputs of
projected population sizes (mean, SD, and distribution across
independent iterations), population growth rates, population
age and sex structure, genetic diversity, and probabilities and
times to local extinction or quasi-extinction (N falling below a
threshold size).

Population Structure

The starting age and sex structure for the simulations was set
to match the census data for identifiable individuals as of 31
December 2019, with 66 females, 61 males, and 33 unknown

3Kucklick, J., Boggs, A., Huncik, K., Moors, A., Davis, E., Ylitalo, G., et al. (in
review). Temporal tends of persistent organic pollutants in Sarasota Bay common
bottlenose dolphins (Tursiops truncatus). Front. Mar. Sci.
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sex. The unknown sex individuals were assumed to be half
females and half males. The 10 resident dolphins of unknown
age were assigned an age of 3 years when they arrived in the
Sarasota Bay population (6 to 20 years before 2020). These few
dolphins all are estimated to be currently mature and not post-
reproductive, so their exact ages will have little effect on the
population projections. We also tested scenarios that started the
simulation with the population structure as it was in 1993. In
other scenarios where we tested alternative starting population
sizes, we fixed the initial age and sex distribution to match the
proportions observed in the current (end of 2019) population.

Other Input Parameters
In addition to the core demographic rates described above, other
model input values used in all scenarios are described below.

Reproductive System

Bottlenose dolphins are polygynous, and we assumed no
limitation on the number of offspring that a male can sire in a
year. All adult males (ages 10 to 43 years) were assumed to be
equally likely to sire offspring, resulting in a Poisson distribution
of reproductive success among males each year of the simulation.

Correlation Between Annual Variation in Breeding and
Survival

The correlation of annual environmental variation (EV) in
reproduction and survival was set to 0.5. There is some statistical
evidence of a correlation between survival and breeding rate
1 or 2 years later. Breeding was positively correlated with calf
mortality 2 years earlier (r = 0.44, P = 0.03), as might be expected
if females that lost calves then re-mated the following year.
Breeding was negatively correlated with the loss of older females
in the prior year (r = —0.50, P = 0.01), with the same trend but
non-significant for losses of older males (r = —0.28, P = 0.17)
and peak age males and females (r = —0.30, P = 0.13), suggesting
that common stresses depressed both survival and reproductive
success. However, the estimated EV's for most demographic rates
are small, so any correlation specified in this annual variation
in rates will have minimal effect on the population trajectories
generated by the model.

Inbreeding Depression

Inbreeding depression was not modeled because with a long
generation time, a population size greater than 100, and some
immigration from other communities, inbreeding would likely
remain low, as suggested by Duffield and Wells (2002).

Catastrophes

The option in Vortex to impose sporadic catastrophes was used
only for the scenarios in which we examined the resilience of
the population to any sudden decline (see below). There were
as few as 2 births in 2003, but the count would need to be 0 or
1 to be a statistical outlier in the distribution of births per year
(mean = 9.89, SD = 4.40). In 1996 there was a high number of
disappearances (13.2%, compared to a mean = 6.5%, SD = 2.4%),
but that year had good reproduction. Therefore, all 27 years
of data on reproduction and mortality were included in the
calculations of EV, rather than partitioning the worst performing
years as distinct “catastrophes” in the model.

Carrying Capacity

It is not known how many dolphins could be supported by
the Sarasota Bay habitat, or whether this has changed over
time. Since 1999, the population has varied from 140 to 184
identifiable resident dolphins, with the highest numbers (176
to 184) in the last 4 years. This suggests that the population
might be near its carrying capacity (K); for the modeling we
assumed K = 200. Vortex uses a ceiling model of carrying
capacity, imposing additional mortality across all age classes
whenever the population size exceeds K. An option to include
density dependent reproductive success in the model was not
implemented, because data are insufficient to allow estimation of
the functional relationship between population size and breeding
success. Correlations between N and birth rate and between
N and each age class mortality rate were all non-significant
(P > 0.10).

The population growth rate in the model projections is
calculated each year before any truncation of the population to
constrain N to be no greater than K, so the limiting K in the
simulation affects population size (if the population grows) but
does not affect reported growth rate unless K is so low that
demographic stochasticity is reducing mean population growth
substantially even when N approaches K (This was not the
case in our simulations, except in tests of the Minimum Viable
Population size).

Time Span of Projections and Number of Iterations

The population trajectory was projected for 100 years, with
5,000 independent iterations of most scenarios. For analyses that
partitioned variance among sources of uncertainty (see section
“Sensitivity Analyses;,” below), 100,000 iterations were run to
obtain adequate sample sizes for variance partitioning among the
large number of factors.

Output Metrics

Population viability was assessed by the mean exponential growth
rate [r = In(Ny/Ny-1)] averaged across years and iterations, the
variation in growth expressed as SD(r), the final population
size (N), and the variation across iterations in N, expressed as
SD(N). Population size was tallied in the simulation after all
breeding, mortality, immigration, and emigration of the year, and
therefore would correspond approximately to the census data on
the Sarasota population as of the first of each year. The growth
rate, r, was calculated each year of the simulation before any
truncation of population size due to the carrying capacity being
exceeded; it therefore represents the potential population growth
in the absence of population size limitations.

Scenarios Examined

Baseline

To describe and project the resident population with the
best estimates of rates and factors controlling the population
dynamics, we ran a Baseline scenario with the estimated
demographic rates as described above. For each iteration, the
values of breeding and mortality rates were sampled from normal
distributions with means as described above and SD set to
the standard error of each estimate. Thus, the variation in
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simulation projections will encompass the uncertainty due to
imprecision of estimates of demographic rates. Mortality rates
in the Baseline were set to the total rates of disappearance,
and therefore encompassed both true mortality and losses due
to permanent emigration from the population. Immigration
into the population was modeled by supplementing the mean
immigration rate of 1.93 dolphins per year, with the number of
immigrants each year of the simulation sampled from a Poisson
distribution. Because less than 1/3 of the immigrants were of
known age, for the Baseline simulation we specified the ages
of immigrants added to the population by sampling from a
uniform distribution from 2 years upwards. Of the 17 immigrants
of known age, ages ranged from 2 to 35 years, with a mean
of 10 years; however, older immigrants would be less likely to
have their ages known, because they would have been adults
when first observed.

Validation

This scenario set the initial population size and age structure to be
the census population on 1 January 1993, as a test of the accuracy
with which the population simulation replicates the observed
population growth from 1993 to 2020. Demographic rates were
as specified in the Baseline scenario.

Minimum Mortality

This scenario represents the maximum growth rate that might
be achieved in a closed population with the estimated birth and
death rates. This scenario set the mortality rates to match the
rates of documented deaths, and the scenario did not include
any immigration.

Estimated Mortality

This scenario assumes that 33% of deaths are recovered as
carcasses (as reported in Wells et al., 2015), for all age classes
above young of the year. The mortality in the model was set to
the rate of documented deaths divided by 0.33, but with each
mortality rate capped at the observed total rate of disappearances
for that age class. This cap was imposed because in age classes
beyond juveniles the rate of disappearances was less than 3 times
the death rate. Immigration was not included, so as to represent
a plausible estimate of the intrinsic demography of the resident
population in the absence of immigration and emigration.

Maximum Mortality

This scenario represents the growth rate that would be achieved
in the population if all disappearances were counted as losses
(mortality in the model), and the population received no
immigrants. This scenario could result either from a closed
population in which the losses were all due to death, or a
population that loses some emigrants each year but receives no
supplementation via immigration from other populations.

Tolerance of Additional Mortality

The tolerance of the dolphin population to increased mortality
as might occur due to increased entanglement in fishing gear,
more injuries from boat strikes, or other anthropogenic causes
was examined in a set of scenarios that set the survival rates for

all age classes to be from 95% up to 100% of the mean survival
estimated in the past 27 years of census data.

Red Tide

Two scenarios were run to test the impact of severe red tide events
on long-term mean population growth. Severe red tides occurred
in the Sarasota Bay area in 2005, 2006, and across 2018-2019
(Berens McCabe et al., 2021). Mortality of calves and juveniles
was higher in 2006 and 2019 than the average of other years
(although not significantly so), and the population declined in
2006 (r = —0.086, a greater decline than in any other year) and
in 2019 (r = —0.039). The population growth expected if those
2 years of higher mortality had not occurred was estimated by
omitting those 2 years of data from the estimates of mortality
rates that were used in the population model. Population growth
if red tides become more frequent was projected by duplicating
those 2 years of mortality data (calculating rates based on
27 + 2 years of data) for estimation of rates. For older adult males,
loss rates were specified to be a function of age, with the rate of
loss at age 25 years set to the value for young adults, and the slope
as determined from the original 27-year dataset.

Minimum Viable Population

The Sarasota Bay community is not a closed population, so the
concept of a minimum viable population (MVP) is not applicable
to that population. However, the detailed demographic data
available do provide an opportunity to examine what population
size might be required for assuring the long-term persistence
of a coastal population of dolphins. We tested a range of
population sizes from N = 10 to the current N = 160, under the
assumption of a closed population with carrying capacity set to
the initial size. We set the mortality rates to be those estimated
from observed deaths (as in Estimated mortality, above) and
included no immigration.

Resilience

The ability of the population to recover from a catastrophic
decline such as might be caused by a disease outbreak, harmful
algal bloom, or a major spill of oil or other toxic chemicals
was examined in scenarios that imposed a catastrophe at the
initial year that killed 25%, 50%, or 75% of dolphins across all
age classes in what was otherwise the Baseline model. These
catastrophe scenarios assumed that the deaths occurred at year 1,
and there was no impact on reproduction of surviving dolphins.
The effects would be similar if that total number of deaths
occurred over several years. The effects of a catastrophe would
be exacerbated if there were also impacts on reproduction by the
surviving animals.

Sensitivity Analyses

Sensitivity analysis of the impact of variable or uncertain
input parameters can be conducted testing a range or set
of alternative values, or by sampling parameter values each
iteration from specified distributions describing the uncertainties
in the true values.
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Parameter Uncertainty

The sensitivity of population projections to uncertainty in each
model parameter was examined by comparing projections with
the value set to the mean —2 SE, —1 SE, baseline, 41 SE, and +2
SE for each parameter.

In addition, in the full Baseline model that includes sampling
parameter uncertainty for each iteration (similar to the methods
in Caswell et al, 1998; and recommended by Prowse et al,
2016), we used ANOVA to determine the percent of variation
in population growth that is due to the uncertainty in each
parameter. For this partitioning of causes of variation, we
considered uncertainty in population trends at two levels: the
variation in long-term mean trajectories (quantified by the mean
exponential growth rate, r), and variation in population size from
year to year (quantified by the growth rate in a given year). The
annual variation in population change will include the possibly
large variation due to intrinsic demographic stochasticity and
environmental variation, whereas these components of variation
will be largely averaged out when long-term means are examined.

Natural Variability

The sensitivity to the variation in demographic rates observed
over time (EV) was examined by comparing projections with the
value set to mean —2 EV, —1 EV, baseline, +1 EV and +2 EV.
In this sensitivity test of annual variation, values of parameters
were not sampled from distributions describing the standard
errors around mean values, so as to remove that parameter
uncertainty from the model when effects of environmental
variation were assessed.

In addition, in the Baseline model, demographic rates
were sampled each iteration from normal distributions with
SD = estimated EV. The effects of the sampled values each year
on annual population growth were assessed also by an ANOVA
that quantified the percent of variation in annual population
growth that was due to the environmental variation in birth
and death rates.

RESULTS

Demographic Rates

Breeding Rate

From age 6 to 12 years, breeding rate (BR) fit a linear regression,
with BR = 29.42 - 4.339 x (12 — AGE) (R? =0.80, P < 0.001).
This regression predicts that only 3.4% of females age 6 years

would produce a calf. Since 1993, no females (of 61 of known
to have reached 6 years) have produced a calf before 7 years,
but one female did so before the detailed monitoring began in
1993. Total annual variation in BR for young adult females was
no greater than the predicted binomial sampling variance, so
we have no evidence for any environmental variation in BR for
young adult females.

The mean breeding rate as a mean of the 27 annual rates for
peak age females (age 12 to 25 years) was 29.42%. The residual
variation (EV) after removing binomial sampling variation was
SD =7.97%.

From age 26 to 48 years, BR fit a linear regression, with
BR = 29.42 - 1.165 x (AGE —25) (R? = 0.25, P < 0.001).
This regression predicts that only 2.6% of females of age 48 years
would produce a calf. Two of 8 females age 48 years did produce
calves, although only 8 births (out of a predicted 7.4 births)
occurred to females in age classes 40 to 47 years. EV was estimated
as SD = 3.08%.

Table 2 gives the birth rates for the three age categories
of females, with standard errors of means, annual variation
(given as SD), and the component of variance ascribed to EV.
“Pooled (weighted)” rates combined data across all years to
calculate overall mean rates. This weights each year’s rate by the
sample size for that year. “Mean annual” rates were obtained by
first calculating a rate for each year, and then averaging those
annual rates (unweighted by annual sample size), for use in
the PVA model. Environmental variation (EV) was determined
by subtracting the expected binomial sampling variance from
the total variance across years. EV = 0 indicates that the total
annual variation was no greater than expected from the binomial
sampling variance. The three-part regression describing the age-
specific birth rate for young (6 to 11 years), peak age (12 to
25 years), and older (26 to 48 years) is shown in Figure 1.

Mortality Rate
The mean annual mortality of calves within the first 12 months
was calculated as 24.10%, with EV calculated to be SD = 6.38%.
The mean annual rate of disappearance for age intervals
1-2 years, 2-3 years, 3-4 years, and 4-5 years was 8.10%, with EV
of SD = 2.10%. The mean annual rate of known deaths for age
intervals 1-2 years, 2-3 years, 3-4 years, and 4-5 years was 1.83%,
with no evidence of EV because the total annual variation did
not exceed that expected from the binomial sampling variation
(demographic stochasticity).

TABLE 2 | Breeding rates, given as percent of females in that age range that produce a calf in an average year.

Young (6-11 years)

Peak (12-25 years)

Older (26-48 years) All ages (6-48 years)

Pooled (weighted) mean (SE) 13.73(1.97) 29.73 (2.17) 17.72 (1.96) 21.35 (1.22)
Mean of annual means (SE) 14.45 (2.13) 29.42 (2.16) 17.78 (1.99) 21.21 (1.21)
Slope (SE) 4.339 (0.014)' 0 —1.165 (0.009)' not applicable
EV (total variation) 0(10.67) 7.97 (13.77) 3.08 (10.80) 5.90 (8.62)

For “Young” and “Older” females, breeding rate changed linearly with age; for “Peak” age females, there was not a significant trend with age. Environmental variation (EV)
is given as standard deviations. For each EV, the total variation (EV plus sampling variance), expressed as SD, is given in parentheses. Values in bold are those used
in the PVA model.

TIntercepts of regressions for Young (at age 12 years) and Older (at age 25 years) females were forced to go through the value estimated for Peak breeding age females.
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From year 5 through year 25, the overall mean annual rate
of disappearance was 2.58%. The overall mean rate of known
deaths was 1.02%. No EV was detected for the rate of either
disappearances or known deaths.

For older females above 25 years of age (up to 68 years), the
mean annual rate of disappearance was 5.84%. The mean annual
rate of known deaths was 3.56%. There was also no detectable EV
in mortality of older females.

For older males above 25 years, mortality increased with age.
The rate of disappearances fit a linear regression of: Loss Rate
(%) = 2.58 + 0.885 x (AGE-25) (R? = 0.255; P < 0.001), with
the intercept forced to go through the value estimated for young
adults (age 5 to 25 years). The rate of documented deaths fit a
linear regression of: Death Rate (%) = 1.02 + 0.451 x (AGE-25)
(R? = 0.265; P < 0.01). These regressions were not calculated for
mean annual loss and death rates for older adult males, because
sample sizes were inadequate to allow estimation of the regression
for each year of data. Instead, the values pooled across years were
used to estimate the regression. EV was calculated on the rates
averaged across ages and was SD = 2.91% and SD = 2.64% for rate
of disappearance and of known deaths, respectively.

The overall rate of disappearances of unknown age dolphins
was 9.01%. The exclusion of these dolphins from age-specific loss
rates might lead to an underestimation of those rates, but the
unknown age animals account for less than 10% of the animal-
years of data. Moreover, the higher loss rate for unknown age
dolphins might be caused by those animals often being older
animals (being dolphins first observed as adults), and the loss rate
for unknown age animals is approximately the rate predicted for
32 years old males. There were only 3 documented deaths among
unknown age dolphins, so excluding those few cases has minimal
effect on age-specific death rates.

Table 3 gives the age-specific rates of disappearance and of
known deaths, as the mean of annual rates and pooled across
years, with standard errors of means, annual variance, and
variance ascribed to environmental variation.

Deterministic Population Growth

Table 4 shows the long-term population growth calculated
from the mean fecundity and survival rates, following standard
deterministic calculations on the life table (Caswell, 2001) for
each of several estimates of mortality rates. These estimates
omit any immigration and emigration, and therefore represent
deterministic population growth intrinsic to the local population.

Also shown are the mean generation times for females and
males and the stable age distribution for each case. The
age distribution is compared to the population census as
of 1 January 2020.

The Minimum mortality case can result in a mean
deterministic population growth rate over 4%, but that case
assumes unrealistically that all deaths were documented
with recovered carcasses or observation of dying animals
and all other disappearances were emigrations that would
not be tallied as losses in a life table calculation. The cases
with Estimated mortality, based on an estimated 33% of
deaths being documented, and Maximum mortality, based
on all disappearances being tallied as deaths, produce
calculated intrinsic population growth rates of r = 0.017
and r = 0.016, respectively.

Mean generation time (mean age of a parent, weighted to
account for diminishing contribution of later offspring in a
growing population) is about 2 years longer in males than
females, because males mature later. Females can have longer
lifespans than males, but they stop breeding before exceeding the
maximum age observed for males, so the females reaching the
oldest age classes do not contribute to the mean generation time.

The age distribution at the start of 2020 closely matched
the stable age distributions calculated with each of the several
estimated mortality rates, and both observed and calculated
distributions yield a sex ratio close to 50:50.

Validation of the Stochastic Model of
Population Dynamics

The ability of the model to simulate accurately the dynamics
of the population was examined by comparing projections in
the Validation model, when started with the age structure as
it was in 1993, to observed census trends from 1993 to 2020.
The mean population growth in this Validation scenario of
r = 0.019, with SD(r) = 0.035, matched the observed mean
population growth from 1993 through 2019 (r = 0.019), but had
less variation in growth across years than observed in the censuses
(SD(r) = 0.066). Figure 2 shows the observed population size,
the mean trajectory in the Validation scenario, and error bars
encompassing 95% of the distribution of individual iterations of
the simulation. The observed population sizes remained mostly
within the range of the simulations, and the censused population
at the beginning of 2020 (N = 160) was well within the range of

TABLE 3 | Calculated rates of disappearance (“Loss”) and documented deaths with SE in parentheses, and environmental variation in the rates given as SD, with total
observed annual variation (EV plus sampling variance) expressed as an SD in parentheses.

Calves Juveniles Young adults Older adult females Older adult males (26-53 years)
(< 365 days) (1-4 years) (5-25 years) (26-68 years)
Pooled (weighted) loss rate (SE) 28.72 (2.57) 8.32 (1.04) 2.44 (0.36) 5.75(1.12) 2.58+0.885(0.202) x (AGE-25)
Mean annual loss rate (SE) 24.10(2.89) 8.10 (1.04) 2.52 (0.37) 5.84 (1.15) 9.37 (1.73)
Pooled (weighted) death rate (SE) 23.72 (2.57) 2.12 (0.54) 1.01(0.23) 3.45(0.87) 1.02+0.451(0.124) x (AGE-25)
Mean annual death rate (SE) 24.10 (2.89) 1.83 (0.48) 0.95 (0.22) 3.56 (0.91) 3.87 (1.11)
EV loss rate (total variation) 6.38 (16.30) 2.10 (5.81) 0(1.87) 0 (5.25) 2.91 (9.44)
EV death rate (total variation) 6.38 (16.30) 0(2.32) 0(1.18) 0 (4.25) 2.64 (6.35)
Values in bold are those used in the PVA model.
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TABLE 4 | Deterministic population growth rate (r), mean generation time (T) for males and females, and stable age distribution (expressed as %), calculated from mean

demographic rates.

Female age classes

Male age classes

r T Female T Male 1-5 6-11 12-25  26-48 49-68 All 1-5 6-11 12-25  26-53 All
Minimum mortality 0.042 20.4 22.5 18.0 1.5 16.3 8.5 1.4 50.7 13.0 1.5 16.3 8.5 49.3
Estimated mortality ~ 0.017 18.8 20.6 13.5 1.8 17.6 6.9 0.3 50.1 13.5 1.8 17.6 7.0 49.9
Maximum mortality 0.016 20.0 21.4 12.8 10.7 16.7 9.7 1.6 51.5 12.8 10.7 16.7 8.3 48.5
2020 Census 13.4 11.6 16.3 8.1 2.2 51.6 11.6 12.8 156.6 8.4 48.4

Scenario labels: Minimum mortality = mortality rates set to be the documented deaths only, no immigrants included; Estimated mortality = mortality set to be documented
deaths / 0.33, to account for proportion of actual deaths likely to be confirmed from carcasses; Maximum mortality = mortality includes all disappearances. The last row

shows the observed age and sex structure of the population at the beginning of 2020.
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I

Population Size

100

1995 2000
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FIGURE 2 | Mean projected population sizes from 1993 to 2020, with error bars showing the approximate 95% of the distribution of N across 10,000 iterations, and
observed size of the Sarasota Bay population (heavier line) as of the start of each year.

2010 2015 2020

Year

uncertainty of the final population size projected in 2020 (mean
N =175, 8D = 36).

The sex and age structure resulting from the simulations
matched closely that of the current (January 2020) population.
The predicted sex and age structure at the end of the Validation
scenario (54.8% females and 25.8% juveniles [through age
5 years]) was similar to the 2020 observed structure (51.6%
female, 25.0% juveniles). The long-term stable age structure of
the Baseline scenario (54.1% female, 25.4% juveniles) also closely
matched these numbers. The accuracy of the predicted sex and
age structure indicates that the proportional mortality rates were
accurately represented in the model.

Baseline Projections

When the simulation treated all losses as deaths and included
observed immigration (appearances of non-infant dolphins not
previously observed in the population), the model projects a
long-term mean population growth of = 0.021 (Table 5). This
is marginally faster population growth than the observed trend

from 1993 to 2020 and the Validation scenario. As with the
Validation scenario, the annual fluctuations in population size,
SD(r) = 0.031, in the Baseline projection are less than observed
from 1993 to 2020. Samples of the projections from 25 iterations
of the Baseline are shown in Figure 3. The population is projected
to reach the carrying capacity of K = 200 imposed in the model
in about 10 years, and thereafter to remain relatively stable (final
mean N = 197, SD(N) = 5.9, 95% CI = 186 to 209).

Alternative Estimates of Mortality Rates

Table 5 shows also the results for scenarios if the population
were closed to immigration and mortality rates were set to values
that represent possible values for actual mortality — not including
losses due to emigration. When mortality was set to the rates
estimated from the reported 0.33 recovered carcasses (confirmed
deaths) per actual deaths (Estimated Mortality scenario), the
population growth (r = 0.023) closely matched that of the
Baseline scenario that included emigration (via treating all
losses as deaths) and immigration. The minimum possible
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TABLE 5 | Results for scenarios projecting population growth for the Sarasota Bay
population of bottlenose dolphins.

Scenario r SD(annual r) final N SD(final N)
Observed 1993-2020 0.019 0.061 160

Validation 1993-2020 0.019 0.035 175 36
Baseline 2020-2120 0.021 0.031 197

Estimated Mortality 0.023 0.030 198

Minimum Mortality 0.042 0.025 200

Maximum Mortality 0.016 0.031 195 13

No Red Tide 0.023 0.029 198 4

2x Red Tide 0.019 0.032 197 7

The top line is the observed population growth of the censused population from
1998 to 2020. For each of the subsequent scenarios, the mean projection across
5,000 iterations are displayed. See text for explanation of each scenario.
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FIGURE 3 | Population trajectories for a sample of 10 iterations of the

Baseline scenario, illustrating the typical variation among iterations and across
years of the simulation.

mortality, including only documented deaths, resulted in a
population growth of r = 0.042, nearly twice the projection when
estimates of unobserved deaths are included. The maximum
possible mortality, considering all losses as deaths (assuming no
emigration), resulted in a still positive r = 0.016 growth rate.

Tolerance of Additional Mortality

Scenarios that set survival of each age class to be 95% up to
100% of estimated values projected that mean population growth
would be reduced to r = 0.017 with 0.5% reduction in survival,
to r = 0.012 with 1% reduction in survival, r = 0.000 with a 2.5%
reduction, and r = —0.013 with a 5% reduction in survival. The
effect of decreasing survival on population growth is illustrated in
Figure 4.

Red Tides

When the 2 years with higher mortality associated with severe red
tide events (2006 and 2019) are omitted from the data used for
calculating mortality rates, the estimated calf mortality decreased
from 24.1% to 22.9%, and juvenile mortality decreased from 8.1%
to 7.3%, causing the projected population growth to be elevated
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FIGURE 4 | Effect of additional mortality (scaled as proportional reduction of
survival) on projected mean population growth.

to r = 0.023 (SD = 0.029), compared to r = 0.021 (SD = 0.031)
for the Baseline scenario (Table 5). When the mortality rates for
those 2 years were duplicated, calf mortality increased to 25.1%,
juvenile mortality increased to 8.7%, and the growth rate was
slightly lower than Baseline, with r = 0.019 (SD = 0.032).

Minimum Viable Population

Tests of viability of small, closed populations projected an
extinction probability over 100 years of 44% at the smallest
size (K = 10), but extinction dropping to just 4% for K = 20,
and less than 1% when K > 30 (Figure 5A). The greater
demographic stochasticity of the small size populations depressed
growth to r = 0.014 for K = 10, r = 0.019 for K = 20, and
growth approached a plateau of the r = 0.023 level observed
in the Estimated mortality model for Sarasota (where K = 200)
when K exceeded 60 (Figure 5B). These results, however, were
generated by a model that excludes any negative impact of
accumulated inbreeding. Although the severity of inbreeding
depression in closed populations of dolphins is not known,
populations of K = 10 (if they persisted) retained over the
100 years (5 generations) only 53% of initial gene diversity, which
is approximately the expectation after a generation of selfing.
With K = 20, 74% of gene diversity was retained (approximately
the expectation after a generation of full-sib mating), and not
until K > 50 was a closed population projected to retain 90% of
its initial gene diversity (Figure 5C).

Resilience to Catastrophes

Figure 6 shows the projected recovery of the population
following a catastrophe that caused the loss of 25%, 50%, or 75%
of the dolphins. On average, it would take 11, 28, or 51 years,
respectively, for the population to recover to its 2020 size, and
about 30, 60, or nearly 100 years to approach the carrying capacity
of N =200.

Sensitivity Analysis
The comparative impacts of uncertainties in model parameters
can be illustrated by “spider plots” that show the projected mean
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population growth for each level of the parameters that were
varied. Figure 7 shows the mean r when each demographic
rate was set to the estimated mean —2 SE, —1 SE, +1
SE, or +2 SE. The steepest line shows that the uncertainty
in breeding rate of peak age (12 to 25 years) females had
the largest impact on the projected population growth, with
growth ranging from 1.2% to 3.1% per year across =+ twice
the SE (the approximate 95% confidence interval). Uncertainty
in mortality of this age class has the next largest impact on
results, with a range from 1.7% to 2.7% growth across the
parameter uncertainty.

FIGURE 7 | Relative impacts of uncertainty in parameter estimates:
Population growth rate (r) when demographic rates are varied from —2 SE to
+2 SE around the mean estimated values. Lines from top to bottom on right
hand ends: Breeding rate — Peak (positive slope); three superimposed lines
with slope ~ 0: Older male mortality, Breeding rate — Young, Breeding rate —
Older; lines with negative slopes: Older female mortality; Calf mortality;
Juvenile mortality; Peak age adult mortality.

The variation among iterations (SD = 0.0070) in the mean
population growth across all 100 years is necessarily much smaller
than the variation (SD = 0.031) in annual population changes
(r each year), because the long-term r is averaged over 100 years,
because the variation in growth is less in later years of the
simulation than in early years affected by current age structure,
and because temporal fluctuations (due to environmental
variation and demographic stochasticity) mostly average out over
time. Of the variation in long-term mean growth, a portion with
SD = 0.0062 is due to the uncertainties in demographic rates,
with a residual of SD = 0.0032 due to environmental variation
and demographic stochasticity. Table 6 shows the partitioning
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TABLE 6 | Partitioning of variance in projected population growth (r).

Model parameter % of % of % of % of
variance in variance in variance in variance in
long-term long-term annual r annual r as
mean r mean r as proportion
proportion of explained
of explained
Calf mortality 7.0 8.9 0.5 1.9
Juvenile mortality 9.9 12.6 0.7 2.3
Peak age adult mortality 13.4 16.9 0.8 2.8
Older female mortality 1.9 2.4 0.1 0.4
Older male mortality 0.0 0.0 0.0 0.0
Breeding rate — Young 0.0 0.0 0.0 0.0
Breeding rate — Peak 46.9 59.2 3.7 12.6
Breeding Rate — Older 0.0 0.0 0.0 0.0
All demographic rates 79.2 100.0 5.8 19.9
EV-Calf mortality 3.7 12.8
EV-Juv. mortality 2.7 9.3
EV-Peak age mortality n.t. n.t.
EV-Older female mortality n.t. n.t.
EV-Older male mort. 0.6 2.0
EV-BR Young n.t. n.t.
EV-BR Peak 13.8 47.3
EV-BR Older 0.8 2.9
All EV 21.7 74.3
Number of immigrants 1.7 5.8
Residual 20.8 70.8

Percent of variance in the long-term mean growth rate and percent of variance
in the annual population growth are given relative to the total variation (first and
third columns of values) and relative to the variation accounted for by the variable
parameters (second and fourth columns). Sub-totals for the demographic rates
and for the environmental variations in rates are displayed in italics. n.t., not tested
because there was no detectable EV in that demographic rate. The percents for
Immigrants are the component of annual variation due to the variable number of
immigrants across years. The Residual variation is the percent of variance due to
the inherent demographic stochasticity in the population dynamics.

of variance in projected population growth (r) resulting from
the models in which uncertain parameter values were sampled
from distributions. The proportion of variation in the mean
growth (averaged over the years of the simulation) due to the
uncertainties (SEs) in each estimated parameter (Table 6, first
two columns of values) showed that uncertainty in the breeding
rate for peak reproductive years (12 to 25 years) accounted for
nearly half of the variation across iterations. The uncertainties in
the slopes of the increase in breeding from age 6 to 11 years and
the decrease from age 26 to 48 years had negligible impact on
population performance. Uncertainties in the mortality rates for
calves, juveniles, and adults up through 25 years accounted for
another 30% of the variation. Uncertainty in mortality of older
(>25 years) males and females had very little effect of population
growth, even though the SEs of those estimates were larger than
the SEs for younger age classes (Table 3), because the dolphins
that survive to older ages have declining reproductive rates, and
therefore contribute much less to population growth.

Figure 8 shows the ranges of population growth that result
from tests across the variability (EV) observed for demographic
rates over the 27 years of censuses. When the mean rate for
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FIGURE 8 | Relative impacts of environmental variation in demographic rates:
Population growth rate (r) when demographic rates are varied from —2 EV to
+2 EV around the mean estimated values. Lines from top to bottom on right
hand ends: Breeding rate — Peak; Breeding rate — Older; Older male mortality
(slope = 0); Calf mortality; Juvenile mortality.

a demographic parameter was fixed at the mean —2 EV, —1
EV, +1 EV, or 42 EV, the natural variability in peak breeding
rate had the largest impact on annual population growth. The
impacts of annual variation in calf and juvenile mortality were
next most important determinants of annual growth. No EV
was detected for mortality of young adult and older adult
females (Table 3), and effects of those two EVs were not
considered in the sensitivity tests. Therefore, even though breeder
survival could have considerable impact on population growth,
it does not appear to be sensitive to annual fluctuations in
environmental conditions.

The partitioning of variance in annual population growth
(last two columns of Table 6) considered the contribution of
uncertainties in parameter estimates and also the contribution
of the environmental variation in annual rates and the variation
in the number of immigrants each year. The EVs in five
demographic rates together contributed almost four-fold more
to the annual fluctuations in population growth than did the
combined contributions of sampling error (SEs) in the mean
demographic rates. The variation in the number of immigrants
added each year to the simulated population, sampled from a
Poisson distribution, accounted for little (1.7%) of the variation
in population size. The residual variation in annual population
growth resulting from the demographic stochasticity in birth
and death processes accounted for 71% of the variance in the
simulation trajectories.

DISCUSSION

Long-term monitoring of the Sarasota Bay dolphin community
provides demographic information at a level of detail and
precision rare in studies of cetaceans or any wild populations.
Thus, the description of population demography for this
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population can serve as a standard for PVAs on small cetaceans.
A PVA of the Sarasota Bay population of bottlenose dolphins was
therefore undertaken with multiple purposes:

(1) Documenting the demographic rates in sufficient detail
and accuracy to provide confidence in derived estimates of
population growth;

(2) Presenting the natural variability in demographic rates and
the uncertainties in mean rates due to the restrictions of
sampling a specific population or social community for a
moderate number of years;

(3) Exploring for which demographic rates the natural
variability and measurement uncertainty has the largest
effect on the confidence that can be placed on demographic
projections;

(4) Estimating the minimum size of a closed population
that could be considered demographically and genetically
stable;

(5) Calculating the effect on population growth of several
identified threats, including direct deaths due to human
causes, and less direct impacts of environmental factors
such as red tide events;

(6) Estimating the resilience of the population to any
catastrophic declines, such as those that might result from
a severe disease epidemic or catastrophic pollution event;

(7) Providing a well-documented baseline of demography and
structure of a detailed PVA model for a coastal population
of a small odontocete that can be used as a template or
provisional default values to fill in data gaps for analyses
of less well-studied cetaceans.

The Vortex PVA software has been used to assess population
status, population growth and stability, relative threats, and
management options for 100s of species®, including a number of
marine mammals (e.g., dugong: Heinsohn et al., 2004; bottlenose
dolphins: Thompson et al., 2000; Vermeulen and Bréger, 2015;
Manlik et al., 2016; Blazquez et al., 2020; offshore dolphin species:
Ashe et al., 2021; beluga whale: Williams et al., 2017; killer whale:
Lacy et al., 2017; Murray et al., 2021; and Baltic harbor porpoise:
Cervin et al., 2020). Vortex is an individual-based simulation
that allows modeling of details of individual variation (e.g.,
variable ages of maturation and senescence), stochastic processes
affecting small populations (e.g., demographic stochasticity, age
structure perturbations, disrupted social structure, and local
inbreeding), as well as the primary drivers of population trends
of mean demographic rates. While not all of the options
were used in this study, and factors should be omitted from
population models when they are not of concern or thought
to be consequential in the focal population, the options might
be important for PVAs on other cetacean species. If all sources
of stochasticity, dependencies on external variables, and non-
linear interactions are removed from the model, the population
projections generated by Vortex match those of standard matrix
models of population growth (Caswell, 2001). The stochasticity
in simulation models (and in real biological populations) will

“http://cpsg.org/document-repository

usually depress mean long-term population growth below that
predicted from simpler matrix models (Lacy, 2000a).

In the past 27 years of consistent monitoring, the Sarasota Bay
community of bottlenose dolphins has been growing at a mean
rate of about 2% annually, but with considerable fluctuations
across years (mean r = 0.019, SD(r) = 0.061, SE = 0.012, range
r = —0.086 to 0.188). Consequently, even with 27 years of data,
the precision with which we can predict the long-term mean
population growth rate from the observed population trajectory
is still limited, with a 95% CI (—0.006 to 0.044) that includes
no population growth. This suggests that even for a long-lived
mammal, with census data covering more years than is typically
available for wildlife populations, fluctuations in population size
make it difficult to estimate expected population growth by a
simple extrapolation from recent census counts.

The census data used in our analyses should not be assumed
to be a precise description of the resident population. The
demographic rates were calculated from those identifiable
animals observed to be present in the study area each year.
These tallies omitted the small number of dolphins that were
unidentifiable (estimated at <5% of total) and several that
were long-term residents but had moved to adjacent waters
for one or a few years’. However, unless the uncounted
dolphins were a biased subset with respect to demographic rates,
the estimates made from the animals observed in each year
provide estimates of demographic rates with more accuracy and
reliability than is available for almost any other free-ranging, wild
population of vertebrates.

Among the advantages of using demographic models to
project population growth from demographic rates, rather than
simply extrapolating from recent observed census numbers, are:
short-term fluctuations that result from perturbations of the
age distribution will not carry forward and amplify projected
trends in population growth; components and causes of variation
in growth can be examined; effects of changes to specific
demographic rates can be explored; and our understanding of
the population dynamics can be tested by comparing results from
mechanistic models to observed population trends and patterns.

The range of projections in the simulations encompassed
the observed trends from 1993 to 2020, and the Validation
scenario projected the same population growth rate as observed
(r = 0.019), thereby validating that the model is a plausible
representation of the population demography. The census trend
with larger than projected size up through 2005, but with an
apparent plateau subsequently (Figure 2), might indicate that
the population has reached the ecological carrying capacity of
the habitat. However, apparent trends could result from random
fluctuations in population growth. In the decade since 2010,
the observed population growth has been approximately parallel
to the mean prediction of the simulations. With respect to
validating the estimated demographic rates, it is notable that
the variance in annual growth across years of the simulation
was due much more to environmental variation and intrinsic

>Toms, C., Tyson Moore, R., Allen, J., McHugh, K., and Wells, R. S. (in
preparation). Back to basics: a review of the residency construct and important
considerations with respect to delphinid studies. Front. Mar. Sci.
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demographic stochasticity than to uncertainty in estimates of
mean demographic rates (Table 6). The mean demographic rates
in this population have been sufficiently accurately estimated
from the 27 years of surveys to provide reliable estimates of mean
birth and death rates for modeling the population, while short-
term fluctuations are expected due to the natural variability in
the environment and demographic processes.

The Baseline population model that includes all additions
(births plus immigrants) and losses (mortalities plus emigrants),
projects a long-term mean population growth rate of r = 0.021,
with variation among independent iterations of SD (100 years
mean r) = 0.007, 95% CI = 0.007 to 0.034. Thus, although precise
estimates of the mean of simulated trajectories can be made
arbitrarily small by running a large number of repeats of the
simulation [SE(mean r) = 0.00002 with 100,000 iterations], the
intrinsic uncertainties of population processes, augmented by
uncertainties in model parameter estimates, leaves us unable to
predict accurately the fate of any specific population (whether the
real one or one of the simulated trajectories).

The contributions of immigration and emigration to the
observed population growth are hard to quantify, but a
plausible assumption is that immigration and emigration are
approximately off-setting on average, although much of the
observed annual fluctuations in census numbers could be due
to short-term net inflow or outflow of dolphins in response
to local conditions. Without immigration, and with mortality
estimated from the reported ratio of documented deaths relative
to total deaths of 0.33 (the Estimated mortality scenario), we
project intrinsic growth rate of r = 0.023, close to the projected
growth when all immigration and emigration is included in the
model. Even when all disappearances are assumed to be deaths
and no immigration is included in the model (the Maximum
mortality scenario), there was still a projected growth of r = 0.016.
Thus, the Sarasota Bay population is not dependent on the few
immigrants per year to be demographically stable, immigration
and emigration contribute only moderately to the population
dynamics, and it is appropriate to consider this community to be
a biological population.

Several caveats about the projections should be recognized.
First, a portion of the uncertainty in the estimated long-term
mean growth was due to uncertainty in the demographic rates
entered into the model. Thus, there remain improvements in
precision of population growth projections that can be achieved
by more data on demographic rates. Moreover, the census
population size fluctuated more from year to year (SD(annual
r) = 0.061) than occurred in the simulation (SD(annual r) = 0.035
in the Validation scenario). This suggests that there were causes
of variation in population growth that were not captured in the
model. Although almost all residents present in the population
each year were tallied in the census data, some of the variation
in observed population growth could have been caused by small
sampling errors in the annual counts.

Further monitoring of the population size and demographic
rates will be necessary to confirm the actual carrying capacity
of the Sarasota Bay habitat. Although the population size has
remained relatively flat over the last few years, suggesting that it
might be near its carrying capacity, there is not yet evidence of

density-dependent reductions in reproductive success. Moreover,
the concept of carrying capacity simplistically assumes that
the environment is stable over time, rather than increasing,
decreasing, or being in a constant state of flux. Several recent
changes likely affected carrying capacity and birth and death
rates. A ban on commercial fishing with large gill nets in
inshore Florida waters was imposed in 1995, and the increased
population growth of dolphins from 1995 to 2000 could have
resulted from increased prey availability and shifts in foraging
patterns that might have improved reproduction (the 2 years
with the highest birth rates were 1996 and 1999) or led to
increased immigration into the local population. (There was
a mean of 3.67 immigrants/year from 1995 through 2000,
compared to a mean of 1.43 per year in the other 20 years.)
Declines in the population in the few years after 2005 and
in the most recent few years (apparently continuing into
2020) could have been consequences of the severe red tide
events that occurred during 2005-2006 and 2018-2019 (Berens
McCabe et al., 2021). The future environment might be very
different from that of the recent past. The 100-year simulations
represent the expected trajectories if conditions remain as they
are, but PVA projections should not be assumed to be a
prediction of the future.

An important contribution of PVA theory was the recognition
that the stability and even long-term persistence of populations
depends not just on mean demographic rates but also on
the variation over time (“environmental variation,” EV) caused
by fluctuations in the environment (Gilpin and Soulé, 1986).
Moreover, the temporal variation in demographic performance
determines the number of years of data that must be sampled
in order to obtain reliable estimates of long-term means in
demographic parameters. However, data from a number of years
are needed in order to obtain estimates of EV, especially if
there are occasional extreme years (i.e., catastrophes) that lie
outside of the more typical annual variations. EV must be
partitioned from the contribution of individual sampling error or
demographic stochasticity to total annual variation in observed
rates (Akcakaya, 2002; Lacy et al, 2020), and the sampling
error can be a larger component than is EV when the numbers
of observed demographic events are small, making accurate
estimation of EV difficult. Consequently, many PVAs use crude
estimates of EV based on few years of data, use total annual
variation as an upper bounds estimate, use expert opinion based
on the life history of the species, or use unvalidated rules of thumb
such as assuming that EV will be approximately 20% of the mean
for each demographic rate.

The long-term data on the Sarasota Bay population provides
an opportunity to estimate EV for demographic modeling of
a long-lived species. However, even with 27 years of data, the
small number of births and deaths each year results in large
binomial sampling variation around population probabilities
of each type of demographic event, especially since separate
estimates must be made for each age class that is found to have
statistically different mean rates (e.g., calves, juveniles, young
adults, peak age adults, and older adults). Thus, our calculated
values for EV are still only approximate, albeit more accurate
than is available for most other comparably long-lived animals.
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For adult mortality and young female fecundity, the expected
binomial sampling error was as large or larger than the observed
annual variation, indicating that we have no evidence for EV in
those rates. For calf mortality, juvenile mortality, and breeding
rates for females beyond 12 years of age, there was substantial
EV (Tables 2, 3), and those variations in rates contributed
substantially to the variation in projected growth rate from year
to year (Table 6). This suggests that reproduction and survival of
still-dependent offspring are life stages that are more susceptible
to environmental conditions or specific threats than is survival
of adult females.

Uncertainties in the future of wildlife populations - even
in PVAs that use the most complete demographic data - arise
from residual sampling error around demographic rate estimates
made from finite (and often small) sample sizes, intrinsic
demographic stochasticity, environmental variation in key
habitat characteristics, changing local and global environments
due to increasing human activity, and future management or
conservation actions that impact the species. Consequently,
exploration of the extent of our uncertainty and the component
causes via sensitivity analysis is a necessary part of any PVA
(McCarthy et al., 1995; Mills and Lindberg, 2002).

When demographic rates were varied across 4 2 x SE, we
found that uncertainty in the breeding rate had the largest
effect on the estimated long-term population growth, with the
mean annual population growth resulting from the lower and
upper bounds tested (approximately the 95% confidence interval)
ranging from about 1% to about 3% (Figure 7). This might
indicate that research to improve the accuracy of estimates of
breeding rate could help reduce considerably the uncertainty in
projected population growth. However, given that virtually all
surviving births in the population are being documented and
most females are of known age, the only option to improve
estimation of breeding rate might be to extend the data over more
years or over a wider geographic area. If any calves are lost before
being counted in the surveys, those neonatal deaths would not
contribute to our estimates of breeding rate or calf mortality, nor
to the population growth.

When demographic rates were varied across the observed
environmental variation (&2 x SD), the demographic rate that
had the greatest influence on population growth was again the
breeding rate (Figure 8). Variation in calf mortality and juvenile
mortality also had large effects. The importance of environmental
variation in adult female mortality was not tested because the
data do not show that there was any annual variation in adult
female mortality beyond that expected due to binomial sampling.
This contrasts with the generalization in population ecology
that adult female mortality is expected to have the largest effect
on population growth for species with low fecundity and long
reproductive lifespans (Brault and Caswell, 1993; Caswell, 2001).
However, that generalization derives from sensitivity analyses
that vary each demographic parameter by equal proportions.
Yet, if environmental variation affects fecundity and survival
of early age classes to a much greater extent than it affects
adult survival, then proportional sensitivity analyses do little to
inform us about the demographic rates that drive differences
in population growth across time or space (Mills et al., 1999;

Mills and Lindberg, 2002; Mills, 2013). Similarly, the extent
to which human activities can affect each life history stage
needs to be considered when evaluating which stage should
be the focus of management (Manlik et al., 2018). For the
Southern Resident Killer Whales, Lacy et al. (2017) found that
recovery actions needed to address the recently low reproductive
success, because there was little scope for improving the already
high adult survival.

It is notable that the largest contributor to the year-to-year
variation in population growth in the model was the intrinsic
demographic uncertainty resulting from the stochasticity of
biological processes. This intrinsic stochasticity accounted for
71% of the variation in annual change in population size, in
contrast to 22% of such variation being due to EVs in the
probabilities of reproduction and mortality, less than 6% due to
our imprecision of estimating mean demographic rates, and less
than 2% due to the variation in numbers of immigrants. These
results indicate that the natural variation in environmentally
determined annual demographic rates and the probabilistic
nature of individual demographic events are much greater factors
limiting our ability to predict the population change in any
given year than are the uncertainties in our estimates of mean
demographic rates for this population. However, it should be
reiterated that the model projected less annual fluctuation in
population growth than has been observed, indicating that
some sources of variation are underestimated or not accounted
for in the model.

The use of population data from recent years to project future
population trajectories implicitly assumes that the environment
and the population’s responses to it (including any evolutionary
adaptation) will remain unchanged. Thus, PVA baseline models
should be seen as projections from current or other hypothesized
conditions, rather than as predictions of the future. PVA
modeling can be used to explore alternative possible futures
through testing alternative demographic rates, predicted trends
in rates, or functional relationships to environmental variables
that can themselves be projected from other models (Keith
et al., 2008; Aiello-Lammens et al., 2011; Lacy et al., 2013). The
assumption of constancy of demography quantified from past
observations will be increasingly challenged by the impacts of
global warming and other aspects of climate change. PVA has
been used to predict direct and indirect impacts of climate change
on species viability (e.g., Brook et al., 2009; Lacy et al., 2016;
Williams et al., 2017).

Increasing water temperatures occurring with global climate
change might cause increased mortality to the dolphins in
Sarasota Bay and the Gulf of Mexico due to increased metabolic
demands (Costa et al., 2013), mobilization of organic pollutants
that had been sequestered in blubber (Yordy et al., 2010),
or increased exposure to pathogenic microorganisms (Buck
et al., 2006). Although the extent of any such increases in
direct and indirect threats due to climate change has not
yet been quantified, the higher observed mortality in summer
months suggests that future increases in water temperatures
could have negative impacts (Wells, 2010). Other anthropogenic
changes to the environment such as amount of accumulated
toxins (see text footnote 3) and frequency of direct human
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interactions (Wells et al., 2008)° can also potentially cause
increased mortality in the future. Although we do not yet know
if and to what extent mortality will change, we can test what
increase in mortality would be tolerated before causing the
dolphin population to go into decline. Not surprisingly, a 0.5%
decrease in survival was projected to reduce population growth
by about 0.5% (from r = 0.021 to r = 0.016), and a 2.5%
reduction in survival results in a population with no growth.
Thus, with an estimated K = 200, the loss of an additional
one dolphin per year (0.5%) would cause significant harm.
Conversely, a reduction in the number of deaths due to human
interactions will yield comparable improvements in population
growth (McHugh et al., 2021).

Similarly, PVA models can be valuable in informing estimates
of the sustainable take under conditions of uncertainty.
Incidental mortalities of marine mammals resulting from
fisheries (bycatch) is regulated in the United States (NOAA,
2004) and elsewhere (Williams et al., 2008; Lonergan, 2011)
based on the potential biological removal (PBR), calculated as
PBR = Nyin (Rynax/2) Fr, in which Ny, is a minumum population
size estimate, Ryqy is the net reproductive rate (symbolized r in
this paper, to distinguish it from the lifetime reproductive rate,
which is often designated as R), and Fp is a recovery factor (Wade,
1998). Following Wade (1998), R4y is usually assumed to be 0.04
for cetaceans, unless there is population-specific demographic
data to suggest otherwise. The use of a minimum estimate
of N, division of Ry by 2, and application of the recovery
factor are intended to make the calculation of sustainable
losses conservative, thereby accommodating uncertainty in the
values (Wade, 1998; Moore et al., 2009). However, Punt et al.
(2018) noted that the efficacy of PBR approaches to protect
vulnerable cetaceans from excess human-induced mortality was
highly dependent on the accuracy of the default assumption of
Rinax = 0.04.

The Sarasota population is projected to grow at only half the
rate often assumed in many PBR calculations for cetaceans. Prior
PVAs on cetaceans have generally found r to be substantially less
than 0.04 (e.g., Manlik et al., 2016; Lacy et al., 2017; Williams
et al,, 2017; Cervin et al., 2020; Ashe et al., 2021; Murray et al,,
2021), but often those analyses were completed on populations
already known to be in decline or at risk of decline. The Sarasota
population is perhaps a better model for a population that
is growing. Sarasota Bay is not a pristine habitat, as deaths
occur due to human interactions (see text footnote 6), dolphins
accumulate harmful levels of pollutants (Wells et al., 2005; Yordy
et al., 2010; see text footnote 3), and red tide events might
be exacerbated by both climate change and introduction of
anthropogenic nutrients from the watershed (Van Dolah, 2000;
Brand and Compton, 2007; Wells, 2010). However, no parts of
the oceans are pristine and unaffected by anthropogenic activities,
and the Sarasota Bay population of Tursiops might be considered
to be typical of moderately affected coastal populations of marine
mammals. Thus, the baseline maximum population growth

®McHugh, K. A., Allen, J. B., Barleycorn, A. A., Bassos-Hull, K., Berens, McCabe,
E. et al. (in preparation). Long-term human interaction trends within a multi-
generational resident bottlenose dolphin community in Sarasota Bay, Florida.
Front. Mar. Sci.

for calculating PBR of cetaceans perhaps should be adjusted
downward, as the standard formulation of PBR might be less
conservative than has been assumed.

Among the threats that can affect dolphin survival and
reproductive success are the harmful algal blooms such as red
tide (Karenia brevis). The most severe red tide events in recent
years (in 2005-2006, and 2018-2019) were associated with higher
calf and juvenile mortality and population declines in 2006 and
2019. Model scenarios that either omitted or doubled the years
with such increased mortality projected very small differences
in population growth compared to the Baseline scenario. This
indicates that the resistance of adult dolphins to the impacts
of red tides (perhaps reflecting their behavioral flexibility and
ability to adjust foraging patterns [Wells, 2010]) and the long
reproductive lifespan of dolphins provides tolerance of the
population to such events. The apparently increasing frequency
of severe red tide events (Van Dolah, 2000; Brand and Compton,
2007) and the possibility of other or longer-term impacts on the
population should be monitored to determine if the few simple
red tide scenarios that we tested adequately represent the threats
that the population might face in a changing environment.

Although the Sarasota Bay population of dolphins is not at risk
of being so small and isolated that it would be demographically
and genetically unstable if recent demographic trends continue,
the detailed demographic model does provide an opportunity
to evaluate the minimum viable size (MVP) of isolated coastal
populations of dolphins. When we modeled a closed population
with no immigration, populations of size N < 30 were found to
be vulnerable to extinction, even in the absence of any inbreeding
depression. The high survival and long reproductive lifespan
of bottlenose dolphins affords demographic stability at much
smaller sizes than are reported for MVPs of most mammalian
species (Traill et al., 2007). However, N > 50 was necessary to
keep genetic decay over 100 years (5 generations) to less than
90% of initial heterozygosity (a common criterion for genetic
viability; Soulé et al., 1986), which is equivalent to accumulated
inbreeding remaining below F = 0.10 (Lacy, 1995). This translates
also to an effective population size of N, = 23 for a population
of size N = 50, giving an estimated N,/N ratio of 0.46. This is
likely an over-estimate, because the Vortex model assumes that
all individuals of an age class are equally likely to reproduce and
that mating is at random. Any greater than random variation in
reproductive success would depress N./N and accelerate loss of
genetic diversity.

While species with long reproductive lifespans and low
fecundity can be demographically stable at small population
sizes, and long generation times also reduce the rate of decay of
genetic diversity in closed populations, those same life history
characteristics can prevent the populations from recovering
quickly from any catastrophic declines, such as those caused
by disease outbreaks and spills of oil or other toxins. Our
tests of resilience to such declines show, for example, that the
Sarasota Bay dolphin population would not be expected to
recover to its current size for 28 years after a 50% decline.
Scott et al. (1988) reported a 53% reduction in abundance of a
mid-Atlantic migratory coastal population of dolphins due to a
morbillivirus outbreak, and they estimated a median recovery

Frontiers in Marine Science | www.frontiersin.org

December 2021 | Volume 8 | Article 788086


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Lacy et al.

Bottlenose Dolphin Population Viability

time of 32.5 years, or a median of 50.5 years if human-induced
mortality due to fisheries continued at pre-outbreak levels.

A long reproductive lifespan can, however, buffer a population
from short-term suppression of reproductive success, because
females can skip a year of breeding and then resume or even
compensate with increased breeding rate the following year.
Thus, a 25% 1-year reduction in the breeding rate (affecting only
the fewer than 30% of adult females that would have bred that
year) can have much less consequence to the population than
would a 25% reduction in survival in a catastrophe year. When
catastrophic events reduce survival or breeding over a number
of years, however, then the damage compounds and even long-
lived species cannot cope by delaying breeding and responding
with more reproduction a year or two later. Using a sex- and age-
structured demographic model, Schwacke et al. (2017) projected
that the dolphin population in Barataria Bay, Louisiana, would
require 39 years to recover to its prior population size following
the Deepwater Horizon oil spill in the Gulf of Mexico. The long
recovery time resulted from reductions in survival that were
estimated to last up to 10 years (with a 35% cumulative reduction
observed over the first 3 years after the spill), compounded by
a reduction of about 70% in reproductive success in each of the
first 3 years and an estimated 17 years before reproduction would
return fully to pre-spill levels.

The availability of data from 27 years of consistent monitoring
of the individual dolphins resident in the Sarasota Bay
population provided birth and death rates, allowed analysis
of transition points in demographic rates as dolphins age,
and provided the basis for a detailed demographic model that
was validated against census data. The remaining uncertainties
in population projections were partitioned into those due to
sampling limitations, environmental fluctuations, and inherent
stochasticity of demographic processes. Beyond the assessment
of the Sarasota Bay population, the analyses can inform estimates
of Minimum Viable Population (MVP) size for isolated, small
populations and Potential Biological Removal (PBR) for directly
or indirectly harvested populations. We used the PVA for some
initial assessment of the resistance and resilience to threats
affecting survival or breeding, and it can provide a basis for
further investigations of the population-level impacts of causes of
mortality that might be partitioned and quantified (e.g., McHugh
et al.,, 2021) or of projected improvements in reproduction or
survival resulting from management actions. Williams et al.
(2020) noted that as the multiple effects of chronic ocean noise
on cetaceans are measured, PVA can be used to quantify the
population level impacts. Schwacke et al. (2017) described their
demographic model as an important first step in determining the
type and amount of restoration action needed to compensate for
damage from the oil spill. Demographic impacts of singular or
occasional events on the Sarasota population such as red tide,
disease outbreaks, and the ban on large gill nets are difficult
to quantify amid the multiple causes of population fluctuations,
but long-term monitoring, data on other affected and non-
affected populations, and mechanistic models of effects can
provide estimates of impacts that could be explored through PVA.
Such analyses are likely to be especially useful when integrated
with other modeling approaches that have been applied to
threat assessments for marine mammal populations, such as

Pathways of Effects (PoE) (e.g., Murray et al., 2021), Population
Consequences of Acoustic Disturbance (PCAD) (Williams et al.,
2020), accumulation of Persistent Organic Pollutants (POPs)
(Hall et al., 2006; Lacy et al., 2017), environmental changes driven
by climate change (Williams et al., 2017), and metamodel linkages
(Lacy et al., 2013) to examine predator-prey interactions with
multi-species PVA (Lacy et al., 2016).
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