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Executive Summary 
This report describes the structure of and results from an expanded population viability analysis (PVA) on 
the Indo-Pacific leopard shark (Stegostoma tigrinum). The current work is based on the analysis of 
Traylor-Holzer (2021) that evaluated potential strategies for augmentation of the leopard shark population 
in the Raja Ampat Archipelago, Indonesia, as part of the Stegostoma tirgrinum Augmentation and 
Recovery (StAR) Project. Following the successful launch of the StAR Project Indonesia in 2020, the 
StAR Project Thailand was initiated in 2024. This second project aims to restore the western 
subpopulation of S. tigrinum to waters around Phuket, Thailand in the Andaman Sea. The PVA presented 
here is designed to provide evidence-based guidance on the translocation efforts that are expected to 
result in successful outcomes for leopard shark population viability in this portion of the species’ range.  
 

In addition, this analysis gives StAR Project Indonesia researchers and managers an opportunity 
to update the 2021 PVA with new animal tracking data on important release scenario parameters. In 
particular, given new and more accurate estimates of egg hatch rates and the survival of new hatchlings to 
the age of release (approximately six months), this extended analysis explores the sensitivity of 
simulation model outcomes to uncertainty in the survival of pups from the time of release to one year of 
age. Estimating this survival rate in the wild is a challenging prospect; assessing the importance of this 
early phase in determining overall success of releases is a necessary first step in allocating resources to 
accurately measure it in the wild. 

 
The models comprising this analysis, constructed using the simulation modeling package Vortex, 

were unchanged from the 2021 analysis except for a few key parameters. For the StAR Thailand analysis 
component, the initial size of the population was adjusted to reflect recent mark-recapture data. In 
addition, two sets of scenarios were constructed that simulated conditions of comparatively high or low 
future population growth potential to account for general uncertainty in the true condition present in the 
wild. Revisions to the StAR Project Indonesia analysis component included new estimates of both hatch 
rate and hatchling survival to release in the ex situ environment. As estimates of post-release survival to 
one year of age are unavailable, the PVA featured a sensitivity analysis designed to assess the impact of 
uncertainty in this parameter on selected measures of simulation model performance.  

 
The new augmentation analyses focused on Thailand suggest that releases of young leopard 

sharks to suitable habitats in the Andaman Sea can significantly improve average long-term growth of 
existing wild shark populations, increase the levels of genetic diversity retained in the wild, and promote 
the establishment and maintenance of a viable leopard shark population that can be buffered from the 
destabilizing forces that imperil the survival of smaller, more fragile populations. It is important to 
recognize that careful analysis of current data from the Andaman Sea habitat indicates an existing leopard 
shark population of somewhere between about 60 to 170 individuals. This abundance is substantially 
larger than the 2021 estimate for Indonesia’s Raja Ampat Archipelago, centered on a likely range of just 
15 – 30 individuals. As a result, the Andaman Sea population can be considered inherently more 
demographically and genetically stable than its Indonesia counterpart, assuming that the Thailand habitat 
can support conditions favorable for leopard shark population growth. Consequently, it may be feasible to 
reduce the intensity of a proposed release program in the interest of saving valuable resources to be used 
across the StAR Project Thailand program through time. However, a conservative approach argues in 
favor of a dedicated release program intensity that can more quickly stabilize the existing population and 
facilitate its growth to an abundance that fosters greater levels of demographic and genetic stability. 
Furthermore, it is worth noting that a shark population of less than 200 individuals can and should still be 
considered a small population that is susceptible to forces that increase extinction risk. A management 
program like the StAR Project provides an outstanding opportunity to use the collective expertise and 
resources and both in situ and ex situ communities in an integrated effort to save endangered species from 
local extirpation or extinction. 
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The successful StAR Project Indonesia release efforts in Raja Ampat provide an additional 
benefit in the form of expanded data collection and analysis as releases are conducted. These new data 
include estimates of hatch rate (90%) and survival to release (77%) that approach or even exceed the 
estimates used in the Optimistic scenario used in original analysis (Traylor-Holzer 2021). Incorporating 
these new estimates into the existing PVA model structure should give leopard shark managers an even 
greater sense of optimism that their management efforts are likely to pay big future dividends in the form 
of strong wild population responses to sustained releases. A key survival remains elusive: survival of 
released individuals to one year of age, approximately six months after their release. The analyses 
presented here indicate that wild leopard shark population growth is indeed sensitive to this survival 
parameter, with consistent increases in predicted population growth across the wide range of post-release 
survival rates tested in this analysis (0.1 to 0.9). The models suggest that post-release survival rates less 
than 0.3 result in more severe declines in expected population growth. Interestingly, this value was 
typically used as the minimum across a range of values used in the original Best Guess, Optimistic and 
Pessimistic release scenarios developed in 2021. It seems clear from the present analysis that additional 
efforts devoted to better estimating this key parameter would make a valuable contribution to future 
release program success. Recommending specific methods for improving post-release survival estimates 
is beyond the scope of this report, and is left to species experts to discuss and develop an efficient and 
effective long-term research plan. 

 
Finally, it is important to emphasize that despite the additional detail and refined data 

characterizing this update to the original 2021 PVA, substantial uncertainty remains in our understanding 
of the true demographic and ecological character of leopard sharks in their wild habitats. Through 
recognizing this reality, inherent to all detailed demographic analyses of endangered species, we must 
acknowledge that the results of this updated analysis must be interpreted with caution. In particular, 
proper interpretation of PVA results should be done in a comparative context and not through adopting the 
precise numerical results of one or another specific scenario. That said, both the original and updated 
analyses incorporate the best available knowledge of leopard shark biology and the characteristics of 
leopard shark release program practice. Responsible use of these data result in robust simulation models 
that clearly demonstrate the value of concerted population augmentation efforts in suitable wild habitats. 
Through both responsible scientific analysis and the development of effective, evidence-based 
management programs for wild populations, the StAR Projects continue to serve as models for 
responsible integrated management of threatened shark populations worldwide.  
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Introduction 
This report describes the structure of and results from an expanded population viability analysis (PVA) on 
the Indo-Pacific leopard shark (Stegostoma tigrinum). The current work is based on the analysis of 
Traylor-Holzer (2021) that evaluated potential strategies for augmentation of the leopard shark population 
in the Raja Ampat Archipelago, Indonesia, as part of the Stegostoma tirgrinum Augmentation and 
Recovery (StAR) Project. This very successful project is conducted under the guidance of ReShark, a 
consortium of aquariums, governments, NGOs, academics and local communities dedicated to linking in 
situ and ex situ shark and ray conservation efforts in the spirit of the One Plan Approach (Byers et al. 
2013).  
 

Following the successful launch of the StAR Project Indonesia in 2020, which led to leopard 
shark translocation efforts into Raja Ampat, the StAR Project Thailand was initiated in 2024. This second 
project aims to restore the western subpopulation of S. tigrinum, as defined through molecular genetic 
analysis (Dudgeon et al. 2009), to waters around Phuket, Thailand in the Andaman Sea. The PVA 
presented here is designed to provide evidence-based guidance on the translocation efforts that are 
expected to result in successful outcomes for leopard shark population viability in this portion of the 
species’ range.  
 

In addition, this analysis gives StAR Project Indonesia researchers and managers an opportunity 
to update the 2021 PVA with new animal tracking data on important release scenario parameters. In 
particular, given new and more accurate estimates of egg hatch rates and the survival of new hatchlings to 
the age of release (approximately six months), this extended analysis explores the sensitivity of 
simulation model outcomes to uncertainty in the survival of pups from the time of release to one year of 
age. Estimating this survival rate in the wild is a challenging prospect; assessing the importance of this 
early phase in determining overall success of releases is a necessary first step in allocating resources to 
accurately measure it in the wild.  
 
 
Summary of Revised Model Input 
In this and all subsequent sections, information will be presented in distinct subsections specific to the 
StAR Project Thailand (Andaman Sea) and StAR Project Indonesia (Raja Ampat) analyses.  
 

All analyses described in this report use the simulation models described in detail in Traylor-
Holzer (2021). Except where noted below, all simulation model input parameters for the current analysis 
are unchanged from their original values. Additionally, the updated analyses use the Vortex PVA software 
package which is now updated to Version 10.9.0.0 (July 2025). All scenarios are projected for 50 years 
into the future to align with the results displayed graphically in Traylor-Holzer (2021), with 1000 
iterations completed for each unique model scenario.  
 
StAR Project Thailand 
Habitat designation, initial population abundance and habitat carrying capacity 
The target area for leopard shark releases in Thailand’s Andaman Sea is shown in Figure 1. This area, 
including both the Similan Archipelago and the Phang Nga Bay habitats, features connected continental 
shelf topography. The range of water depths in this area is within the definitions of suitable habitat for the 
Indo-Pacific leopard shark, with coral reefs, mangroves and sandy bottoms providing connectivity.  
 

Mark-recapture data over the time period 2019-2025, collected by WildAid researchers in 
consultation with C. Dudgeon, were used to derive a plausible range of contemporary population 
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abundance estimates in the target habitat area. Abundance estimates were calculated using the Lincoln – 
Petersen method which uses the following formula: 

𝑁𝑁� =
𝑀𝑀𝑀𝑀
𝑅𝑅

 , 
 
where 𝑁𝑁� is the estimate of total population abundance, M is the number of individuals initially marked in 
the first visit of the sampling effort, C is the number of animals captured in the second visit of the 
sampling effort, and R is the number of recaptured animals in the second visit that were marked.  
 

 
 

Using this technique, researchers estimate the total population abundance for Indo-Pacific leopard 
sharks in the target area as 57 – 172 individuals (all age classes included), with a mean of 115 individuals. 
The current PVA uses this uncertainty by repeating a given set of augmentation scenarios with a specific 
value of initial population size: 57, 115 or 172 individuals. This approach is different from that used in the 
Raja Ampat augmentation scenarios of Traylor-Holzer (2021), in which uncertainty in initial abundance 
was described explicitly as a statistical distribution in the initial population size input for Vortex. That 
method confounds parametric uncertainty in one parameter (initial abundance) with environmentally 
driven annual variability in other parameters like survival or reproductive success. As a result, interpreting 
the range of outcomes for any one scenario (augmentation protocol) and the relative contribution of 
measurement uncertainty vs. natural demographic variability to that range can be challenging. The 
decision was made for this updated analysis to explicitly decouple the uncertainty in population 
abundance by running all augmentation scenarios with a single initial population abundance representing 
the minimum, maximum or mean across the known range.  

 
The starting population abundance for all simulations was initialized by assuming a stable age 

distribution calculated from the mean rates of survival and reproduction brought over from the original 
2021 analysis. This is also a departure from the original analyses for Raja Ampat, where the starting 
distribution of age-sex classes was modified to be consistent with the observation of no reproduction 

Figure 1. Map of the Andaman 
Sea coastal area of west-
central Thailand, with the StAR 
Project Thailand release site 
outlined by the light-colored 
polygon. Map courtesy of M. 
Chuangcharoendee.  
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occurring in that very small population of less than 20 individuals across an area roughly similar in size to 
the Thailand target area. As there have been recent observations of leopard shark eggs and juveniles in the 
Andaman Sea habitat (M. Erdmann, pers. comm.), the decision was made to initialize the starting 
simulated population across the full age spectrum, i.e., a stable age distribution.  

 
The Andaman Sea target area for leopard shark releases is approximately 12,000 km2 (1.2 million 

Ha) – roughly the same size as the StAR Project release site in Indonesia’s Raja Ampat Archipelago. 
Consequently, the current models use a similar value for habitat carrying capacity of 1,000 individuals (all 
age classes), which is approximately 6 – 17 times the size of the initial simulated population of 57 – 172 
individuals.  

 
Estimated population growth rates 
The original PVA of Traylor-Holzer (2021) uses mean annual rates of reproduction and survival that are 
consistent with an expected rate of annual population growth of approximately 5% (deterministic 
multiplicative growth rate λ ≈ 1.05) and a mean generation length of approximately 12 years. This growth 
rate may be taken as a reasonable estimate under more favorable conditions in which the maximum rate 
of population increase may be realized more easily. Alternatively, it may be instructive to explore the 
viability of leopard shark populations living in an environment that may not favor such optimistic rates of 
population increase. Various threats to population growth, including direct human activities affecting 
individual sharks or more generalized stresses resulting from reduced habitat quality or global climate 
changes, may result in more modest rates of population increase.  
 

The current PVA explores two alternative population growth scenarios: a relatively more 
favorable High Growth scenario (deterministic λ ≈ 1.04) as well as a relatively less favorable Low 
Growth scenario (deterministic λ ≈ 1.02). Because these expected growth rates are deterministic and not 
influenced by initial population abundance as a stochastic source of population instability (i.e., smaller 
populations typically demonstrate intrinsically lower annual growth rates: Gilpin and Soulé 1986), the 
actual growth rates emerging from the stochastic Vortex population simulation will be lower than the 
deterministic rates. This approach was used in the recent population viability analysis for the bowmouth 
guitarfish where future population growth characteristics are highly uncertain (Miller 2025).  

 
To achieve these alternative population growth scenarios, only small changes to age-specific 

mortality rates were necessary in Vortex. The details are given in Table 1.  
 

Table 1. Mean age-specific mortality rates for Indo-Pacific leopard sharks in 
alternative population growth scenarios used in the StAR-Project Thailand 
PVA.  

Age Class High Growth Low Growth 
Pup (Age-0 – Age-1) 60.0 65.0 
Subadult (Age-1 – Age-7) 20.0 21.0 
Adult (Age-7+) 11.0 12.0 

 
 
Population immigration mechanism 
The original PVA of Traylor-Holzer (2021) included a process in which individuals occasionally 
immigrated into the Raja Ampat population from outside the release area, and individuals emigrated from 
that population at an equivalent rate. The immigration rate in this updated PVA was revised slightly to 
more accurately simulate the desired effect. Instead of Age-7 males and females being introduced into the 
Andaman Sea population in a regular alternating pattern (e.g., male in year x, female in year x+5) as in 
the original Raja Ampat simulations, in the Andaman Sea simulation the sex of the immigrating 
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individual is chosen at random every five years. Over multiple model iterations, the net effect is roughly 
equivalent to the alternating pattern of immigration originally intended in the simulations described in 
Traylor-Holzer (2021), but now resulting in a more realistic process in which one or the other sex may be 
more frequently represented in the immigrant pool in any single model projection. 
 
Generic catastrophe frequency 
The generic catastrophe included in the original analysis of Traylor-Holzer (2021) featured a frequency of 
1%, consistent with the expected frequency of a generic catastrophe as described by Reed et al. (2003) 
equivalent to approximately 0.14 per generation for a given species (here, 12.55 years for the Indo-Pacific 
leopard shark). Instead of the simple expression for estimating the annual probability of a generic 
catastrophe – Prob(catastrophe) = 14/12.55 = 0.011, rounded to 0.01 – as used in Traylor-Holzer (2021), a 
more precise calculation of annual catastrophe probability was derived according to the following 
expression: 

Prob(catastrophe) = 1 – (0.86(1/12.55)) = 0.012 , 

where 0.86 is the probability of no catastrophe occurring across one leopard shark generation. This 
revised calculation results in only a small change in the probability of a generic catastrophe in the 
simulated Andaman Sea population but represents a more defensible estimate of that probability across 
the duration of the simulation. 
 
Release scenarios 
No modifications were made to the three categories of release scenarios developed by Traylor-Holzer 
(2021). The parameters for Best Guess, Optimistic and Pessimistic release scenarios, defined by the 
number of eggs shipped per year, the hatch rate, the survival of hatchlings to release at approximately six 
months, and the post-release survival to one year of age were directly carried over from the Raja Ampat 
analysis. Finally, these new scenarios (including those for the StAR Project Indonesia scenarios described 
below) use the allele frequency data from the leopard shark regional studbook managed by the Associated 
of Zoos and Aquariums (AZA) as implemented in the original PVA (i.e, data compiled through March 
2021). These data were consistent with the assumption of an equal probability of breeding among the 22 
living potential breeders representing 20 genetic founders. The results presented in Traylor-Holzer (2021) 
showed little to no difference in model outcome when using alternative hypotheses about predicted 
founder representation in the wild population. Consequently, a single allele frequency dataset was used in 
this new analysis for the sake of greater simplicity in model implementation and interpretation. 
 
 
StAR Project Indonesia 
Release scenario parameters 
The primary modifications made to the updated Raja Ampat simulation models target the survival 
parameters for individuals released to the wild. While there was some uncertainty around these parameter 
estimates at the time of the original analyses, new tracking data collected during the recent release efforts 
allows for revised estimates of selected parameters. Specifically, the hatch rate and the survival rate from 
hatch to release have each been revised to 90% and 77%, respectively. These parameter values are in 
place at the beginning of the prospective simulations and remain in effect through the full duration of the 
simulated release program that runs from four to sixteen years in alternative scenarios. The number of 
eggs available for shipping across the releases program is set at the value defined in the original Best 
Guess scenarios of Traylor-Holzer (2021), i.e., 10 eggs at the beginning of the program and increasing 
linearly to 80 eggs by the end of the release program. 
 

In contrast, the estimate of survival from the time an individual is released to reaching one year of 
age remains uncertain. Therefore, the current updated analysis for Raja Ampat features a set of 
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simulations that evaluates the relative sensitivity of model output to a wide range of post-release survival 
values. While all other input parameters were held constant, post-release survival to one year of age was 
tested between 10% and 90% in increments of 10% for each of the release duration values tested in 
Traylor-Holzer (2021), i.e., four years to sixteen years. Mean stochastic population growth rate was 
chosen as the model output parameter for evaluation in this sensitivity analysis.  
 
Population immigration mechanism 
Generic catastrophe frequency 
These two input parameters were modified as per the methods described for the Thailand scenarios 
discussed above.  
 
 
Results of Simulation Models 
The following section uses three metrics to assess simulation model performance: 

• Mean stochastic population growth rate – mean annual rate of population growth derived directly 
from the Vortex simulations. Rate is presented either as the multiplicative rate lambda, λs or the 
instantaneous rate of change rs = ln(λs). Increasing populations are those with λs > 1.0 (rs < 0.0), 
while declining population are those with λs < 1.0 (rs < 0.0).  

• Mean extant population size, Next – mean population size at the end of the 50-year simulation. This 
metric is calculated for a given scenario using only those simulation iterations that do not decline 
to extinction (N = 0 or only one sex remaining). In this way, the population size is reported only 
for those “successful” iterations. A full picture of the performance of any given scenario is possible 
only when reporting both the mean extant population size as well as the probability of population 
extinction P(Ext.). When extinction risk is zero, the full complement of simulation iterations are 
used to calculate mean population size. 

• Mean population gene diversity – mean level of gene diversity (expected heterozygosity) retained 
in the population at the end of the 50-year simulation. The initial value of gene diversity at the 
beginning of the simulation is a function of the initial population size, with larger populations 
starting with a higher gene diversity value that represents a larger proportion of the full 
complement of population-level gene diversity captured in that simulated population subset.  

 
Detailed numerical results of all model scenarios developed in this PVA are given in Appendix II.  
 
 
StAR Project Thailand 
Population performance under alternative release scenarios 
In the absence of leopard shark releases, the simulated Andaman Sea leopard shark population is 
predicted to increase in abundance under conditions of high or low expected population growth (Figure 2, 
No Releases scenario). The probability of population extinction under these conditions is less than 0.02 
after 50 years, indicating comparatively strong resilience over time. Under conditions of high expected 
long-term population growth, the final mean population size is 631 individuals across all age classes 
(Age-1 and older), representing a simulated observed population growth rate of λs = 1.035. Note that this 
growth rate of lower than the expected rate of λ = 1.044, which is the result of stochastic forces leading to 
some population instability through time. Despite this instability, the population maintains the capacity 
for growth and is largely protected from risk of extinction. Under the assumption of low expected long-
term population growth, the final population abundance is just 216 individuals, representing a simulated 
observed population growth rate of λs = 1.013. Similarly, this observed growth rate is less than the long-
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term expectation of λ = 1.021, again the result of population instability from annual stochastic variation in 
demographic rates through time.  
 

Gene diversity in the absence of releases follows a generally predictable pattern, with a consistent 
erosion of diversity through time in accordance with theoretical expectations (Figure 3, No Release 
scenario). Despite the observed erosion over time, the absolute value of gene diversity after 50 years 
exceeds GD50 = 0.935 under both High and Low growth rate scenarios, which is higher than the typical 
threshold of 0.90 associated with long-term population genetic resilience to both inbreeding depression 
and loss of population adaptive potential.  
 

 
 
Simulated augmentation of the Andaman Sea leopard shark population through releases leads to a 

substantial increase in final population abundance (Figure 2) and gene diversity retention (Figure 3) 
across both scenarios of expected long-term population growth. Under an expected High growth scenario, 
final population abundance increases by 24% to 42% over the No Release scenario, depending on the 
underlying parameters defining the alternative release strategies (Pessimistic, Best Estimate, or 
Optimistic). When long-term expected population growth is lower, augmentation improves final 
population abundance by 69% to 189% across Pessimistic to Optimistic release strategies. In a similar 
fashion, final gene diversity retention is substantially enhanced across all release strategies and in 
particular under conditions of lower expected population growth. Note that while the gains in final 

Figure 2. Projected mean size (extant 
iterations) of simulated Andaman Sea 
leopard shark populations, assuming an 
intermediate initial abundance of 115 
individuals and under alternative 10-year 
release strategies. Top panel assumes a 
capacity for relatively high long-term 
expected population growth (λ = 1.044), 
while the bottom panel assumes relatively 
low expected population growth (λ = 1.021).  

High Growth 

Low Growth 
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population performance are proportionally greater in the Low growth scenario the absolute values of 
mean population size and gene diversity retained are higher in the High growth scenario compared to the 
Low growth scenario. This difference is a direct consequence of the larger mean population sizes realized 
in the High growth scenario, which leads to a corresponding increase in the rate of gene diversity 
retention.  
 

 
 
Population performance under alternative scenarios of release program duration 
As expected, increasing the duration of leopard shark releases to the Andaman Sea population leads to a 
correspondingly more rapid increase in population abundance and a larger final abundance after 50 years 
(Figure 4A). If releases (assuming a Best Estimate of release strategy parameters) are conducted over a 
four-year period, after 25 years the Andaman Sea leopard shark population is predicted to increase to a 
mean of 338 individuals compared to 278 individuals in a No Release scenario (22% increase). Under a 
ten-year release program, the population increases to 493 individuals at 25 years (77% increase) and a 16-
year release program yields a population of 598 individuals at 25 years (115% increase). As shown most 
clearly in the Optimistic release scenario shown in Figure 2, the release programs lasting at least ten years 
result in a mean population abundance that begins to approach the assumed Andaman Sea habitat carrying 
capacity of approximately 1000 individuals, i.e., the population trajectory begins to reach an asymptote 
defined by the availability of suitable habitat.  
 

High Growth 

Low Growth 

Figure 3. Projected gene diversity of 
simulated Andaman Sea leopard shark 
populations, assuming an intermediate initial 
abundance of 115 individuals and under 
alternative 10-year release strategies. Top 
panel assumes a capacity for relatively high 
long-term expected population growth (λ = 
1.044), while the bottom panel assumes 
relatively low expected population growth (λ 
= 1.021).  
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Retention of population gene diversity is likewise improved when the release program duration is 
extended (Figure 4B). Even the shortest release program duration leads to a substantial improvement in 
the amount of gene diversity retained, with relatively smaller gains realized as the release program is 
extended. When evaluating both metrics of population performance, relatively little additional benefit is 
observed when the simulated release program is extended to 14 – 16 years. This is the direct result of 
setting the habitat carrying capacity K at the lower level of 1000 individuals, where population growth 
begins to attenuate as the simulated population approaches the hard reflective boundary defined in the 
Vortex model by K. If the carrying capacity were to be increased to 1500 – 2000 individuals, the 
simulated populations would be expected to continue increasing in size and showing great levels of 
separation in final abundance and gene diversity.  
 
 

 
 
Summary of population performance across key PVA model parameters 
Figure 5 presents a summary of simulation results (mean final population size) for a total of 48 scenarios 
defined by unique combinations of initial population size (N0), expected long-term population growth rate 
(High or Low), and release program duration (zero to 16 years). [All scenarios use the Best Estimate 
dataset of release program characteristics.] It is clear from the figure that the final population abundance 
is negatively impacted by smaller initial population abundance, lower expected long-term population 
growth potential in the wild Andaman Sea habitat, and shorter release program duration. Across all 
scenarios examined here, the risk of population extinction over the 50 years of the simulation exceeded 
0.005 only twice and was otherwise 0.000 – 0.003.  
 

0 yrs 
4 yrs 
8 yrs 
16 yrs 

0 yrs 
4 yrs 
8 yrs 
16 yrs 

A 

B 

Figure 4. Projected extant population 
size (A) and gene diversity (B) of 
simulated Andaman Sea leopard shark 
populations, assuming an intermediate 
initial abundance of 115 individuals and 
under alternative scenarios of release 
duration. All scenarios assume a Best 
Estimate set of release strategy 
parameters, and a capacity for relatively 
high long-term expected population 
growth (λ = 1.044).  
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The results displayed in Figure 5 suggest that, on a comparative basis, the estimate of initial size 
of the leopard shark population in the Andaman Sea habitat has a considerable influence on the predicted 
final population size across the range of models analyzed here and, in particular, those scenarios with 
relatively short release duration. The assumption regarding the underlying population growth potential 
can also strongly influence model outcome, particularly when the size of the starting leopard shark 
population is small. Similarly, the duration of releases has the strongest relative impact when initial 
population size is small, and the impact is attenuated under the assumption of larger standing population 
abundance. Overall, the results indicate that the outcome of the simulations is governed by a substantial 
interaction between the initial size of the existing leopard shark population and the anticipated growth 
potential of that population, which is itself a function of the underlying age-specific reproductive and 
survival rates among wild individuals.  
 

 
 

Gene diversity outcomes show a narrower range of values; for ease of presentation, a subset of 
results is shown in Figure 6 that represent the ends of the range in scenario characteristics. As with the 
population size outcomes reported in Figure 5 above, gene diversity results are strongly influenced by an 
interaction between initial population size and expected wild population growth potential. In the absence 
of releases and assuming only a low level of expected population growth potential, a wild leopard shark 
population of just 57 individuals loses gene diversity at a rate that can maintain a minimum of 90% gene 
diversity retention in the population for no more than 35 years. Even minimal release efforts under these 
conditions can increase gene diversity retention to almost 92% over the timeframe of the simulation. 
When releases continue for 16 years in a population starting with 172 individuals under an expected 
potential for relatively high population growth, population gene diversity retention approaches 98% after 
50 years.  
 
 
 

Figure 5. Projected extant population size of simulated Andaman Sea leopard 
shark populations across the full range of scenario conditions examined in this 
analysis. All scenarios use the Best Estimate dataset of release program 
characteristics. 
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StAR Project Indonesia 
Population performance of revised models under alternative release scenarios 
The revised models presented here, based on the models presented in Traylor-Holzer (2021) but featuring 
updated estimates of leopard shark release characteristics (hatching rate and survival to release), show 
population growth dynamics that are very similar to the original analysis (see Figures 11 and 12 in 
Traylor-Holzer (2021)). The updated trajectories are presented in Figure 7. It is worth noting that the final 
population abundance for the No Release scenario shown here in Figure 7A is slightly larger (N50 = 90.8) 
than the abundance reported in the previous analysis (N50 = 70). This is because the present analysis 
presents the mean abundance of extant replicate populations, thereby removing from the calculations 
those iterations from the scenario that decline to extinction. The risk of Raja Ampat population extinction 
in the present analysis is estimated at 0.284 – substantially greater than that reported in the original 
analysis (0.080: Table 4 in Traylor-Holzer (2021)). The higher extinction risk reported here is likely the 
result of the small adjustments made to the current model as discussed in the preceding Model Input 
section. Additional examination of model details and resulting output would be required to fully 
investigate this discrepancy. The mean abundance across all scenario iterations in the present analysis, 

High Growth 

Low Growth 

Figure 6. Projected gene diversity of 
simulated Andaman Sea leopard shark 
populations spanning the full range of 
model parameter values assessed in this 
analysis.  
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including those that become extinct is 65.3 which agrees statistically with the final abundance reported by 
Traylor-Holzer (2021).  
 

 
 
As observed in the Thailand scenarios, the observed gain in gene diversity resulting from the 

release program is substantial, even when implementing releases over a short time period of four years 
(Figure 7B). As the program duration increases, the gains to gene diversity are relatively more modest 
owing to the finite set of new genes from the ex situ population that can be introduced into the wild 
population. Nevertheless, it is important to note that the final gene diversity in the simulated populations 
featuring releases is greater than the starting value, demonstrating the benefits of introducing new genetic 
variants into a small population that, by definition, represents a comparatively small sample of the total 
complement of genetic material present in the species across its current distribution.  

 
As stated earlier, the results shown in Figure 7 are quite similar numerically to those presented in 

Figures 11 and 12 of Traylor-Holzer (2021). The original analysis featured a release mechanic in which 
the early years of a given release program included relatively low rates of egg production and survival, 
but with improvements to those rates across the arc of the program. The updated analysis here features 
single estimates of hatching rate and hatchling survival to release that are roughly intermediate values in 
the range of values included in the original analysis. As a result, the dynamics of the updated analysis are 
generally expected to show similar dynamics when compared to the original models. It is indeed 
satisfying that the base modifications made to this new set of scenarios are in accordance with the original 
analyses – an observation that sets the foundation for a more detailed exploration of model sensitivity to 

Figure 7. Projected extant population size 
(A) and gene diversity (B) of simulated 
Raja Ampat leopard shark populations 
under alternative scenarios of release 
duration. All scenarios feature the revised 
set of release strategy parameters as 
described in the accompanying text: egg 
production as per the Best Estimate 
scenario of Traylor-Holzer (2021); hatch 
rate of 90%; survival rate hatch to release 
of 77%; post-release survival rate of 50%.  

A 

B 

8 yrs 

16 yrs 

0 yrs 

0 yrs 

8 yrs 
16 yrs 
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uncertainty in post-release survival. This sensitivity analysis forms the basis for the updated Raja Ampat 
simulation models included in this report, as discussed below. 

 
Impact of uncertainty in post-release survival on simulated population performance 
The specification of alternative estimates of post-release survival of leopard sharks released to Raja 
Ampat significantly impacts the resulting wild population abundance (Figure 8A) and retention of gene 
diversity (Figure 8B) in the updated Indonesia simulations. When employing a 10-year release program, 
an incremental increase of 10% in post-release survival to one year of age results in a corresponding 
increase in mean population abundance at the end of the release program (model year 10) of 26.5 
individuals, from 57 individuals at 10% post-release survival to 269 individuals at 90% post-release 
survival. [Note that no extinctions at 10 years were recorded in any of the simulations presented in Figure 
8.] By the end of the 50-year simulation, that incremental increase in mean population abundance grows 
to 80 additional individuals in the wild population per 10% increase in post-release survival to one year of 
age.  
 

 
 

Gene diversity retention follows a generally similar pattern, and once again shows a 
proportionally larger benefit at the lower end of the spectrum of post-release survival rates, i.e., between 
0.1 and 0.4. Even when using the minimum estimate of post-release survival equal to 0.1, final gene 
diversity retention remains just above the desired threshold of 90% after 50 years.  
 

 

 

 

 0.1 

0.3 

0.2 

0.9 

0.9 

0.3 

0.2 
0.1 

A 

B 

Figure 8. Projected extant population size 
(A) and gene diversity (B) of simulated 
Raja Ampat leopard shark populations in 
scenarios featuring alternative estimates of 
survival to one year of age of individuals 
after their release to the wild. All scenarios 
feature releases for 10 years and include 
the revised set of release strategy 
parameters as described in the 
accompanying text: egg production as per 
the Best Estimate scenario of Traylor-
Holzer (2021); hatch rate of 90%; survival 
rate hatch to release of 77%.  



StAR Project PVA Update November 2025 

13 

A broader examination of the impact on simulated population performance of post-release 
survival to one year of age (SRel-1yr) is presented in Figure 9. In this plot, the output metric of interest is the 
mean stochastic multiplicative population growth rate, λstoch, across the range of years during which the 
simulated release program is implemented. It is particularly noteworthy to observe the increasing negative 
impact on population growth at mean post-release survival values less than 0.3. If post-release survival 
rates are at least 0.3, an incremental increase in SRel-1yr of 0.1 roughly translates to an increase in λstoch of 
approximately 0.0044 or an absolute increase of about 0.44%. The resulting benefit gained from 
increasing SRel-1yr is roughly unchanged as the release program duration is extended, as judged by the 
trajectories in Figure 9 showing roughly equivalent slopes across the range of survival rates from 0.3 to 
0.9.  
 

 
 
Conclusions 
The simulations presented in this report are an extension of the valuable analysis conducted in 2021 for 
the leopard shark population inhabiting the Raja Ampat Archipelago, Indonesia. As an extension of those 
important efforts, which shaped the design and implementation of the StAR Project in Indonesia, 
ReShark’s StAR Project Thailand commissioned an extension of the original analysis to inform a similar 
effort to augment the leopard shark population inhabiting the waters of the Andaman Sea off the western 
coast of Thailand. By adapting those original analyses to the specific ecological conditions defining the 
Andaman Sea population, StAR Project Thailand personnel can acquire a base of evidence to guide the 
design of an effective release program to improve the long-term viability of leopard sharks in that part of 
the species’ distribution. 
 

In addition, new tracking data from the newly-implemented StAR Project Indonesia leopard shark 
release program allows for an update to the existing PVA modeling tool to further revise and improve the 
collective understanding of key drivers of success for releases designed to improve viability of the small 

Figure 9. Mean stochastic multiplicative population growth rates from 
simulations of the Raja Ampat leopard shark population across the full range 
of release program duration (four to 16 years) and as a function of post-release 
survival rate to one year of age, SRel-1yr.  
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leopard shark population inhabiting the Raja Ampat Archipelago. Even with these revised estimates of 
important survival data defining the release program, additional key estimates of post-release survival of 
individuals remain uncertain. The revised StAR Project Indonesia models presented in this report examine 
the impact of both updated estimates of early-stage release program parameters as well as the uncertainty 
in post-release survival to one year of age. This examination can help justify the additional fieldwork that 
may be required to more accurately estimate this vital element of a successful release program. 

 
The new augmentation analyses focused on Thailand suggest that releases of young leopard 

sharks to suitable habitats in the Andaman Sea can significantly improve average long-term growth of 
existing wild shark populations, increase the levels of genetic diversity retained in the wild, and promote 
the establishment and maintenance of a viable leopard shark population that can be buffered from the 
destabilizing forces that imperil the survival of smaller, more fragile populations. For this optimal 
outcome to be realized, the following conditions should be achieved: 

• Ecological and demographic factors that govern population stability should be managed to 
promote sustained rates of leopard shark population growth, targeting a minimum annual growth 
rate of at least 3-4%; 

• Releases of juvenile leopard sharks should continue on an annual basis for at least 10 years; and 
• The health of individuals identified for release – from the time that eggs hatch to the date that 

individuals are released to the wild – should be maintained at the highest standards possible to 
facilitate high survival of released individuals and their successful integration into the existing 
wild population. 

 
As a valuable side note in this analysis, the expected mean population growth rate in wild leopard 

shark populations appears to be quite sensitive to the underlying age-specific mortality rates, as 
demonstrated in Table 1 (page 3). Population growth more than doubles on an annual basis from 
approximately 2% to 4% when pup mortality decreases from 65% to just 60% and when both subadult 
and adult mortality rates decrease by rather small amounts. It may be quite difficult to generate accurate 
estimates of age-specific mortality rates, making more general statements about measured population 
growth over time challenging at best. The relatively small size of the Andaman Sea leopard shark 
population makes this estimation procedure even more difficult. Nevertheless, population managers fully 
appreciate the value of thorough and consistent monitoring programs designed to characterize the 
underlying demographics of small populations and the added benefits that are predicted to come from 
sustained release efforts like those defining the StAR Project (e.g., Nichols and Armstrong 2012). 

 
It is important to recognize that careful analysis of current data from the Andaman Sea habitat 

indicates an existing leopard shark population of somewhere between about 60 to 170 individuals. This 
abundance is substantially larger than the 2021 estimate for Indonesia’s Raja Ampat Archipelago, 
centered on a likely range of just 15 – 30 individuals. As a result, the Andaman Sea population can be 
considered inherently more demographically and genetically stable than its Indonesia counterpart, 
assuming that the Thailand habitat can support conditions favorable for leopard shark population growth. 
Consequently, it may be feasible to reduce the intensity of a proposed release program in the interest of 
saving valuable resources to be used across the StAR Project Thailand program through time. However, a 
conservative approach argues in favor of a dedicated release program intensity that can more quickly 
stabilize the existing population and facilitate its growth to an abundance that fosters greater levels of 
demographic and genetic stability. Furthermore, it is worth noting that a shark population of less than 200 
individuals can and should still be considered a small population that is susceptible to forces that increase 
extinction risk. A management program like the StAR Project provides an outstanding opportunity to use 
the collective expertise and resources of both in situ and ex situ communities in an integrated effort to 
save endangered species from local extirpation or extinction. 
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The successful StAR Project Indonesia release efforts in Raja Ampat provide an additional 
benefit in the form of expanded data collection and analysis as releases are conducted. These new data 
include estimates of hatch rate (90%) and survival to release (77%) that approach or even exceed the 
estimates used in the Optimistic scenario used in the original analysis (Traylor-Holzer 2021). 
Incorporating these new estimates into the existing PVA model structure should give leopard shark 
managers an even greater sense of optimism that their management efforts are likely to pay big future 
dividends in the form of strong wild population responses to sustained releases. A key survival estimate 
remains elusive: survival of released individuals to one year of age, approximately six months after their 
release. The analyses presented here indicate that wild leopard shark population growth is indeed 
sensitive to this survival parameter, with consistent increases in predicted population growth across the 
wide range of post-release survival rates tested in this analysis (0.1 to 0.9). The models suggest that post-
release survival rates less than 0.3 result in more severe declines in expected population growth. 
Interestingly, this value was typically used as the minimum across a range of values used in the original 
Best Guess, Optimistic and Pessimistic release scenarios developed in 2021. It seems clear from the 
present analysis that additional efforts devoted to better estimating this key parameter would make a 
valuable contribution to future release program success. Recommending specific methods for improving 
post-release survival estimates is beyond the scope of this report and is left to species experts to discuss 
and develop an efficient and effective long-term research plan. 

 
Finally, it is important to emphasize that despite the additional detail and refined data 

characterizing this update to the original 2021 PVA, substantial uncertainty remains in our understanding 
of the true demographic and ecological character of leopard sharks in their wild habitats. Through 
recognizing this reality, inherent to all detailed demographic analyses of endangered species, we must 
acknowledge that the results of this updated analysis must be interpreted with caution. In particular, 
proper interpretation of PVA results should be done in a comparative context and not through adopting the 
precise numerical results of one or another specific scenario. That said, both the original and updated 
analyses incorporate the best available knowledge of leopard shark biology and the characteristics of 
leopard shark release program practice. Responsible use of these data result in robust simulation models 
that clearly demonstrate the value of concerted population augmentation efforts in suitable wild habitats. 
Through both responsible scientific analysis and the development of effective, evidence-based 
management programs for wild populations, the StAR Projects continue to serve as models for 
responsible integrated management of threatened shark populations worldwide.  
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Appendices 
 
Appendix I. Summary of basic PVA model input values 

Model Parameter Parameter Value 

Reproduction  

Mating system Short-term polygyny (maximum female mates = 10) 

Age of first reproduction (years) 7 (females and males) 

Proportion adult females 
breeding annually Density dependent: 0.51 (low density) to 0.785 (high density) 

Hatchlings produced per 
successful female (mean, SD) 5.43 (6.67); maximum = 20 

Sex ratio of hatchlings 50:50 

Mortality, % (mean (SD))  

 High Growth scenario Low Growth scenario 

Pups (hatch to Age-1) 60.0 (6.0) 65.0 (6.5) 

Immature (Age-1 to Age-7) 20.0 (2.0) 21.0 (2.1) 

Adult (Age-7+) 11.0 (1.1) 12.0 (1.2) 

Additional Parameters  

Initial Population Size Thailand (Andaman Sea) Indonesia (Raja Ampat) 

 57 – 172 
(stable age distribution) 

20, range 15-28 (beta distributed) 
(specified distribution) 

Maximum age (years) 28 

Inbreeding depression 3.0 lethal equivalents; 50% recessive lethals 

Catastrophe 1.2% annual probability of occurrence; 50% reduction in 
survival 

SD: standard deviation 
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Appendix II. Numerical results of simulation models  

IIA. StAR Project Thailand 

Key to column headings 
N0: Initial population size 
Stoch-r: Stochastic instantaneous population growth rate 
SD(r): Standard deviation in stochastic instantaneous population growth rate 
PE: Probability of population extinction during the 50-year simulation 
N-extant: Mean population size, including only extant simulation iterations 
SD(N-ext): Standard deviation in mean extant population size 
N-all: Mean population size, including all simulation iterations 
SD(N-all) Standard deviation in mean population size 
GeneDiv: Gene diversity retained during the 50-year simulation 
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Appendix II. Numerical results of simulation models (Continued) 

IIA. StAR Project Thailand (Continued) 

Key to column headings 
N0: Initial population size 
Stoch-r: Stochastic instantaneous population growth rate 
SD(r): Standard deviation in stochastic instantaneous population growth rate 
PE: Probability of population extinction during the 50-year simulation 
N-extant: Mean population size, including only extant simulation iterations 
SD(N-ext): Standard deviation in mean extant population size 
N-all: Mean population size, including all simulation iterations 
SD(N-all) Standard deviation in mean population size 
GeneDiv: Gene diversity retained during the 50-year simulation 
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Appendix II. Numerical results of simulation models (Continued) 

IIA. StAR Project Thailand (Continued) 

Key to column headings 
N0: Initial population size 
Stoch-r: Stochastic instantaneous population growth rate 
SD(r): Standard deviation in stochastic instantaneous population growth rate 
PE: Probability of population extinction during the 50-year simulation 
N-extant: Mean population size, including only extant simulation iterations 
SD(N-ext): Standard deviation in mean extant population size 
N-all: Mean population size, including all simulation iterations 
SD(N-all) Standard deviation in mean population size 
GeneDiv: Gene diversity retained during the 50-year simulation 
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Appendix II. Numerical results of simulation models (Continued) 

IIB. StAR Project Indonesia 

Key to column headings 
Stoch-r: Stochastic instantaneous population growth rate 
SD(r): Standard deviation in stochastic instantaneous population growth rate 
PE: Probability of population extinction during the 50-year simulation 
N-extant: Mean population size, including only extant simulation iterations 
SD(N-ext): Standard deviation in mean extant population size 
N-all: Mean population size, including all simulation iterations 
SD(N-all) Standard deviation in mean population size 
GeneDiv: Gene diversity retained during the 50-year simulation 
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Appendix II. Numerical results of simulation models (Continued) 

IIB. StAR Project Indonesia (Continued) 

Key to column headings 
Stoch-r: Stochastic instantaneous population growth rate 
SD(r): Standard deviation in stochastic instantaneous population growth rate 
PE: Probability of population extinction during the 50-year simulation 
N-extant: Mean population size, including only extant simulation iterations 
SD(N-ext): Standard deviation in mean extant population size 
N-all: Mean population size, including all simulation iterations 
SD(N-all) Standard deviation in mean population size 
GeneDiv: Gene diversity retained during the 50-year simulation 
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Appendix II. Numerical results of simulation models (Continued) 

IIB. StAR Project Indonesia (Continued) 

Key to column headings 
Stoch-r: Stochastic instantaneous population growth rate 
SD(r): Standard deviation in stochastic instantaneous population growth rate 
PE: Probability of population extinction during the 50-year simulation 
N-extant: Mean population size, including only extant simulation iterations 
SD(N-ext): Standard deviation in mean extant population size 
N-all: Mean population size, including all simulation iterations 
SD(N-all) Standard deviation in mean population size 
GeneDiv: Gene diversity retained during the 50-year simulation 
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Appendix II. Numerical results of simulation models (Continued) 

IIB. StAR Project Indonesia (Continued) 

Key to column headings 
Stoch-r: Stochastic instantaneous population growth rate 
SD(r): Standard deviation in stochastic instantaneous population growth rate 
PE: Probability of population extinction during the 50-year simulation 
N-extant: Mean population size, including only extant simulation iterations 
SD(N-ext): Standard deviation in mean extant population size 
N-all: Mean population size, including all simulation iterations 
SD(N-all) Standard deviation in mean population size 
GeneDiv: Gene diversity retained during the 50-year simulation 

 


