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Monitoring how populations respond to sustained conservation measures is essential to detect changes in their population status and determine the effectiveness of any interventions. In the case of sea turtles, their populations are difficult to assess because of their complicated life histories. Ground-derived clutch counts are most often used as an index of population size for sea turtles; however, data are often incomplete with varying sampling intensity within and among sites and seasons. To address these issues, we: (1) develop a Bayesian statistical modelling framework that can be used to account for sampling uncertainties in a robust probabilistic manner within a given site and season; and (2) apply this to a previously unpublished long-term sea turtle dataset (n = 17 years) collated for the Republic of the Congo, which hosts two sympatrically nesting species of sea turtle (leatherback turtle [Dermochelys coriacea] and olive ridley turtle [Lepidochelys olivacea]). The results of this analysis suggest that leatherback turtle nesting levels dropped initially and then settled into quasi-cyclical levels of interannual variability, with an average of 573 (mean, 95% prediction interval: 554–626) clutches laid annually between 2012 and 2017. In contrast, nesting abundance for olive ridley turtles has increased more recently, with an average of 1,087 (mean, 95% prediction interval: 1,057–1,153) clutches laid annually between 2012 and 2017. These findings highlight the regional and global importance of this rookery with the Republic of the Congo, hosting the second largest documented populations of olive ridley and the third largest for leatherback turtles in Central Africa; and the fourth largest non-arribada olive ridley rookery globally. Furthermore, whilst the results show that Congo’s single marine and coastal national park provides protection for over half of sea turtle clutches laid in the country, there is scope for further protection along the coast. Although large parts of the African coastline remain to be adequately monitored, the modelling approach used here will be invaluable to inform future status assessments for sea turtles given that most datasets are temporally and spatially fragmented.
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1 Introduction

Status assessments are fundamental to species conservation, since they provide a holistic overview of population trends and threats that can be used to drive changes in national and regional policy, and facilitate targeted management decisions (Magera et al., 2013; Mazaris et al., 2017; Valdivia et al., 2018). Globally, all seven species of sea turtle are threatened and face a wide variety of threats throughout their range and lifecycle, and so are subject to various conservation measures, such as protection of females and eggs at nesting beaches, and at foraging grounds where individuals congregate (Hamann et al., 2010; Rees et al., 2016). For such long-lived, wide-ranging, migratory species, understanding how sea turtles respond to these relatively simple but sustained conservation measures necessitates monitoring to detect changes in their status (Nichols and Williams, 2006; Mazaris et al., 2017).

For sea turtles, the most common method used to derive population estimates is ground-derived counts of the number of clutches laid in a particular season (Witherington et al., 2009; Stewart et al., 2011; Stokes et al., 2014). While used as an index of population size (Gerrodette and Taylor, 1999), nesting trends do not mirror population trends due to variability in demographic parameters and environmental factors. For instance, due to the energetic costs associated with migration and reproduction, resource availability at distant foraging grounds can lead to variability in re-migration interval (i.e. the number of years between breeding seasons) and clutch frequency (i.e. the number of clutches laid during a nesting season) (Frazer and Richardson, 1985; Broderick et al., 2001; Solow et al., 2002; Limpus et al., 2003; Rivalan et al., 2005; Saba et al., 2007). This intrinsic variability means that long-term monitoring is essential to obtain robust estimates, and decades are often needed to detect underlying population trends (Broderick et al., 2003; Heppell et al., 2003; Jackson et al., 2008; Sims et al., 2008; IUCN, 2018), which can be used to inform the International Union for Conservation of Nature (IUCN) Red List and regional species status assessments (Seminoff and Shanker, 2008; Wallace et al., 2010; Wallace et al., 2011).

Obtaining complete nesting censuses for sea turtles is often challenging, resulting in spatial and temporal variation in monitoring efforts, which can hinder effective status assessments (Nichols and Williams, 2006; Jackson et al., 2008; Sims et al., 2008; Piacenza et al., 2019; Whiting et al., 2020). The observed variability in monitoring efficacy is most commonly due to the availability of sustained funding, as well as the logistical and financial constraints associated with undertaking comprehensive censuses over many months (Miller, 1997), at monitoring sites that are often located in remote and inaccessible areas. In addition, in cases where data do exist, it may not be publicly available or accessible, due to a lack of technical expertise, or the capacity to support analyses that account for the variable quality of data collected, as well as perceived concerns about how the data will be used or shared (Hays and Hawkes, 2018; Wildermann et al., 2018). Despite being well studied, spatial variability in the global distribution of sea turtle populations results in substantial variation in the availability, quality, and duration of monitoring data (Seminoff and Shanker, 2008). Research over the last few decades has revealed that the Atlantic coast of Africa is a globally important region for sea turtles (Fretey, 2001; Formia et al., 2003), hosting several major nesting aggregations of leatherback (Dermochelys coriacea; Witt et al., 2009), olive ridley (Lepidochelys olivacea; Metcalfe et al., 2015), and green turtles (Chelonia mydas; Honarvar et al., 2016; Patrício et al., 2017). Despite this awareness, the status of documented rookeries across this region (with the exception of Guinea Bissau and Príncipe) remain classified as ‘Data Deficient’ (Broderick and Patrício, 2019) because a minimum of 10 years of data are necessary to accurately estimate population trends for assessment (Piacenza et al., 2019).

Such a case is typified in the Republic of the Congo, where the status of nesting sea turtles have until now been based on the analysis of spatially and temporally fragmented data (Godgenger et al., 2009; Girard et al., 2016), despite nearly two decades of monitoring efforts along the entire coast of the country. Here, we aim to address this knowledge gap and support regional efforts to protect sea turtles, by providing the first long-term (> 10 years) assessment of leatherback and olive ridley turtle nesting trends for a major rookery in Central Africa. Our specific aims were to: (1) collate and digitise all available historical nesting data from the multiple organisations involved in sea turtle monitoring, (2) use these data to derive estimates of nesting effort for the Congolese rookeries over time, which in turn requires robust estimates of the number of clutches laid each year, and (3) understand how well extant protected areas encompass nesting effort. To account for variation in monitoring effort across different nesting sites both within and among years, we developed a Bayesian statistical modelling framework that enabled us to account for these uncertainties in a robust probabilistic manner within each site and season.



2 Materials and Methods


2.1 Study Area and Policy Context

The Republic of the Congo is located on the Atlantic coast of Central Africa and situated in the highly dynamic transition zone between the Guinea Current and Benguela Current. This is a globally significant marine region characterised by intense seasonal upwelling of cold-water nutrients, resulting in some of the most productive coastal and offshore waters (net primary productivity > 300 gCM-2y-1) in the world (Sherman and Hempel, 2008). Consequently, this region is a biodiversity hotspot (Polidoro et al., 2017) hosting globally important populations of marine vertebrates (Wallace et al., 2010; Wallace et al., 2011), with the Republic of the Congo supporting important nesting beaches for populations of olive ridley and leatherback turtles, as well as important foraging grounds for juvenile green and hawksbill turtles (Godgenger et al., 2009; Metcalfe et al., 2020). In 2011, long-term data gathered by Wildlife Conservation Society (WCS) and Renatura Congo, in partnership with the Ministère de l’Économie Forestière, resulted in all sea turtle species being classified as highly protected (Arrêté n° 6075 du 9 avril 2011 déterminant les espèces animales intégralement et partiellement protégées).



2.2 Nesting Beach Monitoring Data

To investigate annual trends in nesting effort for olive ridley and leatherback turtles, we used daily ground counts of clutches recorded from 17 nesting beaches (hereafter referred to as ‘sites’; Figure 1), situated along the coast of the Republic of the Congo, from the border with Gabon in the north to Cabinda in the south, across 17 nesting seasons (2000/2001 – 2016/2017). The nesting season in this region typically starts between September and October, and ends in March or April of the following year (Godgenger et al., 2009; Witt et al., 2009; Metcalfe et al., 2015). During each nesting season, patrols were conducted at dawn to record the previous night’s nesting activity, with two field assistants surveying the entire nesting beach. At least two people were engaged in each patrol to ensure that the total width of beach available for nesting was surveyed for signs of visible activity – with one field assistant walking along the vegetation line and the other along the high tide line. During these patrols, nesting activities were identified to species (where possible), marked with wooden stakes, and their position recorded using either triangulation from marker posts, or in more recent years a global positioning system (GPS) hand-held receiver.




Figure 1 | Location of the 17 nesting beaches monitored across 17 nesting seasons between 2000/2001 and 2016/2017 (A) and sampling effort at those sites shown as the proportion of sampling days in the season (241 days between September and April) that each site was surveyed (B). Beach names: 1. Niandji, 2. Mvandji, 3. Paris, 4. Kondi, 5. Bondi, 6. Longo Bondi Nord, 7. Longo Bondi Sud, 8. Bellelo, 9. Bas Kouilou Nord, 10. Bas Kouilou Sud, 11. Nkounda, 12. Port, 13. Pointe Noire, 14. Mvassa, 15. Mvassa embouchure/warf Djeno, 16. Djeno, and 17. Cabinda. (see Figure S1 for further detailed information in variability in monitoring effort over time at each site). Habitat data (terrestrial shading) derived from Global Land Cover (https://land.copernicus.eu/global/products/lc).



In the last decade, several organisations have been involved in monitoring sea turtles in the Republic of the Congo. These include the Ministère de l’Economie Forestière (MEF) and the Wildlife Conservation Society (WCS) for sites inside Conkouati-Douli National Park, and Renatura Congo for all other sites outside of the national park (Figure 1). Logistical constraints have meant that the monitoring regime has varied within and among nesting seasons, leading to inconsistencies in monitoring effort across years (Figures 1; S1). For instance, the start and end dates of monitoring have differed across sites and seasons, particularly for olive ridley turtles, where there is often partial coverage of the beginning of the nesting season in the region (Metcalfe et al., 2015). In addition, to maximise coverage and limited resources outside of the Republic of the Congo’s only marine and coastal protected area (Conkouati-Douli National Park; Figure 1), the number of sites monitored and effort at those sites have varied across nesting seasons (Godgenger et al., 2009). While some sites were subject to daily monitoring throughout the season, others were monitored periodically or weekly (Figures 1; S1). The total number of clutches encountered during these censuses is therefore likely to represent an underestimate of actual nesting effort, particularly for olive ridley turtles as explained above.



2.3 Modelling Seasonal Nesting Effort

In order to facilitate comparisons across years, it was necessary to infer seasonal nesting effort for each species (i.e., the total number of clutches laid at each site each nesting season) from partially observed counts (as these are the only data available to assess population size and trends at these sites). Several mathematical and statistical models have previously been published to describe the seasonal shape of nesting, using both incomplete and complete monitoring data (Godley et al., 2001; Troëng et al., 2004; Girondot et al., 2006; Gratiot et al., 2006; Godgenger et al., 2009; Witt et al., 2009; Girondot, 2010; Metcalfe et al., 2015), with advantages and disadvantages associated with different methods (Whiting et al., 2014). We decided to adopt a Bayesian approach to model fitting here, since this provides a powerful way to handle missing data, aggregate predictions across multiple sites and seasons, and propagate all associated uncertainties appropriately. In addition, posterior inference is not constrained by having to use asymptotic central limit theorem approximations. We describe the specific model form in more detail below.


2.3.1 Nesting Season Model

In the context of this study, we chose to model each season at each site for each species independently, where the observed clutch counts at each day are assumed to arise from a negative binomial distribution, with a non-linear mean function that changes over time. Prior to using a negative binomial distribution, we explored the use of a Poisson model, which resulted in overdispersion that was better dealt with using the negative binomial.

The model is constructed as follows: for species s at site b in season u on day t, we observed Ysbut clutches. Since we fitted separate models to each species/site/season combination, in the description below, we drop the subscripts for brevity. We modelled the observed number of new clutches in a time period (t – 1,t), for a single species at a specific site in a given season as:

	

where μ(t - 1):t is the mean number of clutches in the given time period, and ϕ is a size parameter. Hence if Y ~ NB(µ, ϕ), then

	

Hence, we assumed that the observation processes at different days are independent given the mean. The mean function captures the average number of new clutches at time t and is given by:

	

and depends on parameters α > 0 (controlling the magnitude; the average number of new clutches around the peak),tp (controlling the date of the peak nesting effort), tf defining a region of constant nesting effort around the peak, and s1,s2 > 0 (controlling the rates of increase and decrease of the nesting effort around the peak; larger values corresponding to the nesting effort having slower rates of increase and decrease respectively). This is similar to the approach developed in Girondot (2017) and Laloë et al. (2020) except that we always forced the mean to decline towards zero in the tails of the nesting season, which is a general pattern observed across most sea turtle species (Miller, 1997), as well as at the sites and seasons under study (Godgenger et al., 2009). In contrast, the approaches developed in Girondot (2017) and Laloë et al. (2020) have a constant mean nesting effort outside of the nesting season, which can be exactly zero if required.

As stated earlier, nesting beaches were not always surveyed every day, and since care was taken to mark clutches that had already been counted, we assumed that the probability that clutches were missed on the day of the survey (or counted multiple times on different days) was negligible. Therefore, we assumed that all clutches observed on day t correspond to the cumulative number of clutches that arose in the period between the last survey date and time t. Hence, if the last survey date was at time t - k and the current time is t, then the number of new clutches in the period (t – k,t] is a sum of independent negative binomial random variables with varying means, which has a non-standard, but tractable probability mass function (Furman, 2007; Girondot, 2017).

However, as there are other factors that may impact the probability of a clutch being observed, such as daily tidal patterns, wave activity, and exposure to wind and rain (Metcalfe et al., 2015), we placed an upper bound of k = 7 days over which to sum. We chose this upper bound following work conducted in Gabon, where the authors observed that clutches were generally easy to locate from markings in the sand up until that point. Therefore, if the time period between surveying was greater than this, we assumed that all clutches present before t - 7 were lost before the survey day at time t.

To complete the Bayesian specification, we need to specify suitable prior distributions. Since we had a large number (338) of datasets to fit to, each with varying degrees of information and surveillance coverage, we decided to use a flexible hierarchical prior structure that allows for a wide range of different shaped mean functions, but simplifies to a more parsimonious form in the absence of strong information to the contrary. This is an alternative to classical approaches, which fit a range of different model structures and choose between them using a model choice criterion that penalises for model complexity, such as AIC. As such, we specified (hierarchical) prior distributions as:

	

	

	

	

	

	

with hyperparameters:

	

	

	

Here, Exp(v) denotes an exponential random variable with rate v; N(μ, σ2) denotes a normal distribution with mean μ and variance σ2; U(a, b) is a uniform distribution with bounds a and b; InvG(θ, k) is an inverse-gamma distribution with shape parameter θ and rate parameter k; and T(distribution, L, U) denotes a truncated distribution between L and U. We re-scaled time t, such that t = 0 corresponded to September 1st in any given year, and hence these prior choices mean that, in the absence of data, the functional form becomes symmetrical around the peak, and the peak sits around t = 120 days, which is our prior estimate for the middle of the nesting season for these rookeries1. If we had site-specific prior information for all sites, then it would have been possible to develop more informative prior distributions for these parameters, as per Girondot and Rizzo (2015). However, since we had a very large number of sites without access to the detailed traditional ecological knowledge sources required, we instead used the flexible structural prior approach described here.

The prior predictive distribution encompassed a wide range of potential functional forms, although in the absence of data resulted in 95% prior predictive bounds of between 0 and approx. 80 clutches at the end of a season, with a prior predictive mean of around 10 clutches. These prior choices reflect our belief that sites where there are few data points are likely to correspond to sites where there is a strong a priori belief that there are likely to be low numbers of clutches, since higher surveillance efforts are necessarily focused on larger rookeries. For sites where the sampling effort was higher, then these prior choices applied very weak shrinkage effects, but allowed for a wide range of potential outcomes, as highlighted by the fitted plots in Figure S2, which show good fits. We also performed a sensitivity analysis where the prior predictive distribution allowed for a higher range of outcomes in the absence of data and discuss the impacts of this in more detail in the discussion.

We did not find it necessary to explicitly bound tp, since the hierarchical model and shrinkage prior on σtp  allowed the peak of the nesting season to vary in different datasets, but kept it constrained within biologically plausible time periods. We truncated the size parameter of the negative binomial error to be less than 50, enforcing mild prior overdispersion relative to a more informative Poisson assumption.



2.3.2 Model Fit and Evaluation

We fitted a total of 338 models using Markov chain Monte Carlo (MCMC), implemented in the NIMBLE package (de Valpine et al., 2017) in R (R Core Team, 2021). We used two MCMC chains for each model, with 40,000 iterations for each chain, and discarded the first 10,000 iterations as burn-in. We ran models in parallel on a 12-core MacBook Pro. Convergence was assessed visually from the MCMC trace plots, as well as by using the multivariate extension of the Gelman-Rubin   diagnostic (Gelman and Rubin, 1992; Brooks and Gelman, 1998). All models returned multivariate   diagnostics of < 1.03 (2 significant figures) with an upper quartile of 1.007. Full model fits for each of the 338 models are provided in Figure S2. Trace plots are available for one worked example in Supplementary Methods S1. Full trace plots for the remaining model fits are available on request.

Once each of the models were fitted, we derived full posterior distributions for the parameters, the mean number of new clutches over time, and the predicted number of clutches at any given time (Supplementary Methods S1). We also generated plots of the cumulative number of clutches over a season, with associated prediction intervals (PI; Supplementary Methods S1). The latter corresponds to what we would expect to see under the same conditions if the surveys were to be run again, and hence these are useful plots to assess the model fit, and to ascertain whether the models are fit for purpose. These plots revealed that the default model worked well for almost all cases. There are a few datasets which suggest possibly more than one peak to the nesting effort. It would have been possible to develop a model to capture these multiple peaks, but the predictive bounds encompassed the observations sufficiently well in all cases except perhaps for leatherback turtles at Niandji (2001–2002). For the latter site, the surveillance coverage was sufficiently good that once we conditioned the predictions on the observed data (see section 2.3.3), there would have been negligible benefit from developing a new model. All final fitted model plots are shown in Figure S2 (columns one and two).



2.3.3 Annual Trends in Nesting Effort

To illustrate overall trends in nesting effort, we extracted the posterior predictive mean estimates for the total number of clutches in each site/season/species combination, through which we fitted loess-smoothed trend lines (Figures 2; S3). Since we assume that we observed all clutches within up to a 7-day prior window of each observation point, we use the models to predict in time intervals that were outside of these windows only, thereby ensuring that the predicted number of clutches was at least as large as the observed number of clutches (Figure S2; column three).




Figure 2 | Total predicted number of clutches in each site/season/species combination. Points correspond to posterior predictive means and error bars to 95% prediction intervals. The trend lines correspond to loess-smoothed fits through the posterior predictive means, with the grey ribbons depicting the 95% confidence intervals for the smoothed fits. This plot corresponds to Figure S3 in the supplemental material which shows the results of a sensitivity analysis where we used a less informative range on the peak nesting effort to determine the impact of our prior choices.



Since we had full posterior distributions for the total nesting effort for each site/season/species combination, we could also aggregate estimates across all sites within each year to produce posterior distributions for the aggregated nesting effort in each season for each species. However, since not all sites were monitored each year (particularly prior to 2010/2011; Figures 1; S1), it was necessary to estimate the likely nesting effort for the missing sites/seasons in order to explore aggregated trends over time. For each site, we calculated a posterior predictive distribution for the median nesting effort across all years where data were available. We then sampled the number of nests in missing seasons from this distribution. The aggregated trends are shown in Figure 2. We removed a single site when deriving the aggregated plots (Mvassa embouchure/warf Djeno) as it was only surveyed for a single season (Figures 1; S1), and thus, the estimated values would potentially be highly misleading. We note that this approach will likely underestimate the posterior variability relating to the missing sites, but for the purposes of visualising the trends, this was a reasonable approximation, as long as the proportion of the total clutches arising from these imputations were small at a given year. As such, in the aggregated plots, we remove seasons with a posterior mean of > 30% of the total clutches being estimated.

As sea turtle nesting data tend to be temporally fragmented, the IUCN Marine Turtle Specialist Group (MTSG) compares changes between oldest and most recent 3- to 5-year averages, which are calculated from absolute count data. In this instance, as we aim to filling the gaps in monitoring effort, we calculated the percentage change from the posterior predictive distributions for the aggregated nesting effort to ensure our findings are comparable with those reported by the IUCN MTSG.

Data visualisation and analyses were performed using the statistical language R (R Core Team, 2021) using the NIMBLE (de Valpine et al., 2017), tidyverse (Wickham et al., 2019), patchwork (Pedersen, 2020), magrittr (Bache and Wickham, 2014), ggbeeswarm (Clarke and Sherrill-Mix, 2017), ggrepel (Slowikowski et al., 2021), and coda (Plummer et al., 2006) packages. The convolution of negative binomials probability mass function was implemented in NIMBLE by adapting code from the HelpersMG package (under the GPL-2 licence, Girondot, 2021). Supplemental Material was generated using rmarkdown (Allaire et al., 2020), bookdown (Xie, 2020a), and knitr (Xie, 2020b).





3 Results


3.1 Monitoring Effort

Throughout the study period no site was consistently monitored, with monitoring efforts ranging between 1 and 15 nesting seasons among sites. On average, sites inside the national park have been monitored for longer (mean = 12, SD = 2.1, range: 9–15 years) compared to those outside (mean = 9, SD = 4.7, range: 1–14; Figures 1, S1). The number of sampling days varied both within and among years and sites (range: 5–219). Bellelo and Djeno (located outside the national park) were the most consistently monitored sites and were sampled for a total of 2,356 and 2,530 days, respectively, across 14 of the 17 nesting seasons, resulting in an average of 168 (SD = 28, range: 124–215) and 181 (SD = 21, 147–219) sampling days each nesting season.



3.2 Nesting Trends

The patterns suggest that the total nesting effort across all sites for leatherback turtles initially declines, before settling into a cyclical pattern of interannual variability—certainly in the seasons where low levels of imputation were required (Figures 3; S4). The initial decline seems to be consistent across the three sites inside the national park that were sampled in the early seasons (Figures 2; S3). Nesting effort for the olive ridley turtle is harder to diagnose early on, because there were very few sites sampled. However, the individual site trajectories show either fairly stable estimates, or slight increases over time (Figures 2; S3). For more recent seasons with better sampling coverage, these aggregate to a more prominent increase from 2009/2010 onwards (Figures 3; S4).




Figure 3 | Predictions for the number of clutches for leatherback and olive ridley turtles each season between 2000/2001 and 2016/2017. The points correspond to the posterior predictive mean estimates for the total number of clutches in that season, aggregated across all sites, with the error bars corresponding to the 95% prediction intervals. The number above the error bars correspond to the proportion of the clutches estimated in each season. We have removed any season with a posterior mean of > 30% of the total clutches being estimated. The trend lines correspond to loess-smoothed fits through the posterior means, with the grey ribbons depicting the 95% confidence intervals for the smoothed fits. This plot corresponds to Figure S4 in the supplemental material which shows the results of a sensitivity analysis where we used a less informative range on the peak nesting effort to determine the impact of our prior choices.



Applying the IUCN MTSG Red List assessment method to the complete time series, an approach which compares change in clutch counts between the oldest (2000/2001–2004/2005) and most recent (2012/2013–2016/2017) 3 to 5-year averages from count data, would be heavily biased due to large amounts of imputation being required for the early years, and would thus render unreliable estimates. However, estimates based on the most recent 10 years, a period during which monitoring efforts have been higher and so required far less imputations2, indicate positive trends in nesting effort for both species. For instance, olive ridley turtle clutch counts increased by 57% (mean, 95% PI: 50%–63%), from an average of 693 (95% PI: 665–754) clutches per annum between 2007 and 2012, to an average of 1,087 (95% PI: 1,057–1,153) clutches per annum between 2012 and 2017. For the leatherback turtle, clutch counts increased by 29% (mean, 95% PI: 22%–35%) from an average of 445 (95% PI: 422–500) clutches per annum between 2007 and 2012, to an average of 573 (95% PI: 554–626) clutches per annum between 2012 and 2017.



3.3 Protected Area Efficacy

Of the cumulative 17,639 sampling days conducted during the study period, 37% and 63% were allocated to sites inside and outside of the national park, respectively. Based on the full (2000/2001–2016/2017) time series, the results highlight that nesting effort for olive ridley turtles both inside and outside of the national park followed a similar pattern to the national trends, whereby olive ridley nesting effort increases from 2009/2010 onwards (Figure 4); with a fairly even distribution in nesting effort, with the national park hosting on average, 56% (95% PI: 52–57%) of olive ridley turtle clutches over seasons with posterior means of < 30% of the total clutches being estimated.




Figure 4 | Predictions for the number of clutches for leatherback and olive ridley turtles each season between 2000/2001 and 2016/2017 outside and inside the national park. For each panel, the points correspond to the posterior predictive mean estimates for the total number of clutches in that season, aggregated across all sites, with the error bars corresponding to the 95% prediction intervals. The number above the error bars correspond to the proportion of the clutches estimated in each season. We have removed any season with a posterior mean of > 30% of the total clutches being estimated. The trend lines correspond to loess-smoothed fits through the posterior means, with the grey ribbons depicting the 95% confidence intervals for the smoothed fits.



On the other hand, whilst leatherback turtles showed similar patterns to the national trend with varying levels of interannual variability both inside and outside of the national park, clutch counts remained relatively stable for sites outside of the national park, while they decreased for sites inside of the national park (Figure 4). It is apparent from Figure 2 that this decline is driven predominantly by the three largest sites that were sampled early on, although it is consistent across those sites. The national park hosts, on average, 63% (95% PI: 57–64%) of leatherback turtle clutches over seasons with posterior means of < 30% of the total clutches being estimated.

Similar trends in the distribution of nesting effort are evident when considering only the most recent 5-year timeseries (2012/2013–2016/2017), with on average 56% (95% PI: 53%–57%, posterior mean maximum proportion estimated across park status: 0.10) and 66% (95% PI: 60%–67%, posterior mean maximum proportion estimated across park status: 0.07) of olive ridley and leatherback turtle clutches laid inside the national park, respectively. This corresponds to posterior mean estimates for the 5-year average annual nesting effort of 606 (95% PI: 583–633) and 376 (95% PI: 363–390) clutches per annum laid inside the national park for olive ridley and leatherback turtles, respectively.




4 Discussion

Status assessments are fundamental to species conservation, however, they are often hindered by a lack of long-term spatial and temporal data (Nichols and Williams, 2006; Jackson et al., 2008; Sims et al., 2008; Piacenza et al., 2019; Whiting et al., 2020). In the case of sea turtles, ground-derived counts of the number of clutches laid in a nesting season are most often used to derive population trends and abundance (Witherington et al., 2009; Stewart et al., 2011; Stokes et al., 2014; Omeyer et al., 2021), although such estimates are prone to variability in sampling effort within and among years and sites. Here, we combine data from several sources to present the first overview of long-term trends in sea turtle nesting effort in the Republic of the Congo using a Bayesian statistical modelling framework that accounts for sampling uncertainties within sites and seasons in a robust probabilistic manner.


4.1 Nesting Trends

The global importance of the Atlantic coast of Africa for sea turtles has been highlighted over the last few decades (Fretey, 2001; Formia et al., 2003), but it remains a data-poor region due to the lack of accessible long-term published quantitative data despite active monitoring in the region for over almost two decades. Consequently, obtaining a better understanding of the spatial ecology of olive ridley and leatherback turtles has become a conservation priority (Formia et al., 2003; Mazaris et al., 2014). With this study, we update the temporally and spatially fragmented data for the Republic of the Congo presented in Godgenger et al. (2009), and highlight the importance of long-term monitoring to obtain a better understanding of interannual variation in clutch counts and explore underlying population trends. Specifically, our results suggest that nesting effort for olive ridley turtles has increased in recent years and mirrors the trend in increased nesting effort observed from 2008/2009 onwards in neighbouring Gabon (Metcalfe et al., 2015). The increase in nesting abundance across both countries is likely to be the result of increased monitoring and protection of females and their eggs at key nesting sites and surrounding coastal waters (Witt et al., 2008; Maxwell et al., 2011; Dawson et al., 2017). For example, the actions of Renatura Congo have reduced illegal take during the nesting season each year to below 5% for eggs and below 1% when considering only nesting females, thanks to beach patrols and environmental education campaigns aimed at both children and adults (Girard and Breheret, 2013). Whilst the findings presented here contrast with those presented in Godgenger et al. (2009), which suggested a downward trend for olive ridley turtles, it should be noted that this previous assessment was based on only 3 sites and 4 years of data, whereas we have looked at many more sites over many more seasons. When aggregated, the model predictions suggest a steady increase in the number of clutches across the entire rookery (Figure 3), at least within those seasons with a high surveillance coverage of sites. Care must be taken here since we needed to estimate unsampled sites within any given season, however, if we look at the site-specific predictions (with no imputation in Figure 2), there is evidence to suggest that most sites either have fairly constant trends or slight increases over time. Together, these results reinforce the importance of sustained monitoring to detect longer-term trends and where possible wider spatial coverage of monitoring efforts.

On the other hand, for leatherback turtles, the underlying trend is more uncertain. High interannual variability in nesting effort is not uncommon for leatherback turtles (e.g. Colman et al., 2019) and is likely to be the result of a range of factors. First, compared to the omnivorous and opportunistic diet of olive ridley turtles (e.g. Colman et al., 2014), which appears to make them more resilient to variation in ocean productivity (Santidrián Tomillo et al., 2020), the life cycle of the leatherback turtle’s gelatinous prey is affected by large-scale climate variability and ocean productivity. This can in turn lead to variation in prey availability, feeding efficiency, and energy assimilation that can influence remigration intervals and therefore, lead to high interannual variability in nesting effort (Broderick et al., 2001; Saba et al., 2007; Santidrián Tomillo et al., 2020). In addition, mean migration distance between foraging and nesting grounds is much greater for leatherback than for olive ridley turtles (Hays and Scott, 2013), leading to greater energetic costs of migration for the former species, likely having knock-on effects on reproductive output for the species. Similar oscillations in nesting effort for the leatherback turtle have been observed at Bioko Island, Equatorial Guinea (Honarvar et al., 2016), suggesting that individuals nesting in this region may experience similar environmental effects at shared foraging grounds. Post-nesting satellite tracking of individuals across the region could help identify these areas and allow for increased protection outside of the nesting season (Witt et al., 2011). For example, while the fine-scale movement of olive ridley and leatherback turtles has been investigated during the inter-nesting season in both Gabon and the Republic of the Congo (Witt et al., 2008; Maxwell et al., 2011; Pikesley et al., 2013; Dawson et al., 2017), leatherback turtles are yet to be tagged in the latter country to investigate their movement both during and after the nesting season.

Second, estimates of nesting effort at various spatial scales are also influenced by variation in nest site fidelity within and among species. While the drivers of nest site selection are not fully understood (Hamann et al., 2010; Rees et al., 2016), leatherback turtles tend to use wider nesting areas than hard-shelled sea turtles. For example, 62% of olive ridley turtles (n = 13) tracked in Gabon nested within 10 km of their previous clutch (Maxwell et al., 2011) and the average distance between nesting events was 4.8 km in Brazil (Matos et al., 2012). In contrast, leatherback turtles have been shown to nest hundreds of kilometres apart within the same nesting season at multiple locations (e.g. Stewart et al., 2014; Horrocks et al., 2016). From available satellite tracking (Witt et al., 2008) and tag return data (unpublished data, Angela Formia), it is clear that leatherback turtles nesting in southern Gabon and the Republic of the Congo exhibit similar behaviour and so likely form part of one extended nesting population, with individuals utilising waters and nesting beaches of both countries within the same season. Therefore, while deriving national abundance estimates and population trends is a good exercise, it would seem more appropriate to do so at a regional scale to account for variation in nest site fidelity; thus, providing more robust estimates for status assessments, particularly when long-term data are not yet publicly available at all sites.

In terms of the importance of this rookery, the collation of historical nesting data has revealed the almost continuous presence of nesting activity along the Republic of the Congo’s coast – from the border with Gabon in the north to Cabinda in the south. Regionally, the results of this study suggest that the Republic of the Congo hosts the second largest documented rookery for olive ridley turtles in Central Africa, second only to Gabon, and the third largest documented rookery for leatherback turtles, third to Gabon and Equatorial Guinea (Table 1). However, it should be noted that large parts of the Atlantic African coastline remain to be adequately surveyed throughout the region (i.e., Cabinda, Democratic Republic of the Congo, and Angola; Table 1), and long-term data for other regions may be available, but have not been assessed to date. At a global scale, the Republic of the Congo likely hosts the fourth largest non-arribada olive ridley documented rookery in the Atlantic, after Gabon (Metcalfe et al., 2015), Brazil (Colman et al., 2020), and French Guiana (Abreu-Grobois and Plotkin, 2008; Plot et al., 2012). Nevertheless, while clutch counts are most often used as a proxy of sea turtle population size, it would be more robust, although logistically challenging, to monitor nesting females to obtain demographic parameters for population modelling (Shamblin et al., 2017; Casale and Ceriani, 2020; Shamblin et al., 2021).


Table 1 | Estimated number of olive ridley and leatherback turtle clutches laid annually at nesting beaches along the Atlantic coast of Central Africa.





4.2 Protected Areas

Protecting nesting sea turtle females and their eggs forms part of a suite of conservation measures applied by conservation practitioners to aid population recovery (e.g. Mazaris et al., 2017; Valdivia et al., 2018). The results of this study highlight the key role of Conkouati-Douli National Park, the Republic of the Congo’s only marine and coastal protected area, which, on average, hosts > 50% of annual nesting effort within its boundaries, encompassing 35% of the country’s coastline. The importance of this site could reflect the fact that Conkouati-Douli National Park is situated in an area of relatively low human population density and growth, and so has been exposed to lower levels of direct take, incidental capture at sea, and human disturbance over the last decade compared to those areas outside of the national park. However, the results also suggest that there is scope for further protection outside of the national park. For example, only half of olive ridley clutches are laid in the protected area, compared to approximately two thirds for leatherback turtles. Considering the high nest site fidelity of olive ridley turtles, it is possible that increased protection could be achieved by protecting a few additional sites, as shown for this species in Gabon, where over two thirds of clutches laid outside of protected areas were located along 9% of the surveyed coastline (Metcalfe et al., 2015). While protection is most easily achievable at nesting beaches for sea turtles, there is an urgent need for satellite tracking studies in the region to identify both inter-nesting and foraging areas to extend in-water protection for adults of both species (Pikesley et al., 2013). Nevertheless, because adult females only represent ca. 1% of sea turtle populations (Heppell, 1998; Casale and Heppell, 2016), detecting a signal in recovery within protected areas could take years given age at sexual maturity in sea turtles, and requires the protection of hatchlings and juveniles for population recovery. To this effect, Renatura Congo has been developing a bycatch release programme alongside nesting beach protection, which has contributed to the release of > 18,500 green, hawksbill, leatherbacks, and olive ridley turtles incidentally caught in the small-scale fisheries since 2005 and has allowed the identification of nursery and foraging sites for green and hawksbill turtles in Congolese waters (Girard and Breheret, 2013; Metcalfe et al., 2020). The Congolese government has made significant efforts to expand its existing marine protected area network to encompass critical habitat for sea turtles, with a stakeholder led planning process currently underway (Our Ocean, 2016; Congo Marine, 2018; Metcalfe et al., 2020). Together, these conservation strategies likely play key roles contributing to the observed increase in nesting abundance for olive ridley and leatherback turtles in the Republic of the Congo, and are probably benefitting green and hawksbill turtles nesting elsewhere.



4.3 Modelling Caveats and Recommendations

The Bayesian modelling approach developed and used in this study is a powerful way to fill in the gaps in surveillance effort at individual sites during each nesting season. In addition, it is a transparent method for which code is provided and which adapts to many datasets, and promotes collaboration between organisations with differing monitoring regimes. Nonetheless, there are various ways that this could be extended or improved upon. We used a flexible mean structure that was a variation on previous approaches (Godgenger et al., 2009; Girondot, 2017; Laloë et al., 2020), but is constrained to decay towards zero in the tails of the nesting season, to match our prior beliefs about the nesting dynamics in these rookeries. We decided to use a nested hierarchical model structure to allow for a flexible set of mean structures that enforced a more parsimonious form in the absence of strong data to the contrary. This approach reliably captures trends in almost all of the sites (Figure S2). However, for a few specific datasets, there were possible departures from this structure, such as multiple peaks in nesting effort. In practice the use of a negative binomial error structure resulted in the predictive bounds that encompassed these observations well for all, but one case (discussed in Section 2.3.2). However, if we did see more unusual structures in future datasets, then we could extend the set of mean structures and use e.g. Watanabe-Akaike information criterion (Watanabe, 2010) to inform the optimal choice of model structure, or use Bayesian model averaging (Kass and Raftery, 1995), although it would increase computational effort. An alternative could be to use a more flexible curve structure, such as splines, or a latent Gaussian process, but these would require some constraints to ensure adequate behaviour at the beginning and end of the season. Since these models are being used to extrapolate into the tails of the nesting season, without some form of informed structure, there is, however, the potential to produce biologically implausible trajectories when data are lacking, such as when surveillance efforts are focused only at the beginning or end of the season.

Clearly any model predictions are dependent on the choice of model, and in this case, also the choice of prior distributions. We made the prior assumption that sites that are known to be key rookeries are likely to be subject to more surveillance effort than smaller sites, and hence in the absence of data, the prior predictive distribution gave 95% prediction intervals of between 0 and around 80 clutches in any given season. For sites with good temporal coverage in surveillance effort, then this choice of prior was very flexible, and allowed for mean trajectories resulting in many more than 80 clutches (see Figure S2). However, the choice of prior will have more of an impact in sites with temporally biased surveillance efforts, such as Port (2011−2012), where all the surveillance effort was placed at the beginning of the season. In this case, there was little information to inform the trajectory, and hence there is more uncertainty in the extrapolated predictions. We believe these prior choices are sensible, but to assess their impact, we performed a sensitivity analysis where we used a less informative range on the peak nesting effort. This led to a prior predictive distribution with 95% prediction intervals of between 0 and around 750 clutches in a given season. We note that this uncertainty encompasses all trajectories from the fitted models, and so allows for the possibility that a poorly sampled site could have a large number of clutches. Figures S3, S4 show the site-specific and aggregated impacts of these changes respectively. We can see that it is principally only Port (2011−2012) that is affected, due to the poor temporal coverage of surveillance throughout the season. This impacts the aggregated trends by increasing the upper bounds of the prediction intervals. However, it does not change our qualitative assessments about the overall trends, and makes little impact to the predictions or predictive uncertainty as long as long as temporal coverage of data points is good across a season. This suggests that if resources are scarce, then less intensive coverage over the whole extent of the nesting season is likely to provide more information than intensive surveillance over shorter periods of nesting effort (Jackson et al., 2008; Sims et al., 2008; Delcroix et al., 2014).

At the current time, each species/site/season combination is treated as being independent, and we resort to using median posterior predictive imputation when we have non-surveyed sites in a given season, in order to generate trend estimates of nesting effort aggregated across sites. This simple approach has various drawbacks, and hence we have restricted discussion of aggregated trends to be only in years with low amounts of imputation. As such, there is scope in future work to develop a more nuanced approach that explicitly models trends over time that might produce better predictions for missing sites and seasons. In particular, Laloë et al. (2020) explore various ways to tackle this problem by either assuming constant, exponential or non-monotonic trends over time, and then build this into the imputations for missing seasons. Considering that both populations nesting in Republic of the Congo are likely extensions of the ones nesting in Gabon, the analytical method used in this study could be extended to incorporate nesting data from the latter country, which would allow to extract population trends and associated uncertainty at a regional scale.



4.4 Conclusion

We provide the first long-term assessment of population trends for olive ridley and leatherback turtles nesting in the Republic of the Congo and reiterate the importance of the Atlantic coast of Africa for sea turtles, with the Republic of the Congo being of regional and global importance as a potential extension of the populations nesting in Gabon. Such data will be critical to inform future status assessments for olive ridley and leatherback turtles in the region, as well as for sea turtles globally when available data are spatially and temporally fragmented.
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Footnotes

1in practice we found a mathematically equivalent non-centred parameterisation worked slightly better—see Supplementary Materials for details.

2we calculated the posterior means for the maximum mean proportion of estimated clutches across the two 5-year periods of 0.21 and 0.09 for olive ridley and leatherback turtles, respectively.
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