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Predictions of population viability can provide valid information for guiding the management and conservation of species. However, such studies are rarely conducted on cetaceans due to limited basic data. In this study, a detailed assessment of the population dynamics of Indo-Pacific humpback dolphins (Sousa chinensis) in Xiamen Bay, China was carried out using a Vortex model that was based on model parameters that were derived from monitoring data and published sources. Then, sensitivity analyses were conducted to test the relative importance of the uncertainty of the model parameters. Moreover, potential management models were evaluated to determine their effectiveness in assisting with species recovery. The baseline model projected a decline in the population abundance with a growth rate (r) of -0.031, and the probability of extinction was 58.7% over the next 100 years. The sensitivity analyses revealed that juvenile mortality and fertility were the most pivotal factors for the viability of this population. All the conservation measures, including habitat improvement, catastrophe control, and individual supplementation, contributed to population increases when compared with the baseline model. In particular, decreasing calf and juvenile mortality through habitat improvement, at high levels, was the only way to generate positive growth rates. The findings suggest that these practical management activities can reduce the risk of extinction for this species.
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1 Introduction

Identifying the factors that are responsible for the decline in long-lived and low-fecundity species can prove challenging since extensive historical data are required to evaluate and distinguish the influencing factors and trends (Chilvers, 2012). This is especially true for marine mammal species, where the monitoring of these animals at sea require a large amount of time and resources (Chilvers, 2012; Sharpe and Berggren, 2019). Additionally, they often form small and isolated populations due to aquatic habitat fragmentation (Chilvers, 2012), e.g., the Yangtze finless porpoise (Neophocaena asiaeorientalis Huang et al., 2020), Maui’s dolphin (Cephalorhynchus hectori maui Baker et al., 2002), and Indo-Pacific humpback dolphin (Sousa chinensis Jefferson and Smith, 2016). Unfortunately, small and fragmented populations are more affected by environmental factors (Chilvers, 2012).

Indo-Pacific humpback dolphins are widely distributed in the eastern Indian Ocean and throughout Southeast Asia, and their distribution is suggested to be fragmented, at least in China (Jefferson and Smith, 2016). The species regularly occur in shallow enclosed seas and show a strong preference for estuarine waters (Jefferson and Karczmarski, 2001; Parra and Ross, 2009). Previous population assessments have indicated that most individuals inhabit Chinese waters (Jefferson and Smith, 2016). However, several studies have also implied that there has been habitat loss in southern and central China along the mainland coast where S. chinensis were once frequently sighted. They are now thought to regularly occur in about eight areas (Huang et al., 2012; Wang et al., 2012a; Wang et al., 2012b; Wu et al., 2014; Jefferson and Smith, 2016). However, their population size has been gradually declining throughout their range (Jefferson and Smith, 2016; Zeng et al., 2020). In China, the Hong Kong/Pearl River Estuary population is the only one with long-term and quantitative data on the population trends, while most of the other population assessments have only started in the last 20–25 years (Jefferson and Smith, 2016; Chen et al., 2018a). The baselines information on population abundance has been investigated in Hong Kong/Pearl River Estuary (about 2600 individuals, decreasing, Chen et al., 2010; Li et al., 2019), Zhanjiang (1485 individuals, Xu et al., 2012; Xu et al., 2015), Belbu Gulf-Shatian (150–182 individuals, Chen et al., 2016), Belbu Gulf-Dafenjiang (Peng et al., 2020), eastern Taiwan Strait, Taiwan (less than 100 individuals, decreasing, Wang et al., 2012b), and Xiamen (less than 100 individuals, decreasing, Chen et al., 2018a; Zeng et al., 2020). However, information on the abundance trends of the other populations is needed for their conservation and management but is critically lacking.

Xiamen Bay is one of the traditional habitats for S. chinensis (Chen et al., 2008; Chen et al., 2011) in China, with dolphins occurring year-round (Chen et al., 2011). However, Xiamen has emerged as a pivotal area for the advancement of the economy and urbanization (Wang et al., 2017), which means that this population has been impacted by several anthropogenic influences (Chen et al., 2018a). For instance, land reclamation has potentially reduced the carrying capacity of S. chinensis in recent decades (Zeng et al., 2020). Moreover, underwater blasting from coastal construction projects can result in dolphin mortality (Wang et al., 2003). Other anthropogenic activities, including agricultural and industrial pollution, fishing, and vessel traffic, can also impact their survival (Chen et al., 2008). Furthermore, extensive mariculture causes habitat loss, and destructive fishing may contribute to habitat degradation and resource depletion (Jefferson and Hung, 2004). In addition, it has been reported that some individuals were injured as a result of collisions with vessels or fishing net entanglement (Chen et al., 2018a). These anthropogenic impacts have reduced dolphin abundance in the last few decades (Liu and Huang, 2000; Chen et al., 2018a; Zeng et al., 2020). Thus, there is an urgent need to assess the population dynamics of S. chinensis and explore potential conservation and management measures for this population. To the best of our knowledge, this is the first study that focuses on effectiveness of management actions for S. chinensis.

Population viability analysis (PVA) is a useful quantitative tool for evaluating population dynamics, testing the relative importance of model parameters, and assessing management strategies for wildlife populations (Cross and Beissinger, 2001; Reed et al., 2002; Lacy, 2019; Lacy et al., 2021). This method has been successfully applied to S. chinensis in Hong Kong and Taiwan (Huang et al., 2012; Araújo et al., 2014; Karczmarski et al., 2017). In this study, based on extensive life history information that was obtained in recent decades, we conducted a PVA using Vortex software to simulate the Xiamen population dynamics in the next 100 years. Sensitivity of population trajectories to key demographic parameters. Finally, we aimed to estimate underlying efficacy in assisting the recovery of this endangered species under different management scenarios and feasible conservation actions are proposed. Since the problems faced by other dolphins are similar to those of the Xiamen population, this study could provide a reference for the conservation of other dolphins worldwide.




2 Materials and methods



2.1 Study area and boat-based survey protocol

From September 2017 to August 2019, boat-based surveys were conducted in Xiamen Bay and its adjacent waters of Zhangzhou, Kinmen, and Quanzhou, an area of 700 km2 (Figure 1). If the weather conditions were favorable, at least two experienced observers searched for dolphins on the deck. When dolphins were encountered, the ship slowly approached them (Chen et al., 2011). Then, the geographic coordinates were recorded via a Global Positioning System (Garmin GPSMAP 60CSx), and the photos were taken with a digital camera (Canon EOS 1Dx Mark II with 28–300 mm zoom lenses).




Figure 1 | Map of Xiamen Bay in China.






2.2 Photo-identification

Based on the body color, spots, shape, and defects of the dorsal fin, and trauma-related injuries of the dolphins, the individuals were effectively identified (Jefferson and Leatherwood, 1997). Every newly identified individual was assigned a unique catalog number. Each photograph from a survey was matched against the latest catalog, and if a dolphin was different from any of the identified animals, a new individual was recorded (Chen et al., 2018a). To avoid double counting, both sides of the dorsal fin were photographed where possible. The dolphins’ photos were classified as ‘outstanding’, ‘good’, or ‘poor’ based on their clarity, contrast, angle, and the dorsal fin size in the frame. To minimize the introduction of bias and avoid misidentification, poor photographs were not used for individual identification (Chen et al., 2018a). During a total of 179 survey days, 55 individuals were successfully identified for use in mark–recapture analysis (Figure 2), and the number of sightings of individuals was between 1 and 33 (Figure 3).




Figure 2 | Discovery curve of the cumulative number of Indo-Pacific humpback dolphins identified from September 2017 to August 2019.






Figure 3 | Frequency of sightings of individual Indo-Pacific humpback dolphins in Xiamen.



Color pattern development is related to age in S. chinensis (Jefferson et al., 2012). They are born dark gray, almost black, and experience a gradual depigmentation process during their growth. They change from being spotted to having only a few spots, and some individuals even have a pure white body surface (Guo et al., 2020). Six age classes (unspotted calf, unspotted juvenile, mottled, speckled, spotted adult, and unspotted adult) were used in previous studies (Jefferson et al., 2012). To reduce the overlap among age classes, the life span of S. chinensis was split into four age classes in this study (calf, 0 to 1 year old; juvenile, 2 to 4 years old; subadult, female: 5 to 9 years old, male: 5 to 12 years old; and adult, female: older than 9 years old, male: older than 12 years old).




2.3 Survival probability (mortality) estimation

The Cormack-Jolly-Seber (CJS) model was used to estimate the apparent survival (ϕ) and recapture probability (p) in the three age classes (juvenile, subadult, and adult) using Program MARK (Alves et al., 2015). The identification data for all the marked individuals during the four consecutive months (from September 2017 to August 2019) were grouped, creating a total of six sampling occasions (Figure 2). Before fitting the CJS models, the goodness of fit (GOF) was explored using the “program RELEASE GOF” test in MARK (Chen et al., 2018a). The GOF results for three age classes (TEST 2 + TEST 3) were not significant (p>0.05), suggesting that the CJS model did not sufficiently fit the data. In addition, an estimation of the variance inflation factor    was obtained using the median-   estimator (Lebreton et al., 1992; Choquet et al., 2010) where: 1<  < 3 indicates that the bias that is associated with data over-dispersion is imperceptible and   > 3 indicates more fundamental problems (Lebreton et al., 1992; Cooch and White, 2006). In this study,   fell between 1 and 3 (1.16 in the juveniles, 2.74 in the subadults, and 2.22 in the adults), and the GOF test indicated that the model structures were suitable, so we proceeded with the analysis. Two candidate models were developed to test the time effect on the estimated parameters: constant (.) and full time-variation (t). The estimated   was included in the model, incorporating overdispersion in the calculation of the standard error and confidence interval (CI, 95%) of the parameter estimates ϕ and p. The selection of the candidate models was based on the corrected Quasi- Akaike Information Criterion (QAICc) given that the models were adjusted for overdispersion (Anderson et al., 1994). The best model selection was based on the lowest QAICc value when the difference between the model and the best model based on the QAICc was less than two (ΔQAICc; Burnham and Anderson, 1998). For calf mortality, Chen (2007) calculated it to be 46.15% based on stranding data that were collected from 1997 to 2004. Due to the conservation measures in recent years, we suspect that the mortality rate has decreased. Thus, calf mortality was assumed to be 40% in the baseline model.




2.4 Population viability analysis software and baseline model inputs

The PVAs were carried out using Vortex 10.5.5, which can simulate stochastic demographic processes. The baseline model was run as one population projection, simulated 1000 times for each scenario, and extended to 100 years for each projection. The model can be used to predict the population dynamics 100 years into the future because of the relatively long generation interval of this species. Extinction was defined as the survival of only individuals of the same sex (Ginzburg et al., 1982). The baseline model (Table 1) was developed using demographic input parameters from this study, previously published papers, and discussions with experts on the species. The impact of inbreeding was modeled as 6.29 lethal equivalents (O’Grady et al., 2006), with 50% of inbreeding due to recessive lethals.


Table 1 | Basic demographic input parameters for the Indo-pacific humpback dolphin simulation model.






2.5 Reproduction system and rates

The breeding system of S. chinensis is polygynous (Karczmarski et al., 2017), and female and male individuals can breed at 9–10 and 12–14 years old, respectively (Jefferson, 2000; Jefferson et al., 2012). In the baseline model, the age of first calving for the females was 10, and the age of first breeding for the males was 13. Generally, females give birth to only one calf at a time, and the calving interval for them should be about 2–3 years and could potentially be up to 4–6 years (Jefferson et al., 2012). Thus, we assumed that the rate of an adult female producing a calf in any given year was 25%, and a standard deviation (SD) of 10% was assigned to the mean annual calving rate due to environmental variability. Besides, Indo-Pacific humpback dolphins seem to reproduce throughout their adult lifespan, and the maximum life span is about 38 years old (Jefferson et al., 2012). We assumed that the maximum reproductive age of females was 36 years old in this study because the calves were typically associated with their mothers for approximately two years. The calves had a sex ratio of 1:1 at birth.




2.6 Catastrophes

Humpback dolphins in Xiamen Bay have faced serious anthropogenic impacts (Chen et al., 2018a). In particular, at least 16 dead individuals were recorded from 2002 to 2004, and underwater blasting from coastal construction projects was regarded as the definitive cause of death (Wang et al., 2003; Chen et al., 2008). Currently, there are still water projects under continuous construction affecting the survival of the dolphins in Xiamen waters. Therefore, anthropogenic activities were treated as catastrophe, with the frequency set at 5% based on historical records. The severity of factors that were related to reproduction and survival was set at 0.5 and 0.8, respectively.




2.7 Population size and carrying capacity

Previous estimates of the population size were all less than 100 individuals (Jefferson and Hung, 2004; Chen et al., 2008; Chen et al., 2009; Chen et al., 2018a; Zeng et al., 2020). The latest reported population size was 58 (Zeng et al., 2020). Considering that 60 individuals were successfully identified, not all individuals can be identified (Zeng et al., 2020), and 58 individuals may underestimate the population size. Therefore, the population size was set at 72 individuals in this study (Chen et al., 2018a). However, there has yet to be an estimate of the carrying capacity (K) of dolphins in Xiamen Bay. Based on historical data on the population size, K was set as 150 in the baseline model.




2.8 Sensitivity analysis

A sensitivity analysis was conducted to assess how the ambiguity parameter values affected the model outputs. Every parameter was varied by ±5%, ± 15%, and ±25% (Table S1), while all the other parameters were maintained as baseline values. These parameters included the calf and juvenile mortality rates, reproduction rates, carrying capacity, and maximum reproductive age. A standard sensitivity index (Sx, Akçakaya and Sjögren-Gulve, 2000) was adopted for the sensitivity analysis. The baseline model outcomes were used to calculate the standard sensitivity index for each parameter, and the calculation formula is as follows:

	

Where X was the output value and P was the parameter of interest (Fantle-Lepczyk et al., 2018). The standard sensitivity index computed the degree of difference between the modified and baseline outcomes. The further Sx was from 0, the higher the sensitivity (Blázquez et al., 2020). It should be noted that the maximum age of reproduction in the sensitivity analysis was not based on the baseline model. The baseline value was centered at 30 years instead of 36. This was done to include ±25% of the ages that S. chinensis are known to reach within the interval (Blázquez et al., 2020).




2.9 Management models

Three management scenarios were developed, including habitat improvement, catastrophe control, and supplementation. Each scenario was simulated using three intensity levels (low, medium, and high) of the magnitude of change in the demographic variables relative to the baseline model (Table S2). The habitat improvement management models were based on reducing pollution, controlling vessel traffic, and making mariculture more sustainable. The mortality of calves and juveniles was decreased by three intensity levels (-15%, -30%, and -45% in calves; -12.5%, -25%, and -37.5% in juveniles). In the catastrophe control models, this effect was assessed by reducing the frequency of catastrophe (from 5% to 3%, catastrophe control low), by reducing its frequency and severity (1% frequency, severity on survival and reproduction reduced by 0.1, catastrophe control medium), and by completely removing its occurrence (catastrophe control high). The final model looked at the potential impacts of supplementation. The supplementation effects were simulated with three scenarios: supplementing two adults every ten years for 50 years (low supplementation), supplementing two adults every five years for 50 years (medium supplementation), and supplementing two adults every two years for 50 years (high supplementation). Considering the difference between males and females, the supplements were divided into three cases: two males, one male and one female, and two females.

When comparing management measures with no management measures, the utility of the management models was evaluated using the model outcomes to illustrate the likelihood of success (Robinson et al., 2015). Many available viability measures (e.g., population growth, probability of extinction, and minimum expected population size) were used as viability metrics, and the reported management goals were also included (Pe'er et al., 2013). A population size less than 30 was found to be highly vulnerable to extinction, but one greater than 50 could better preserve genetic diversity in the common bottlenose dolphin (Tursiops truncatus Montagu, 1821) in Sarasota Bay (Lacy et al., 2021). Moreover, 50 reproducing animals were found to maintain a low level of inbreeding depression (Franklin, 1980). Thus, we compared the baseline and management model outcomes for the expected minimum population size (EMP, above 30 and above 50) to confirm the proportions of the management models with three outputs: success, failure, or not needed (Robinson et al., 2015). Success/Success + Failure was computed to determine how often the management was expected to achieve the stated goals (Robinson et al., 2015; Fantle-Lepczyk et al., 2018).





3 Results



3.1 Apparent survival and capture probability

The best-fit CJS model produced a constant apparent survival and capture probability for the three age class datasets (Table 2). The apparent survival probability values were 0.76 (95% CI: 0.41–0.93), 0.90 (95% CI: 0.59–0.98), and 0.97 (95% CI: 0.83–0.99; Table 3), for the juveniles, subadults, and adults, respectively, and the corresponding recapture rates were 0.57 (95% CI: 0.20–0.87), 0.81 (95% CI: 0.49–0.95), and 0.80 (95% CI: 0.65–0.89), respectively. In the adults, the CJS models ϕ(.)p(t) and ϕ(.)p(.) had a 1.84 difference in the QAICc, suggesting that they both fit the data well. The model ϕ(.)p(t) resulted in a constant apparent survival of 0.97 (95% CI: 0.78–0.99), and time-dependent capture probabilities for the adults (p = 1, 0.92, 0.63, 0.69, and 0.82).


Table 2 | Cormack-Jolly-Seber (CJS) models fitted to three age classes for estimation of the survival rate ϕ.




Table 3 | Estimate of the survival rates of Indo-Pacific humpback dolphins based on the Cormack-Jolly-Seber (CJS) models.






3.2 Baseline model outcomes

A declining population trend was shown (r = -0.0310, SE = 0.0005, SD = 0.1522), and the likelihood of extinction was 58.7% (SE = 0.01557) in the baseline model. Furthermore, the mean time to first extinction was 76.2 years, approximately four generations, while the median time to extinction was 93 years, approximately five generations. The mean size of the extant population (N-Extant) was 11.51 (SD = 9.74).




3.3 Sensitivity analysis

Although the magnitude of variation reached ±25%, a lower sensitivity was yielded for the effect of the carrying capacity (K) on both the population growth rate (r) and extant population (N-Extant; Table 4). The model was slightly more sensitive to the effect of first-year calf mortality and the maximum age of reproduction on population size. However, the growth rate was sensitive to the maximal age of reproduction. Overall, juvenile mortality and the reproductive rate were the principal parameters for the growth rate and population size (Table 4).


Table 4 | Vortex outcomes for the sensitivity analysis models and standard sensitivity indices (Sx).






3.4 Management models

In general, all the management models suggested increases in the growth rate, population size, and time to extinction and lower probabilities of extinction when compared with the baseline (Table 5, Figure 4). Although all the supplementation models were an improvement over the baseline in terms of the growth rate, supplementing female individuals was more effective than supplementing male individuals. When two females were supplemented every two years, the possibility of extinction dropped from 58.7% of the baseline to 1.7% (Table 5); when the same number of males was supplemented, the extinction probability decreased only slightly (from 58.7% to 46.6%, Table 5). The mitigation of catastrophic events contributed to an increase in the population growth rate and final population size at all the intensity levels that were modeled, especially when catastrophic events were absent. Similarly, the projections implied that a lowered calf and juvenile mortality due to habitat improvement could increase population growth rates notably at all the levels of simulation. Even with low habitat improvement, the probability of extinction was markedly reduced, and habitat improvement at a high level contributed to positive growth rates. Furthermore, 76% of gene diversity was retained in the baseline model, and all the management models maintained greater initial gene diversity than that of the baseline model (from 78.45% to 90.80%; Figure 5).


Table 5 | Vortex outcomes for the different management scenarios.






Figure 4 | Population size dynamics of Indo-Pacific humpback dolphins in Xiamen under different management scenarios. 10-2: supplementing two individuals every ten years; 5-2: supplementing two individuals every five years; 2-2: supplementing two individuals every two years. (A), habitat improvement; (B), catastrophe control; (C), supplementing one male and one female; (D), supplementing two males; (E), supplementing two females).






Figure 5 | Genetic diversity dynamics of humpback dolphin in Xiamen Bay under different management scenarios. (A), habitat improvement; (B), catastrophe control; (C), supplementing one male and one female; (D), supplementing two males; (E), supplementing two females).



When comparing the outcomes of the management models with the baseline model, the probability that management was needed (success + failure) ranged from 4.4% to 55.5% and 0.7% to 28.0% when the EMP was greater than 30 and 50, respectively (Table 6). Supplementation of individuals with females was more effective than that with males in increasing the population size among the management actions in terms of the set target value (Table 6). Additionally, all the catastrophe control and habitat improvement models exhibited more management effectiveness than the current conditions.


Table 6 | Baseline and management model outcomes with the proportion of 1000 iterations that led to one of three possible outputs (Success, Not Needed, or Failure).







4 Discussion



4.1 Survival rate

The survival probability in this survey was based on a three-year mark-recapture dataset (Figure 2) that covered the majority of the distribution range of these dolphins. Only a few areas could not be investigated for political reasons, and dolphins crossing administrative boundaries is a common phenomenon (Wang et al., 2016). Therefore, the impact of the incomplete coverage of their distribution area on individual identification is thought to be small. Moreover, misidentification is one of the major problems in cetacean mark-recapture surveys (Blackmer et al., 2000). However, most S. chinensis have obvious natural markings (Jefferson et al., 2012; Wang et al., 2012b; Chan and Karczmarski, 2017; Chen et al., 2018b), making this species easy to identify via photos. Additionally, the developmental process of the color pattern during growth can be used for age differentiation (Jefferson et al., 2012). However, the body color pattern can change quickly from weaning to sexual maturity (Guo et al., 2020), and this may increase the risk of misidentification (Lin et al., 2018). Nevertheless, we feel that continued survey efforts and high capture and recapture probabilities effectively reduced the impact of this limitation.

Previous assessments of survival in the Xiamen population included individuals of different age classes. Chen et al. (2018a) and Zeng et al. (2020) estimated the apparent survival of this population to be 0.957 (95% CI: 0.918–0.978) and 0.976 (95% CI: 0.944–0.990), respectively. Chen et al. (2018) suggested that these results might be higher than the true apparent survival of the entire population, but lower than the true apparent survival of adults and subadults. Our estimate for the apparent survival probabilities for juveniles, subadults, and adults were 0.76 (95% CI: 0.44–0.93), 0.90 (95% CI: 0.75–0.96), and 0.97 (95% CI: 0.88–0.99), respectively. The estimated survival rates for adults in this study were similar to those of Chen et al. (2018) and Zeng et al. (2020). In addition, the mortality rates of S. chinensis in the Pearl River Estuary ranged from 0.061 to 0.168 (survival approximately 0.832–0.939) at ages 1 to 4 years old, 0.035 to 0.047 (survival approximately 0.953–0.965) at ages 5 to 12 years old, and 0.243 for calves (aged 0–1 year old; Huang et al., 2012; Miller, 2016). The apparent survival probabilities for juveniles (aged 1–4 years old) and subadults (aged 5–12 years old) were higher than those of the Xiamen population. However, the calf mortality that was estimated using Siler’s model in the Pearl River Estuary was lower than that of the other populations (Guissamulo and Cockcroft, 2004; Jefferson et al., 2012). The mortality rates in the other age classes may have been underestimated. Our results were similar to the mortality rates for this population based on the number of dead individuals (Chen, 2007). As the Xiamen population has been sighted all year round and the range of activities was limited (Chen et al., 2011), Chen et al. (2018) considered the apparent survival rate to represent the real survival rate. Hence, the survival analysis in this study is likely to represent the true state of this population.




4.2 A vulnerable endangered population

Population size and risk of extinction are two of the five International Union for Conservation of Nature criteria for assessing the population and conservation status of species (IUCN, 2001). In Xiamen Bay, based on surveys that were carried out in 1994–1999, the population size was estimated to be about 60 individuals (Liu and Huang, 2000). However, this estimate has not been widely accepted. Thereafter, 80 (Jefferson and Hung, 2004) and 86 (Chen et al., 2008) individuals were reported based on distance sampling surveys that were conducted in 1997–1998 and 2004, respectively. Afterward, mark-recapture techniques identified 76 individuals in 2004–2008 (Chen et al., 2009), 72 individuals in 2007–2010 (Chen et al., 2018a) and 54–59 individuals in 2010–2015 (Zeng et al., 2020). The above survey results show that the Xiamen population is a small population. The baseline model showed a negative growth trend (-0.031), a high probability of extinction (58.7%), and about 12 individuals remaining in the next 100 years. Nevertheless, these predictions might be lower than the actual extinction risk of Xiamen population as some factors could not be quantified and were not included.

In Xiamen Bay, at least five ports and five bridges have been built over the past 20 years (Chen et al., 2018a). In addition, some additional projects are currently under construction, such as the new Xiamen airport. Project construction is a catastrophic event with a 5% simulated probability in this study, and it could drive the population into a steep decline, resulting in high probability of extinction. Conversely, when the impacts of catastrophes on survival and reproduction were removed, the extinction probability was greatly reduced. Considering that marine-related construction will continue, prevention and mitigation measures are important. Fortunately, some conservation measures have been implemented in some construction projects.

Many anthropogenic activities have consistently affected habitat quality in the Xiamen population including pollution, mariculture, and vessel traffic (Chen et al., 2008). The cumulative effect of organic pollutants, such as polychlorinated biphenyl, organochlorine pesticide, and polybrominated diphenyl ether, could decrease the population survival rates (Huang et al., 2012; Araújo et al., 2014). Mariculture may also lead to habitat loss (Chen et al., 2008). As an important port with a developed economy, a large number of vessels use Xiamen Bay. Increasing calf and juvenile survival rates through habitat improvement was predicted to result in a much larger population size than the baseline. Moreover, habitat improvement at a high level yielded a positive outcome for the humpback dolphin population, which could be more effective in boosting population growth. The major advantage of habitat improvement is that it is relatively easy to implement.

Our findings were similar to those for humpback dolphins in the eastern Taiwan Strait, where the initial population size was 74 and the probability that the population size was less than 1 after 100 years was 66.2% (Araújo et al., 2014). Generally, with a smaller population size, the population is more vulnerable to environmental and stochastic events (Lande, 1988; Fantle-Lepczyk et al., 2018). In contrast, the extinction probability was predicted to be zero in the Pearl River Estuary population, with an estimated population size of 2517 dolphins over the next 100 years (Huang et al., 2012). Although long generation times could reduce the loss of genetic diversity in closed populations (Soulé et al., 1986; Lacy et al., 2021), only 76% of genetic diversity was retained in the baseline model, which is less than the common criterion of at least 90% of initial heterozygosity (Soulé et al., 1986). Consequently, the quantitative population viability analysis suggested that the future of the Xiamen population is not optimistic.




4.3 Conservation implications for Xiamen humpback dolphins

Whether mortality or fecundity is more a significant factor in affecting the viability of cetacean populations has been debated for a long time (Manlik et al., 2016; Williams et al., 2017). Some studies have demonstrated that changes in age-specific mortality rates have a much greater influence than changes in fertility rate on the extinction risk and population growth rate (Harding et al., 2007; Araújo et al., 2014; Lacy et al., 2017; Cervin et al., 2020). However, females’ reproductive capacity was shown to be more important than the mortality of calves in bottlenose dolphins (Tursiops; Blázquez et al., 2020). The sensitivity analysis revealed that juvenile mortality and fertility had larger effects on the population growth rates and population size than calf mortality in Xiamen humpback dolphins. This has been explained by females being unlikely to reproduce again during the care of their calf. If the calf dies, the female can reproduce again to make up for the loss (Blázquez et al., 2020) but the cost of replacing older individuals, especially adult-breeding females, is higher in terms of time.

The variation in the carrying capacity had little effect on the population growth and population size and much less of an effect than the other parameters. Decreasing the carrying capacity by 25% yielded similar population growth rates to those when it was increased by 25%. In addition, the population size did not reach the carrying capacity in all the sensitivity models, which seems to indicate that the carrying capacity does not limit population growth. These results suggested that the key demographic parameters were the main threats to the humpback dolphins.

The increased population size through supplementation did not induce positive growth rates, but it reduced the probability of extinction at all the levels that were tested. The best supplementation model reduced the extinction probability from the baseline of 58.7% to 1.7%. Similar results were obtained when evaluating the effects of supplementation in vultures (Gyps fulvus Hablizl, 1783; Aresu et al., 2021). By comparing the output for the supplementation of different genders, the study confirmed that females played a greater role in populations than males. The importance of females in population dynamics has been demonstrated in the eastern Taiwan Strait population (Araújo et al., 2014). Additionally, the authors speculated that the genetic diversity that is carried by males contributed to population resilience (Araújo et al., 2014). Our study demonstrated that females were superior to males in preserving genetic diversity. Currently, there is no individual supplementation as part of the conservation measures for the Xiamen population, and it is not easy to implement this measure. However, if this measure can be implemented in the future, females would be the first choice.

In summary, the findings of this study revealed that the humpback dolphin population in Xiamen was vulnerable. Thus, conservation measures to reduce the threat to this population need to be implemented immediately. The management measures provided in this study can be used as reference for the future conservation of this population. Some of them are also easy to implement, for example, mitigation of mortality through habitat improvement is one of the best measures, which promoted positive population growth in the simulation. This measure could also apply to endangered cetacean species caused by anthropogenic activities.
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of variation Extant (N-Extant)
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of reproduction
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25% -0.0281 0.1518 0.5020 14.37 13.27 0.0021 1.0133
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5% 20.0309 | 0.1515 | 0.5950 1135 963 0.0000 00213
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15% 0.0369 | 0.1612 | 0.7690 793 6.04 -0.0016 -1.1278
25% 0.0404 | 0.1675 | 0.8540 7.02 537 -0.0016 -0.8283

1, stochastic growth rate; PE, probability of extinction; N-Extant, mean size of the extant populati

; and SD, standard deviation.





OEBPS/Images/table3.jpg
Age Model

Survival rate SE Lower
Juvenile #)p() 0.76 0.14 0.41
Subadult 90)p() 090 0.08 059 098
Adult o)p(t) 097

0.03 0.83 0.99
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Success Not need Failure Management worked

(EMP>30/50)  (EMP>30/50) (EMP>30/50)

Habitat improvement low 15.4%/5.7% 3.0%/0.6% 81.6%93.7% 15.8%5.7%
Medial 36.8%/20.9% 3.0%/0.6% 60.2%78.5% 37.9%21.0%

High 47.2%/36.1% 3.0%/0.6% 49.8%63.3% 48.7%36.3%

Catastrophe control low 0.8%/0.2% 3.0%/0.6% 96.2%/99.2% 0.8%/0.2%
Medial 12.9%/3.2% 3.0%/0.6% 84.1%/96.2% 13.3%/3.2%

High 18.4%/5.7% 3.0%/0.6% 78.6%/93.7% 19.0%/5.7%

Supplementation One M and one F low 1.7%/0.1% 3.0%/0.6% 95.3%/99.3% 1.8%/0.1%
Medial 9.0%/2.9% 3.0%/0.6% 88.0%/96.5% 9.2%/2.9%
High 30.2%/11.6% 3.0%/0.6% 66.8%/87.8% 31.1%/11.7%

I Two M low 1.4%/0.1% 3.0%/0.6% [ 96.6%/99.3% 1.4%/0.1%
Medial 1.9%/0.4% 3.0%/0.6% 95.1%/99.0% 1.8%/0.4%

High 1.9%/0.5% 3.0%/0.6% 95.1%/98.9% 2.0%/0.5%

Two F low 5.0%/1.7% 3.0%/0.6% 92.0%/97.7% 5.2%/1.7%

Medial 16.2%/4.7% 3.0%/0.6% 80.8%/94.7% 16.7%/4.7%
High 52.5%/26.1% 3.0%/0.6% 44.5%/73.3% 54.1%/26.3%

‘The probability of the expected minimum population size (EMP) being greater than 30 or 50 when it was initially lower than the target is also included (whether the management was successful
was calculated as Success/Success + Fail).
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Model QAICc AQAICc QAICc Weight Model likelihood Number of Deviance

parameters
Juvenile ¢()p() 3298 0 097 1 2 15.13
S()p(t) 40.36 7.38 0.02 0.02 5 10.84
d(Op(.) 43.04 10.06 0.01 0.01 5 13.52
HOp(t) 5334 20.36 0 0 7 10.48
Subadult 90)p() 27.68 0 095 1 2 9.58
9()p(t) 3430 6.61 004 0.04 6 6.11
o(0p(.) 36.97 9.28 001 0.01 6 878
H(Op() 42,54 14.86 0 0 9 5.12
Adult #)p() 72.13 0 0.69 1 2 23.04
d()p(t) 73.96 1.84 0.28 0.40 6 16.67
o(Hp(.) 79.25 7.12 002 0.03 6 2144
9p(t) 80.08 7.95 001 1 0.02 9 1525

Goodness of fit results (TEST 2 + TEST 3) by group: juvenile, x* = 1.8724, df = 5, p = 0.8665; subadult, * = 0, df = 3, p = I; adult, * = 5.1697, df = 5, p = 05222,
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Parameters Value Source
Number of iterations 1000
Number of years 100
Inbreeding Depression Yes
Lethal equivalents  6.29 O’Grady et al., 2006

% due to recessive lethals 50

Density- No
dependent reproduction?

Reproductive system Polygamous | Karczmarski et al., 2017
Reproductive rates 25%
EV (SD)| 10%

Age of 1st offspring females 10 efferson, 2000; Jefferson
et al, 2012

Age of 1st offspring males 13 efferson, 2000; Jefferson
et al,, 2012

Lifespan 38 efferson et al., 2012

Max. broods/year 1 efferson et al.,, 2012;
Miller, 2016

Max. progeny/brood 1 efferson et al., 2012;
Miller, 2016

Max. age of reproduction 36 efferson et al., 2012;
Miller, 2016

Sex ratio at birth in % males 50

% annual mortality, 9/3 (SD)
Age 0 - 1 (Calf) 40(10)
2 - 4 (Juvenile) 24(3) Table 3

5-9 Q (Subadult) 10(3) Table 3
5-12 3 (Subadult)

after 9 @ (Adult) 3(3) Table 3
after 12 3@ (Adult)
9% males in breeding pool 70
Initial population size 72 Chen et al,, 2018a
Carrying capacity 150
Catastrophe 5%

Severity: reproduction 0.5

Severity: survival| 0.8

EV, environmental variation; SD, standard deviation.
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Model PE Mean Median TE Mean TE Gene diversity
Baseline -0.0310 05870 11.50 93 76.2 07600
Habitat improvement low -0.0204 02930 19.04 0 792 08151
Habitat improvement medial -0.0107 0.1170 30.04 0 80.7 0.8580
Habitat improvement high 0.0004 0.0330 51.49 0 815 0.8991
Catastrophe control low -0.0287 05230 13.15 99 78.4 07793
Catastrophe control medial -0.0198 0.2070 1932 0 826 08130
Catastrophe control high 0.0172 0.1480 22.78 0 825 0.8274
One M and one F 10-2 -0.0249 0.3800 13.86 0 837 0.8001
One M and one F 5-2 -0.0205 02510 18.18 0 87.0 0.8334
One M and one F 2-2 -0.0130 0.0600 28.14 0 915 0.8890
Two M 10-2 -0.0224 03030 1624 0 844 08104
Two M 5-2 -0.0171 0.1180 20.99 0 89.8 08455
Two M 2-2 -0.0074 0.0170 39.25 0 94.9 09080
Two F 10-2 0.0284 05200 12.94 98 77.9 07845
Two F 5-2 -0.0280 0.5180 13.20 99 79.1 07927
Two F 22 -0.0260 0.4660 13.60 v 0 80.0 0.8076

female.

'TE, time to extinction; M, male;





