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Hawksbill Nesting in Hawai‘i: 30-Year Dataset Reveals Recent Positive Trend for a Small, Yet Vital Population
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Evaluating wildlife population trends is necessary for the development of effective management strategies, which are particularly relevant for highly threatened species. Hawksbill marine turtles (Eretmochelys imbricata) are considered endangered globally and are rare in Hawai‘i. Remnant hawksbill nesting beaches were identified in Hawai‘i in the late 1980s and the primary sites have been monitored since that time. In this study we summarize all available hawksbill nesting activity around the Hawaiian Islands between 1988 and 2018, highlighting relevant demographic and geographic data for the species. Because monitoring effort varied substantially across space and time, we implemented a predictive modeling approach that accounted for varying effort to explore potential trends in annual number of nesting females and nests over time. Field monitoring efforts documented an annual average of 14 ± 4.3 (range: 5–26) nesting females and 48 ± 19.0 (range: 12–93) nests, with a cumulative total of 178 individual nesting females and 1,280 nests recorded across all years. Nesting has been documented on four Hawaiian Islands, with the overwhelming majority of nesting females (78.4%) and nests (86.5%) recorded at four beaches along the southern coast of Hawai‘i Island. Recent monitoring (2018) at a beach on Moloka‘i Island revealed numbers similar to the most important beaches on Hawai‘i Island. Despite difficulty discerning obvious trends when looking solely at the raw tabulated numbers from field monitoring, our analysis suggests both the number of nesting females and nests have been positively trending since 2006, and this is supported by a higher percentage (57.1% of annual cohorts) of neophyte (vs. remigrant) nesters over the second half of the monitoring timeframe. The masking of obvious trends in the tabulated numbers is likely due to decreased overall monitoring effort as a result of reduced funding in recent years, coupled with a shift in focal monitoring effort from the historical primary nesting site of Kamehame, to the more recently established nesting site of Pōhue. Although the positive trend is encouraging, our findings highlight the precarious state of hawksbills in Hawai‘i and the need to enhance monitoring across all sites to support more robust population assessments and management decision making.
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INTRODUCTION

Evaluating the size and dynamics of wildlife populations is a core underpinning of conservation ecology (Gaillard et al., 1998), and information generated from population monitoring represents a fundamental component of species status assessments and management decision making (Thompson, 2004). Collecting population information is particularly relevant for highly threatened species as doing so can help determine the levels of protection necessary (Clark et al., 2002).

Marine turtles are a taxon of global conservation concern (Pritchard, 1996; Avise, 2007), and although several techniques are available for evaluating populations (e.g., capture-recapture, tagging, photo-ID), monitoring the number of nesting females that come ashore and the number of nests deposited on beaches is often the most logistically and economically feasible method (NRC, 2010; Willson et al., 2020). Hawksbill turtles (Eretmochelys imbricata) are one of the rarest of the seven extant species of marine turtles and their scarcity has been recognized by the government of the United States (US) and other nations, as well as by international resource management institutions (e.g., International Union for the Conservation of Nature or IUCN; Mortimer and Donnelly, 2008). Hawksbills are listed as Endangered under the US Endangered Species Act (ESA) and as Critically Endangered by the IUCN, the highest level of protection under both of these management frameworks. Notwithstanding nation-wide and global classifications, the status of individual populations can vary dramatically, with some populations increasing (e.g., Richardson et al., 2006; Beggs et al., 2007; Allen et al., 2010) and others facing major recovery challenges (e.g., Gaos et al., 2010, 2017a; Liles et al., 2011; Bell et al., 2020).

The Hawaiian archipelago is a chain of isolated volcanic islands that collectively represent the largest landmass in the central North Pacific Ocean (Neall and Trewick, 2008). Although the islands host a robust population of green turtles (Chelonia mydas; honu in Hawaiian) (Balazs and Chaloupka, 2004; Seminoff et al., 2015), hawksbill turtles (honu‘ea or just ‘ea in Hawaiian) are rare in the region (Van Houtan et al., 2012; Becker et al., 2019; Gaos et al., 2020; Brunson et al., in press). Hawksbill nesting was first documented in the State of Hawai‘i in the late 1960s (Ernst and Barbour, 1972), and monitoring and conservation were initiated at several beaches in the late 1980s (Seitz et al., 2012). Despite ongoing monitoring at the primary nesting beaches and a limited number of technical governmental reports and conference proceedings (e.g., King et al., 2007; Seitz et al., 2012; Roberson et al., 2016; HHTN, 2018), comprehensive peer-reviewed publications of hawksbill nesting ecology on the Hawaiian archipelago remain scarce.

In the US, marine turtles are jointly managed by federal agencies (i.e., National Marine Fisheries Service and US Fish and Wildlife Service) in collaboration with state and territory governments. Nongovernmental organizations (NGOs) and other stakeholder groups also often play important roles in monitoring, conservation, and management activities (Jacobson et al., 2010). Hawksbills were listed as endangered under the ESA in 1970 (Witzell, 1983) and official US Recovery Plans were subsequently developed for the species in both the Pacific and Atlantic Oceans (NMFS and USFWS, 1993, 1998). When the US Recovery Plan for Pacific hawksbill populations was developed in 1998, limited information existed on hawksbills in Hawai‘i and thus received limited recognition (NMFS and USFWS, 1998). Notwithstanding this perspective, since the early 1990s, a consortium of federal, state, and NGO partners, collectively referred to as the Hawaiian Hawksbill Turtle Network, have collaboratively worked to identify and implement a diverse suite of hawksbill research and conservation activities in Hawai‘i (HHTN, 2018). The initiative has also led to the publication of several relevant papers on Hawaiian hawksbills in recent years, including topics such as movement behavior (Parker et al., 2009), age-to-maturity (Snover et al., 2012; Van Houtan K.D. et al., 2016), threats (Brunson et al., in press), and genetic structure (Gaos et al., 2020). Reviews are periodically undertaken to reevaluate the status of ESA listed species and update recovery goals and recommendations, providing important opportunities to incorporate these and other newly generated data (Plotkin, 1995; NMFS and USFWS, 2007, 2013).

In this study we summarize all available information on hawksbill nesting around the Hawaiian archipelago between 1988 and 2018. By identifying the primary nesting beaches, summarizing nesting female and nest abundance, exploring population trends, and providing other key demographic information, we contribute fundamental information needed to aid population assessments and the development of management strategies, while also establishing a baseline for future monitoring efforts. Given the current research and management context, this study is both timely and relevant.



MATERIALS AND METHODS


Study Sites and Monitoring Background

The main Hawaiian Islands (MHI) are part of a remote archipelago and consist of eight islands situated in the central North Pacific, approximately 4,000 km west of mainland United States and 6,000 km east of Japan. The State of Hawai‘i includes the MHI, as well as the Northwestern Hawaiian Islands (NWHI), the latter representing an isolated and uninhabited chain of small islands and atolls stretching approximately 2,000 km to the northwest of the MHI. These are collectively protected (and culturally revered) through the Papahānaumokuākea Marine National Monument (with the exception of Midway Atoll, which is a US Territory and not a part of the State of Hawai‘i). This study identifies all confirmed hawksbill nesting beaches in the MHI (Figure 1), as no hawksbill nesting has been documented in the NWHI to date. Individual beaches were classified according to whether coastlines were interrupted by natural barriers (e.g., cliffs, rock outcrops) or if they had previously been given distinct local nomenclature (Liles et al., 2011; Gaos et al., 2017a). We recognized a site as a nesting beach if it was confirmed to receive at least one nest during any given year during the course of this study. Due to the geographic clustering of three sets of beaches on Hawai‘i Island, as well as high female nesting site fidelity to these areas (see Results), we further recognized the existence of three nesting beach complexes, which were named after the primary nesting beach in each complex (Figure 1).
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FIGURE 1. Confirmed hawksbill nesting beaches on the Hawaiian Islands, including panels for (A) Kaua’i, (B) Maui Nui, and (C) Hawai’i Island. Symbols correspond to the average number of nests per year based on years consistently monitored. The three primary nesting complexes on Hawai’i Island (Pōhue, Kamehame, and ‘Āpua) and the boundary for Hawai’i Volcanoes National Park (HVNP) shown in (C) for reference.


Semi-consistent hawksbill monitoring efforts were initiated on several beaches on Hawai‘i Island in 1989, and flipper tagging of nesting females began in 1991. More intense monitoring efforts began on Hawai‘i Island and Maui in 1993 and 1996, respectively. Data on identified nesting female turtles and nest demographics are derived solely from these two islands. Reports of hawksbill nesting on other beaches of the MHI have largely been the result of opportunistic encounters of nesting females, their tracks, or emerging hatchlings, with the exception of Hālawa on Moloka‘i, where morning beach surveys were conducted consistently to document evidence of nesting throughout the 2018 nesting season.



Data Collection

Monitoring effort was only tracked on Hawai‘i Island and was recorded as either night camps or morning day checks. Night camps consisted of overnight stays at nesting beaches during which all-night monitoring was conducted to encounter nesting females and observe nest oviposition. Day checks consisted of visits to beaches in the early morning hours to document tracks of nesting females (nesting females almost exclusively emerge at night to lay eggs) and potential nest areas from the previous night(s). Combined, these efforts enable us to document hawksbill nesting events across the season, which we define as any evidence of a hawksbill emerging to nest, whether successful or not. We considered nesting events as successful if we could confirm nest presence, either by directly observing egg deposition or via post-hatching nest excavations, while unconfirmed nests were recorded as possible nests and not included in our analysis or results. When hawksbills were observed, we applied Inconel flipper tags (National Band & Tag, Newport, KY, United States) to front and/or rear flippers, allowing for the identification of nesting females across seasons and years. In 2016, we also began consistently applying internal passive integrated transponder (PIT) tags (Biomark, Boise, ID, United States) to the front or rear flippers of nesting hawksbills to maximize tag retention and ongoing identification. Measurements of curved (CCL) and straight (SCL) carapace length (from the nuchal notch to posterior-most tip of marginal scutes), as well as location, date, and time of the emergence event were recorded. Turtles observed across years were classified as remigrants, with remigration intervals representing the number of years between (observed) successive nesting events. Internesting intervals were calculated by the number of days between (observed) successive nests by an individual turtle within a season. Neophyte (i.e., turtles with no tags) and remigrant turtles were identified each year. Clutch frequency (i.e., the number of clutches laid per season) was calculated by averaging the total number of nests for known (i.e., observed/tagged) individual turtles for each season.

Nests were left in-situ with the exception of those deemed to be at risk of tidal inundation which were relocated to areas above the high tide line. Nest locations were monitored throughout the incubation period and when feasible, nest contents were excavated by hand 24–72 h following hatchling emergence. We estimated the number of hatchlings that successfully emerged from each nest by counting empty egg shells (consisting of > 50% of the shell) and subtracting any dead hatchlings. Whole eggs, or eggs that were perforated (and contained yolk/hatchling remnants), were considered unsuccessful. Successful and unsuccessful eggs were summed to get the total number of eggs laid. The hatching success rate for each nest was calculated by dividing the number of successful eggs by the total number of eggs laid. We took measurements (cm) from level ground to the top and bottom of the egg chamber whenever possible. We calculated the average annual number of nesting females and hatchlings using data from 1993 to 2018. The average annual number of nests for each beach was calculated for years during which each beach received monitoring, omitting beaches where nests were only observed opportunistically (e.g., via reports by the public).



Statistical Analysis

A generalized additive modeling (GAM) approach was used to evaluate trends of both nesting females and nests on Hawai‘i Island, where we had a constant record of monitoring effort. Models were fitted using the gam function in the mgcv R package (Wood, 2011; R Core Team, 2021). The monthly number of observed individual nesting turtles and confirmed nests were used as the response variables (y) in a hierarchical GAM model (Pedersen et al., 2019). The fitted model structure for month m, site s, in year t was
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where campm,s,t is the number of night camps, daym,s,t is the number of morning day checks, αs is a site-level random effect and f(…) denotes a penalized GAM (Wood, 2003) effect. The GAM effects are:


•fs (t) is a penalized site-specific factor thin-plate regression spline,

•f (m) is a cyclic cubic spline constrained so the f (1) ≈ f (12),

•f (camp m,s,t) and f (daym,s,t) are effort main effect thin-plate regression splines

•f (campm,s,t, t) and f (daym,s,t, t) are 2-dimensional tensor-product smooths that represent effort year interactions (Wood, 2017), and

•f (campm,s,t, rs) and f (daym,s,t, rs) are 2-dimensional tensor product smooths that represent effort and region (rs = region of site s) interaction effects. The marginal smooth of rs is an independent random effect.



The interaction terms in the model allow the effect of a given effort to vary by year and region, e.g., if nest searchers become more efficient over time, then for a comparable amount of effort, more nests will be seen in later years. The selection method of Marra and Wood (2011) was used to automatically eliminate terms that were not useful in predicting counts. In a preliminary analysis a Tweedie distribution was used to model overdispersion and zero-inflation (Wood and Fasiolo, 2017), but it was determined that this was not necessary because the fitted Tweedie parameters indicated the distribution was very close to Poisson (i.e., ϕ ≈ 1, p ≈ 1). Therefore, a Poisson response distribution was used in further modeling.

After fitting the model, we used the approach of Johnson and Fritz (2014) to remove the effects of varying survey effort and missing data to allow aggregation over sites and estimation of yearly growth trends in total nesting female and nest counts. First, the effort corrected counts were estimated from the fitted model using

[image: image]

where [image: image] and [image: image] are fixed effort values for each site and month. Here we used the 85th percentile for each site and month over all years to estimate what the count would be if a consistently “good” survey effort was conducted at each site in each month over the entirety of the study. Other values could be chosen for this, e.g., 50th percentile would adjust all counts to a “typical” effort at each site and month. Because the overall goal is to examine trends over time, the adjustment makes relatively little difference as the overall fit is simply adjusted up or down uniformly. Thus, we chose the 85th percentile to give a closer estimate to the true count when maximal effort is expended. However, we did not want outlier effort values to overestimate the maximal count. Once predictions are normalized for survey effort, the predicted annual count by site for effort [image: image] and [image: image] can be estimated using
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Finally, yearly growth (% form) can be calculated as
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for site s and for the aggregated population, respectively. To estimate average growth over a given time span, a linear model is fitted to log [image: image] for all t in the time span. The slope, β, is then transformed to percent growth via the transform 100*[exp (β) − 1]. To accurately propagate uncertainty in the estimates, a parametric bootstrap was used to draw an empirical Bayesian posterior sample (size = 200,000) from the GAM coefficients and their estimated covariance matrix. With each draw, the predictions and growth trends were calculated, forming an approximate posterior sample for those derived parameters.

Data generated via field monitoring activities were also tabulated, analyzed, and graphed using Microsoft Excel v.14.16.2. Mean and mode values, standard deviations (SD), and ranges are reported throughout the present paper.




RESULTS


Monitoring Outcomes

Monitoring effort varied spatially and temporarily, but was particularly limited prior to 1993, coinciding with limited monitoring results (Figure 2 and Supplementary Table 1). Overall monitoring effort (i.e., night camps and day checks) steadily increased over the first two decades of the study timeframe, reaching a peak in 2007, before subsequently decreasing. The average number of annual night camps across all beaches on Hawai‘i Island was 409.6 (±212.5) and day checks was 398.7 (±280.4) between 1989 and 2018 (Supplementary Table 1). The lowest average annual night camps (78.8 ± 60.4) and day checks (21.3 ± 13.7) occurred between 1989 and 1992, while the highest average annual night camps (704.0 ± 46.2) and day checks (785.3 ± 135.7) occurred between 2005 and 2010 (Figure 2 and Supplementary Table 1). No monitoring effort was recorded during 1988.
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FIGURE 2. Monitoring effort, including day checks and night camps (red bars and purple bars, respectively, on left), as well as monitoring results, including confirmed hawksbill nests and observed hawksbill females (purple bars and red bars, respectively, on right), documented annually between 1988 and 2018 at the three main nesting complexes on Hawai‘i Island. Asterisk indicates no data available. Note that no female turtles were tagged prior to 1991 and only sporadic monitoring was carried out at all sites prior to 1993.


Since 1993, an average of 14.0 (±4.3) unique female hawksbills have been recorded nesting annually in the MHI, with a minimum of five females in 1994 and a maximum of 26 females in 2015 (Table 1 and Figure 2). In total, 178 individual nesting female hawksbills have been tagged; 167 (93.8%) on Hawai‘i Island and 11 (6.2%) on Maui. The overwhelming majority (81.5%) of these turtles were first observed and tagged on three beaches on Hawai‘i Island, with remaining nesting females (18.5%) observed and tagged across a total of 11 additional beaches (Figure 3). Only 15 (8.4%) of the 178 nesting females were documented nesting on more than one beach, and on Hawai‘i Island, only two (1.1%) turtles were documented using beaches across nesting complexes (Figure 1), exemplifying high nesting site fidelity. Individual nesting females were observed on 351 occasions, of which 178 (50.7%) events corresponded to neophyte nesters and 173 (49.3%) to remigrant nesters (Figure 4). Neophyte nesters were less common (42.9% of annual cohorts) than remigrant nesters between 1991 and 2005, then more common (57.1% of annual cohorts) between 2006 and 2018.


TABLE 1. Information on 26 beaches confirmed to host nesting hawksbills, including beach name, island, total number of females identified, nests, and hatchlings recorded between 1988 and 2018, as well as average annual number of nests, average clutch size, average incubation days, and average hatching success rate (1993–2018) on the main Hawaiian Islands.

[image: Table 1]
 
[image: image]

FIGURE 3. Total number of hawksbill females and nests recorded at beaches and islands around the main Hawaiian Islands between 1988 and 2018. Note that only sporadic monitoring was carried out prior to 1993.
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FIGURE 4. Proportion of nesting events corresponding to neophyte (orange bars) and remigrant (green bars) turtles, as well as percent neophytes (black line), between 1991 and 2018. Note that no female turtles were tagged prior to 1991 and only sporadic monitoring was carried out prior to 1993.


The mean internesting interval for hawksbills (n = 517) was 23.3 (±9.9) days, but the modal internesting interval was 18 days (13.9%) and 20 days (13.9%), followed by 19 days (12.4%), 17 days (10.6%), and 21 days (9.5%) (Supplementary Figure 1A). The mean remigration interval for hawksbills seen across years (n = 178) was 4.3 (±2.7) years, but the modal remigration interval was 3 years (32.6%), followed by 2 years (23.0%), 4 years (12.4%), and 5 years (12.4%), with a range of 2–17 years (Supplementary Figure 1B). Nesting activity occurred primarily between the months of April and December each year, with peak nesting occurring during the months of July (33.5%) and August (30.1%) (Supplementary Figure 1C).

Average hawksbill CCL (n = 73) was 86.6 cm ± 6.0 (range 71.0–104.0 cm), SCL (n = 155) was 81.8 cm ± 4.4 (range 68.0–99.0 cm), clutch size (n = 1,083) was 168.9 eggs ± 37.1 (range 34–299 eggs), and clutch frequency (n = 290) was 2.7 ± 1.3 clutches (range 1–6 clutches). In total, we recorded 3,231 nesting events (including successful and unsuccessful events), 1,997 (61.8%) during which the turtle was observed and 1,234 (38.2%) during which only tracks or signs of nesting were encountered.

We calculated an annual average of 48.0 (±19.0) hawksbill nests in the MHI between 1993 and 2018, and a grand total of 1,280 nests between 1988 and 2018 (Table 1). Nests were recorded on four of the eight MHI, including Hawai‘i Island (86.4%), Maui (8.1%), Moloka‘i (5.5%), and Kaua‘i (0.1%). The overwhelming majority (83.9%, n = 1,074) were documented at five beaches, including four beaches on Hawai‘i Island [Kamehame (16.9 ± 13.9 nests yr–1), Pōhue (8.3 ± 10.1 nests yr–1), ‘Āpua (6.6 ± 5.1 nests yr–1), and Halapē (2.4 ± 2.8 yr–1)] and one beach on Moloka‘i [Hālawa (25.5 ± 21.9 nests yr–1)] (Table 1 and Figure 3). The only other beaches that averaged ≥1.0 nest per season were ‘Āwili (1.6 ± 2.3 nests yr–1) and Kōloa (1.1 ± 1.5 nests yr–1) on Hawai‘i, and Kāwililīpoa (1.1 ± 1.9 nests yr–1), Keālia (1.2 ± 1.7 nests yr–1), and Oneloa (1.4 ± 2.2 nests yr–1) on Maui. The remaining (6.0%) nests were deposited across 16 different beaches, each averaging less than a single nest yr–1 over the study timeframe (Table 1 and Figure 1). The average depth to the top of the egg chamber (n = 888) was 28.7 cm (±10.8 cm) and to the bottom of the egg chamber (n = 895) was 45.9 cm (± 29.4 cm).

We recorded an average of 5,025.3 (± 1,923.9.4) hatchlings per year between 1993 and 2018, and a total of 138,577 hatchlings across all years (Table 1). The majority (77.0%) of hatchlings were documented at three sites on Hawai‘i Island, including Kamehame (38.0%, n = 52,725), Pōhue (24.2%, n = 33,511), and ‘Āpua (14.8.0%, n = 20,529). The average incubation period (n = 561) across all sites and years was 61.3 ± 7.4 days (range 49–91 days). The average hatching success rate (n = 1,064) across all sites and years was 72.5% (±26.1). Considering only beaches that received >10 nests, hatching success rates were <50% at two sites, including Keālia (Maui; 33.6% ± 41.3) and Halapē (Hawai‘i Island; 49.9% ± 29.8), and >80% at three sites, including Kawa‘a (Hawai‘i Island; 82.7% ± 14.7), Oneloa (Maui; 82.8% ± 24.2), and ‘Āwili (Hawai‘i Island; 83.8% ± 23.1). Nest excavation data was attained for 1,064 (83.1%) of the nests recorded across years. Due to deficiencies in data capture, it is unclear what percentage of the remaining 216 nests (16.9%) were predated or simply not relocated (i.e., excavations not possible).



Model Output

Using the constant 85th percentile effort schedule across years, the GAM models predicted a mean of 27.1 (±13.3) nesting females and 92.5 (±32.1) nests on Hawai‘i Island each year (Supplementary Table 1). The estimated annual number of nesting females and nests declined each consecutive year between 1989 and 2006, followed by consecutive annual increases after 2006 (Figure 5 and see Supplementary Figures 2, 3 for individual site results). Similarly, growth rates of the number of nesting females and nests were negative from 1989 to 2005, then began trending positive in 2006, with average annual growth rates of 8.2% (CI: 3.1–13.8) and 7.2% (CI: 4.2–10.6) since that time, respectively.
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FIGURE 5. Yearly aggregated prediction of (A) females and (C) nests, as well as associated annual growth rates for (B) females and (D) nests. Solid red curves correspond to the empirical Bayes posterior mean, and the estimated 95% credible bands are shaded in red. Effort levels (shaded dots) are shown in panels (A,C) for reference. Total effort is the sum of all night camps and days surveys throughout the year. The blue line represents the constant slope fit for the raw tabulated numbers of (A) females and (C) nests, as well as the associated constant yearly growth for tabulated (B) females and (D) nests.





DISCUSSION

Results of our field monitoring and GAM model predictions indicate a limited number of hawksbill nesting females and nests occur in Hawai‘i each year, demonstrating the precarious nature of the population. Notwithstanding low annual and overall numbers, our GAM analysis suggests that the hawksbill nesting population in Hawai‘i has been increasing since 2006 (Figure 5).


Population Status

The lack of an obvious trend in the number of nesting females or nests when looking solely at raw tabulated numbers contrasts with the recent positive trend suggested by our GAM analysis (Figure 5), and this can most likely be attributed to recent changes in monitoring effort. Although Kamehame received the overwhelming majority of nesting over the 30-year study period (Figure 3), consistent monitoring has been limited since 2012 (Figure 2) due to staff safety concerns. Coincident with the suspension of consistent monitoring at Kamehame, hawksbill nesting activity increased at Pōhue –a beach that had not historically received much nesting activity (Figure 2)– and program staff largely redirected monitoring efforts to this site (Supplementary Figures 2, 3). This shift in effort and the ongoing lack of simultaneous, consistent monitoring at what represent the two most important hawksbill nesting sites in Hawai‘i, are likely the primary reasons for the discrepancy between the tabulated numbers and the GAM analysis. Increased funding to support more robust field monitoring, coupled with the potential implementation of novel survey tools such as uncrewed aerial systems to facilitate the evaluation of isolated beaches, will be important in quantifying nesting activity more accurately.

Our GAM analysis also suggests that current tabulated numbers of nesting females and nests are likely underestimates, which is supported by the number of untagged adult females observed in-water and via strandings (King and McLeish, 2019; Brunson et al., in press), as well as by the number of neophyte turtles that have been documented during recent years. As expected, during the initial years of monitoring the overwhelming majority of turtles were neophyte nesters, with an increase in the number of observed remigrants in subsequent years (Figure 4). However, although it was expected that the number of remigrants would continuously increase over time as monitoring efforts advanced toward tag saturation of the population, the percentage of neophyte nesters was actually higher during the latter half of the study, compared to the first half (Figure 4). Overall, approximately 50% of annual nesting cohorts have consisted of neophyte nesters, which potentially represent new recruits to the nesting population.

Hawksbill nesting at Hālawa was only systematically monitored (i.e., day checks) for the first time in 2018 (i.e., the final year included in this study). That effort led to the documentation of 41 nests, which represents 44.1% of the total nests documented in the State of Hawai‘i during 2018, although monitoring on Hawai‘i Island was limited that year due to logistical complications associated with the eruption of Kīlauea Volcano. Sporadic reports of hawksbill nesting at Hālawa have been recorded over the years (e.g., Ernst and Barbour, 1972; Balazs, 1978; NMFS and USFWS, 1998), suggesting that hawksbills have been nesting at the site for decades. Whether nesting levels at the site have changed over time remains unclear. Notwithstanding this perspective, the findings at Hālawa highlight the importance of the site for hawksbills, while underscoring the need to establish consistent monitoring efforts to support future population evaluations. Combined, the recent positive trend in the number of nesting females and nests, the shift in monitoring at two key nesting sites, and the documentation of a large proportion of nests at the newly monitored nesting beach of Hālawa, bode well for the future of the population.

The positive trend we report here coincides with recent findings that many sea turtle populations are increasing globally (Mazaris et al., 2017). Despite these encouraging findings, the average annual number of hawksbills nesting in Hawai‘i based on both our monitoring (∼14 year–1) and model output (∼27 year–1) is orders of magnitude smaller than those reported for several major nesting populations in the Indian, Atlantic, and Pacific Oceans (e.g., Richardson et al., 2006; Allen et al., 2010; Santos et al., 2013; Gaos et al., 2017a; Pilcher, 2021). The small population, coupled with recent genetic findings that Hawaiian hawksbills represent a closed population (Gaos et al., 2020), highlight the vulnerability of the population as major distrubances could impact both nesting and foraging grounds simultaneously.

Although it is possible that the Hawaiian hawksbill population is reduced compared to historical numbers (Van Houtan et al., 2012; Van Houtan K.S. et al., 2016), the lack of historical information makes it difficult to put the current state of the population into context. It is possible the species has persisted at relatively low levels in the region for centuries (see references in Van Houtan et al., 2012). The low number of nesting hawksbills around Hawai‘i contrasts sharply with findings for green turtles (Becker et al., 2019), with an average of 265 green turtles nesting annually between 1973 and 2018 at their primary nesting site on East Island, French Frigate Shoals (PIFSC unpublished data). Nonetheless, our results suggest the nesting populations of both species in Hawai‘i have been increasing over the last several years (this study; Balazs and Chaloupka, 2006; Seminoff et al., 2015). Combined, these findings suggest the conservation actions and legislative protections afforded both species starting in the 1970s appear to be working (Aguirre et al., 1998; Balazs and Chaloupka, 2004). The discrepancy in the approximate population size of these two species around Hawai‘i remains unclear, but studies in the western and eastern Pacific Ocean have also found that hawksbills are much less abundant than their green or olive ridley (Lepidochelys olivacea) turtle counterparts (Márquez et al., 2002; Eguchi et al., 2007; Gaos et al., 2017a; Becker et al., 2019).

Hawksbills face a myriad of threats in the Pacific, as do other sea turtle species whose populations remain abundant; therefore, attributing limited hawksbill populations solely to anthropogenic causes would not seem prudent. Hawksbills often forage in coral reef ecosystems and these habitats face a litany of threats and are thought to have declined around Hawai‘i during the past half century (Friedlander et al., 2005; Rodgers et al., 2017). This may have reduced dietary resource availability for hawksbills, thus limiting population expansion. Furthermore, as is common with coral reefs under environmental stress, some of these habitats may have undergone regime shifts to substrates dominated by macroalgae (Folke et al., 2004), which represent dietary items typical of green turtles. This could support the population expansion of greens over hawksbills. Broad-scale environmental forcing factors that are not easily detected could also be differentially impacting these species (Suryan et al., 2009).



Monitoring Outcomes

There were differences in the monitoring effort at the known hawksbill nesting beaches, with some sites only receiving sporadic visits (e.g., every few days) or strictly morning surveys to search for evidence of nesting (i.e., tracks), vs. other sites that received consistent night patrols in search of nesting females (Supplementary Figures 2, 3). As a result, it was often difficult to confirm whether nests were successfully laid (vs. unsuccessful nesting events), and some nesting events likely went undocumented each year. This is supported by our GAM analysis, which suggests more nesting females and nests occur on Hawai‘i each year than are recorded during field monitoring. Furthermore, a large proportion (38.2%) of nesting activity records consisted of events during which the actual turtle was not observed, making it difficult to confidently assess several parameters for nesting turtles.

For example, the mean internesting and remigration interval for nesting females was 23.3 (±9.9) days and 4.3 (±2.7) years, respectively, and both values are considerably larger than those reported for conspecifics in other ocean regions (Van Buskirk and Crowder, 1994; Spotila, 2004; Richardson et al., 2006; Gaos et al., 2017a). The averages for Hawai‘i are likely skewed by turtles that had internesting intervals of >40 days (n = 37) and remigration intervals of >5 years (n = 35). Although it is possible that these turtles did not nest during these timeframes, it is more likely that they went undetected between two or more observation events due to limited monitoring effort. Indeed, the mode of internesting interval for all hawksbills was 17–21 days, accounting for 60.8% of all internesting interval records (Supplementary Figure 1A). Similarly, the most common (55.9%) remigration interval for all hawksbills was 3 years (32.4% of observations), followed by 2 years (23.5% of observations) (Supplementary Figure 1B). These values are similar to intervals reported for the species by other studies (e.g., Bjorndal et al., 1985; Van Buskirk and Crowder, 1994; Spotila, 2004; Gaos et al., 2017a). Although annual remigration intervals are common (10.7%) for hawksbills in the eastern Pacific Ocean (Gaos et al., 2017a), annual remigrations have never been recorded for hawksbills in Hawai‘i. Whereas, hawksbills in Hawai‘i primarily use habitats consisting of coral and rocky reef substrates, in the eastern Pacific they commonly use mangrove estuaries (Gaos et al., 2012a,b). The differences in remigration intervals could be tied to resource quality differences between these two foraging habitats, with mangrove estuaries being particularly resource-rich (see references in Gaos et al., 2017a) and facilitating more frequent nesting.

Low observation rates may also contribute to the fact that approximately 28.1% (n = 50) of the 178 identified hawksbills have not been observed in the past 10 years. However, considering remigration records of >10 years are rare (4.5% of all remigration observations), it is reasonable to assume that many of these nesting females no longer constitute part of the reproductive population.

Sporadic monitoring and low observation rates are a result of several factors, including the diffuse and less colonial nesting habits exhibited by hawksbills (Witzell, 1983; Liles et al., 2011), as well as the isolated and inaccessible nature of many of the known nesting beaches around Hawai‘i, which complicate monitoring. Hawaiian hawksbills also often traverse extensive lava fields or large boulders and nest on beaches composed of crushed coral substrates, which can complicate the detection of tracks that would help identify nesting activity and potential nesting beaches. When coupled with the low number of hawksbills in Hawai‘i, these factors make it difficult to detect, monitor, and quantify nesting hawksbills and their nesting habitats. Diminished funding for monitoring beginning in 2012 has also led to reduced effort in recent years (Figure 2).

There are also some beaches around the MHI that appear to host adequate hawksbill nesting habitat, but have never been monitored because they are even more isolated and difficult to access than known nesting sites, making monitoring logistically and financially impractical. For example, the Nā Pali Coast of Kaua‘i (Figure 1) hosts a handful of potential beaches, but a lack of vehicular access presents major challenges to monitoring. Similar access limitations prohibit monitoring along the isolated Hāmākua Coast on Hawai‘i Island, although opportunistic nesting has been documented on two occasions in the area (i.e., Waimanu and Waipi‘o; Figure 1). There has been speculation that occasional hawksbill nesting may even occur on the windward (eastern) coast of O‘ahu as a total of 40 hawksbill hatchlings have been found stranded in the area between 1986 and 2016, yet no nests have been documented to date (Brunson et al., in press). However, a drifter satellite tag deployed offshore of Hālawa on Moloka‘i was encountered approximately 3 weeks later along windward O‘ahu, suggesting the stranded hatchlings may be originating from this nesting site (PIFSC unpublished data). The location of Hālawa in relation to O‘ahu (Figure 1), combined with the prevailing easterly Trade Winds typical of Hawai‘i (Juvik et al., 1999), would facilitate this hatchling dispersal pattern. Although the identification of “missing” nesting beaches is needed to better understand the status and management needs of hawksbills in the region, even if they are found, they would likely be limited in number and would not change the general conclusion that the Hawaiian hawksbill population is very small.



Management Policy and Framework

Various biodiversity measurement, risk assessment, and conservation priority schemes exist for marine turtles at both national and international scales (Seminoff and Shanker, 2008). The primary policy in the US is the ESA and as previously mentioned, hawksbills are considered endangered under this policy. Distinct Population Segments (DPS) are currently being developed under the ESA framework to identify sea turtle populations that are geographically and demographically discrete, and significant in relation to the species as a whole (Karl and Bowen, 1999). A conservation status (e.g., threatened or endangered) is subsequently assigned to each population that can facilitate region-specific tailoring of research and conservation activities (USFWS and NMFS, 1996). The results of DPS designations strongly influence marine turtle policy and management actions within the US and abroad, and DPS evaluations have been completed for green, loggerhead (Caretta caretta), and leatherback (Dermochelys coriacea) marine turtles (Conant et al., 2009; Seminoff et al., 2015; NMFS and USFWS, 2020). In 2013, the National Marine Fisheries Service (NMFS) and the US Fish and Wildlife Service (FWS) completed a 5-year review for the hawksbill and recommended an in-depth analysis be carried out to determine the application of the DPS framework to the species in the future (NMFS and USFWS, 2013). This study, combined with recent hawksbill genetic (Gaos et al., 2016, 2017b,2020, 2020; Vargas et al., 2016; Banerjee et al., 2019) and movement research (Parker et al., 2009; Gaos et al., 2012a,b, c; Hamilton et al., 2021) across the Pacific Ocean, should support future DPS evaluations.

It may take years or even decades before full DPS designations are completed for all species of marine turtle (Conant et al., 2009; Seminoff et al., 2015), but it is important that region-specific needs are considered for any recovery actions. Fortunately, the Hawaiian Hawksbill Turtle Network has been collaboratively working to identify hawksbill research and management needs in Hawai‘i since the early 1990s (Balazs et al., 1992; HHTN, 2018), and the group continues to meet regularly to outline priority actions. These efforts have been essential for guiding local research and management activities in the absence of region-specific designations (e.g., DPS) and will likely remain so even if hawksbills in Hawai‘i are formally recognized as a DPS in the future.



Management Implications

Approximately 85% of all confirmed hawksbills nests in the State of Hawai‘i have been recorded in the district of Ka‘ū, on the southern coast of Hawai‘i Island (Figures 1, 3), highlighting the importance of beaches in this area for the population. Development or proposed development near several of the primary nesting beaches were stopped, including a large resort and housing development near Punalu‘u in 2007 (Bambico, 2009: Hawai‘i resolution 169-07) and a space industry launch site near Pōhue in 2018 (Ancheta, 2018), yet threats from development are ongoing. Fortunately, several important nesting beaches, including ‘Āpua, Halapē, and Oneloa are located in national or state parks [e.g., Hawai‘i Volcanoes National Park (HVNP; Figure 1) and Mākena State Park] and benefit from permanent protection against major coastal development. However, even in these areas nesting habitat can be impacted by recreational activities (e.g., camping, driving on beaches, light pollution) that can negatively affect both nesting females and hatchlings (HHTN, 2018), thus stronger controls might be warranted.

Additionally, shorelines along much of the MHI, including sites located within HVNP, are highly susceptible to sea level rise and associated increased beach erosion (Anderson et al., 2018). The projected escalation in storm frequency and intensity has the potential to increase nest inundation events and embryonic mortality (Foley et al., 2006; Fuentes et al., 2010). Many coastlines around Hawai‘i have already lost significant nesting area to erosion (Baker et al., 2006; HHTN, 2018), and the reduction of areas available for nesting is expected to continue under future climate scenarios (Patrício et al., 2021). Such reductions could amplify density-dependent issues (Girondot et al., 2002; Tiwari et al., 2010), which are already a problem at the small hawksbill nesting beaches in Hawai‘i. For instance, although Kamehame is approximately 135 m long, the overwhelming majority of nesting actually occurs along a stretch of beach that is only 35 m wide, and as a result, many nests deposited early in the season are dug up by subsequent nesters. Although hawksbill often nest under naupaka (Scaevola taccada) on Hawai‘i and elsewhere (e.g., Mortimer et al., 2020), patches on the primary nesting beaches outlined on this study can grow so dense that they become impenetrable, further limited nesting areas available to turtles.

Although it has been suggested that marine turtles may be able to shift nesting to more suitable areas (Hamann et al., 2013; Abella Perez et al., 2016; Mainwaring et al., 2017), the high nesting site fidelity exhibited by Hawaiian hawksbills may inhibit their ability to do so. Furthermore, whether additional beaches with adequate habitat for hawksbills exist around Hawai‘i also remains unclear.

Mongoose (Herpestes javanicus), rat (Rattus spp.), feral cat (Felis catus), and feral pig (Sus scrofa) predation of hawksbill eggs and hatchlings is a major issue in Hawai‘i (HHTN, 2018). Temporary protective enclosures (Addison, 1997) have been placed around nests in some areas experiencing high predation, and efforts have been undertaken to reduce non-native predators at many sites since monitoring was initiated (Seitz et al., 2012). These approaches have been efficient at reducing predation, but require ongoing temporal and financial investments and are never 100% effective. Non-native vegetation is also an issue as the dense root systems of several species, particularly coconut (Cocos nucifera) and pepper (Schinus terebinthifolia) trees, as well as buffel grass (Cenchrus ciliaris), inhibit nest chamber excavation by females and can even trap hatchlings as they emerge (King et al., 2007; Seitz et al., 2012). Coastal lighting has been found to misdirect nesting females and hatchlings as they attempt to orient to the ocean, particularly at some of the more developed areas on Maui (King et al., 2007). Other threats to hawksbills around Hawai‘i include mortality in nearshore hook-and-line fisheries, geographic entrapment (e.g., in volcanic fissures), vessel strikes, vehicular impacts, and marine debris entanglement and ingestion (Van Houtan K.S. et al., 2016; Lynch, 2018; Brunson et al., in press). Ongoing conservation efforts as well as local outreach and awareness activities are essential in minimizing threats to hawksbills throughout the MHI.
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Supplementary Figure 1 | (A) Internesting intervals (days) and (B) Remigration intervals (years) of identified hawksbills, as well as (C) percentage of nesting activity by month between 1989 and 2018 in the state of Hawai‘i.

Supplementary Figure 2 | Yearly aggregated prediction of female counts by sites on Hawai‘i Island (A), and associated annual growth rates (B). Solid red curves correspond to the empirical Bayes posterior mean, and the estimated 95% credible bands are shaded in red. Effort levels (shaded dots) are shown in panels (A) for reference and represent the total of all night camps and day surveys.

Supplementary Figure 3 | Yearly aggregated prediction of nest counts by sites on Hawai‘i Island (A), and associated annual growth rates (B). Solid red curves correspond to the empirical Bayes posterior mean, and the estimated 95% credible bands are shaded in red. Effort levels (shaded dots) are shown in panels (A) for reference and represent the total of all night camps and day surveys.

Supplementary Table 1 | Results (±95% credible intervals in parentheses) from the Bayesian GAM analysis for the annual number of hawksbill nesting females and nests, as well as the number of night camps, day checks, and total monitoring effort (i.e., night camps + day checks), between 1989 and 2018 on Hawai‘i Island.
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Beach Island Total females Total nests Total Average Average Average Average
tagged recorded hatchlings annual clutch size incubation hatching
recorded number of (SD) days (SD) success rate
nests (SD) (SD)
Kamehame Hawai‘i Island 66 472 52,725 16.9 (£13.9) 174.3 (£39.9) 65.5 (+£7.9) 73.3(+£24.7)
Pohue Hawai‘i Island 49 257 33,511 8.3 (£10.1) 172.7 (+36.6) 58.7 (+£5.3) 79.5 (£19.1)
‘Apua Hawai‘i Island 30 204 20,529 6.6 (+5.1) 154.7 (£32.5) 58 (£3.8) 69.5 (+25.5)
Halape Hawai‘i Island 9 7 6,239 2.4 (+£2.8) 158.6 (+34.9) 55.9 (+4.9) 49.9 (+£29.8)
Halawa Moloka'i 0 70 6,339 8.8 (£13.3) - - =
Oneloa Maui 3 33 4,811 4 (+£2.2) 175.7 (£26.7) 59.1 (+5.0) 82.8 (+£24.2)
Kealia Maui 4 31 976 2 (x£1.7) 185.2 (£23.8) - 33.6 (£41.3)
Kawiliipoa Maui 3 25 1,088 1(£1.9 181.2 (£30) - 54.2 (+30.6)
‘Awili Hawai‘i Island 3 23 2,497 6 (2.3 131.9 (£28.5) 60.8 (+7.6) 83.1 (+£22.2)
Punalu‘u Hawai‘i Island 2 22 2,305 7 (£1.4) 156.6 (£23.9) 71.3(£11.3) 68.4 (+£27.2)
Koloa Hawai‘i Island 1 17 1,053 1(£1.5) 166.9 (£40.3) 60.4 (+5.3) 54.4 (£35.3)
Kawa‘a Hawai‘i Island 0 15 2,163 5(+1.2) 188.5 (£40.1) 64.9 (+4.1) 82.7 (£14.7)
Keauhou Hawai‘i Island 1 10 1,099 5 (+1.9) 179.5 (£24.6) 55.5 (+4.3) 72.5 (£29.3)
Palau‘ea Maui 1 9 1,225 4 (1.9 187.3 (£23.7) 57.1 (+£2.5) 64.8 (£10.5)
Kahakahakea  Hawai'i Island 0 6 788 2 (+£0.5) 149.8 (£32.7) 56 (-) 92.3 (+6.6)
Humuhumu Hawai‘i Island 1 3 485 3 (+0.9) 164 (£7.2) - 98.2 (1)
Ninole Hawai‘i Island 1 2 212 1(£0.4) 140.5 (£7.8) - 784 (+£23.2)
Pu‘u O'lai Maui 0 2 244 1(£0.3) 182.5 (+31.8) - 69.9 (+£33.9)
Ka'ili‘ili Hawai‘i Island 4 1 - 0 (j:O.Z) - - -
Waimanu Hawai‘i Island 0 1 81 0.1 (£0.2) 152 (-) - 47.2 ()
Waipi’ 0 Hawai'i Island 0 1 = - - = -
Hamoa* Maui 0 1 - - - - -
Hana Bay* Maui 0 1 - - - - -
Kalepolepo Maui 0 1 124 0(£0.2) 151 () = 82.1 ()
Koki* Maui 0 1 83 - 116 (&) - 71.6 ()
Wainiha Bay* Kaua'i 0 1 = = = = =
Overall 178 1,280 138,577 48.0 (+£19.0) 168.9 (£49.6) 61.3 (+£7.4) 72.5 (£26.1)

Standard deviation (SD) of averages is shown in parentheses for reference.
Dash indicates data unavailable.

*No consistent monitoring, nests encountered opportunistically.
The sum or averages across all sites is shown in the bottom row.





