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ABSTRACT: Index nesting sites for the Critically Endangered hawksbill turtle Eretmochelys imbricata are essential for assessing population trends and demographics, and informing conservation strategies. Using 29 yr (1988−2017) of saturation tagging data from a protected Caribbean
index site, we assessed annual trends in abundance and reproductive success for the hawksbill
nesting population at Buck Island Reef National Monument (BIRNM), St. Croix, US Virgin Islands.
Approximately 43 ± 21 (mean ± SD) females and 154 ± 60 nests were encountered each year during nocturnal patrols. Remigration interval and inter-nesting period averaged 3.2 ± 1.6 yr and
17.4 ± 7.1 d, respectively. After a significant recovery since 1988, female abundance stabilized during 2007−2017 (p < 0.01, R2 = 0.82), whereas nest abundance declined (p < 0.01, R2 = 0.71) and neophyte recruitment exhibited a decreasing trend. There was no trend in annual mean hatch success
(69.4 ± 26.6%), emergence success (63.0 ± 29.1%), and hatchling production (89.2 ± 45.0 individuals clutch−1) during the study period; but clutch size (p < 0.01, R2 = 0.65; 142.8 ± 28.9 eggs clutch−1)
and female curved carapace length (p < 0.01, R2 = 0.56; 88.4 ± 4.7 cm) significantly decreased. The
BIRNM population has stabilized, but declines in body size and nest abundance highlight the
need for evaluating demographics to diagnose the factor(s) driving changes in abundance and
productivity. Our study provides a foundation for evaluating Caribbean hawksbill demographics,
while contributing a valuable assessment of clutch size and in situ nest success for the species.
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1. INTRODUCTION
Hawksbill turtles Eretmochelys imbricata are Critically Endangered worldwide, with 85% of index
sites having indicated depleted or declining stocks
(Meylan 1999, Mortimer & Donnelly 2008). Index
sites for monitoring nesting populations, particularly
those in protected areas with the capacity to implement long-term saturation tagging programs, are a
valuable tool for assessing changes in abundance
and population demographics, and informing man*Corresponding author: alexandra.gulick@ufl.edu

agement strategies as marine environments continue
to be impacted by anthropogenic threats (Ocean
Studies Board & National Research Council 2010).
Hawksbill index nesting sites in the Caribbean represent almost half of the current global population of
nesting females (Mortimer & Donnelly 2008), with
many sites having reported abundance estimates and
population trends: Barbados (Beggs et al. 2007); Mona
Island, Puerto Rico (van Dam et al. 2013); Guadeloupe
(Kamel & Delcroix 2009); Cuba (Moncada et al. 1999);
and Jumby Bay, Antigua (Richardson et al. 1999,
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2006). The hawksbill nesting population at Buck Island Reef National Monument (BIRNM), St. Croix, US
Virgin Islands (USVI) is the primary index nesting
beach for hawksbill turtles under US jurisdiction (National Marine Fisheries Service & US Fish and Wildlife
Service 1993), and is one of the last major populations
to be characterized in the Caribbean region. As a federally protected index site that has implemented
long-term monitoring and saturation tagging of
hawksbills during the peak nesting season for over 3
decades, BIRNM offers an opportunity to further assess population trends and demographics for this endangered species in the Caribbean.
The National Park Service (NPS) began monitoring
sea turtle nesting activity at BIRNM in 1980 in the
form of haphazard day patrols conducted by park
rangers to document the number of sea turtle tracks
and nests (Zullo 1986). Hawksbill populations at
BIRNM were extremely low from 1980 to 1985 (max.
22 nests yr−1), with almost all documented nests being
predated by invasive mongoose Herpestes auropunctatus or poached by humans (Zullo 1986). Following
the successful eradication of mongoose from the park
by NPS in the early 1990s, predation by invasive rats
Rattus rattus predominated nest loss, and rats were
successfully removed from the park by the mid1990s. NPS established the Buck Island Sea Turtle
Research Program (BISTRP) in 1988 (Phillips & HillisStarr 2002), with the goal of using saturation tagging
and long-term monitoring to evaluate the status of
the hawksbill population in the park.
In this study we used 29 yr (1988−2017) of saturation tagging data collected by the BISTRP to assess
temporal trends in annual counts of hawksbill females and nests (hereinafter referred to as abundance), and the following reproductive parameters:
hatch success, emergence success, clutch size, hatchling production, and body size (curved carapace
length, CCL) of nesting females. This study provides
a foundation for evaluating demographic parameters
for hawksbill turtles in the Caribbean, outlines management recommendations for this index population,
and contributes a valuable assessment of clutch size
and the success of in situ nests for the species.

2. MATERIALS AND METHODS
2.1. Study site
BIRNM (17.8° N, 64.6° W) is a federal marine protected area managed by the US NPS, located 2.4 km
northeast of St. Croix, USVI in the eastern Carib-

bean. The park boundary encompasses an uninhabited island (0.71 km2) and 76.3 km2 of submerged
marine habitat. The Monument provides critical
nesting beach habitat for 4 sea turtle species, but
supports mostly hawksbills (Hillis-Starr & Phillips
1998). The island’s nesting area extends 1.6 km along
the southern shoreline of Buck Island and offers a diversity of habitats conducive to hawksbill nesting
(i.e. open beach, seaward vegetation, and beach forest) (Lundgren 2009).

2.2. Data collection and analysis
Each year (1988−2017), NPS staff conducts nocturnal patrols (18:00−06:00 h) of the entire nesting
beach for the 12 wk peak nesting season (mid-July to
early October), during which 99% of females that
deposit nests are encountered and tagged (i.e. saturation tagging). Complete coverage of the beach during nocturnal patrols ensures that all nests, and all
females that successfully deposit a nest during the
patrol period, are encountered. Because sampling
effort can vary by season due to weather events,
annual counts of observed females and nests presented in this article are effort-corrected based on
female (and nest) encounter rates and the number of
patrol nights missed per season (~6 nights).
Each female is assigned a primary tag identification via application of Inconel flipper tags (National
Band and Tag Company; Model 1005-681) and
Passive Integrated Transponders (Biomark; Model
TX1406L). Untagged individuals encountered at
BIRNM for the first time receive tags and are classified as first-time nesters (hereinafter referred to
as neophytes), although we acknowledge that we
could not confirm a female’s reproductive status,
since laparoscopies were not conducted. Females
encountered over successive years are classified as
remigrants. Body size, or CCL, of each female is
measured from the anterior point of the mid line
(nuchal scute) to the posterior tip of the longest
supracaudal (Bolten 1999). Additional morphological data and tissue samples for genetic and stable
isotope analyses are collected from each nesting
female, but these data are not presented in this
article. Please refer to Phillips & Hillis-Starr (2002)
for more detail on the saturation tagging protocol
at BIRNM.
The location of each nest is documented, and nest
excavations are conducted at least 72 h after hatchling
emergence. The following parameters are determined
for each nest, following standard procedures (Phillips
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& Hillis-Starr 2002): hatching success (proportion of
of nonlinear covariates, and smoothness parameters
eggs that hatched), emergence success (the proporwere estimated using REML (Wood 2006). Data
tion of eggs that produced live hatchlings that
were analyzed in R version 4.0.1 (R Core Team
reached the beach surface), and clutch size (the total
2020) using the ‘mgcv’ package (Wood 2011). For
number of eggs in a clutch). Hatchling production
GAMs that did not yield a significant year effect on
(number of live hatchlings produced per clutch) is calthe response variable, we present time series
culated by multiplying emergence success and clutch
point-whisker plots (mean ± SD) of the response
size. Nests that were relocated because of close proxvariable.
imity to the tide line are not excluded from the
analysis because of the minimal impact of NPS relocation practices on hatch success (see Lundgren
3. RESULTS
2009). Maximum and minimum values for clutch size
were defined by breaks in the frequency distribution
A total of 505 individual females were recorded
for clutch size (Fig. S1 in the Supplement at www.
nesting at BIRNM during 1988−2017, with a mean
int-res.com/articles/suppl/n048p191_supp.pdf; see
(± SD) of 43 ± 21 females (range, 11−78) and 154 ± 60
methods in Bjorndal & Carr 1989), after removing
nests (range, 79−301) observed each year (Table 1).
clutches associated with inter-nesting periods of < 6 d
Female CCL (Fig. 1, Table 1) averaged 88.4 ± 4.7 cm
(Miller 1997). Clutches with ≥ 240 eggs were excluded
(range, 73.5−113.2 cm). The average remigration
from our analyses because they represented extreme
interval was 3.2 ± 1.6 yr (median, 3 yr; range, 1−
outliers likely introduced by human error (i.e. 2
13 yr), and the mean inter-nesting period (Fig. 2) was
neighboring nests counted as a single clutch upon ex17.4 ± 7.1 d (median, 15 d; range, 0−58 d).
cavation). Clutch sizes with ≤ 61 eggs are excluded
Female abundance significantly increased from
from the analysis because 61 eggs is the smallest
1988 to 2007, then somewhat stabilized up to 2017
clutch size repeatedly recorded for individual females
(Fig. 3A; p < 0.01, R2 = 0.82). The number of remigrants and neophytes observed each year was
— smaller clutch sizes likely represent partial clutches.
consistent with the overall trend of total female
Extensive data on the location and environmental
abundance until 2007, but was followed by a declinvariables associated with each nest are also collected,
ing trend in neophytes from 2007 to 2017 (Figs. 3B
but these data are not presented here. Trends in ob& S2). Similarly, nest abundance significantly inserved and estimated clutch frequency will be recreased from 1988 to 2007, but exhibited a signifiported in a separate manuscript (A. G. Gulick et al.
cant decline during 2007−2017 (Fig. 3C; p < 0.01,
unpubl.). However, it is clear from satellite tagging
R2 = 0.71). The low values for female and nest
data collected during inter-nesting periods that some
abundance during the year 2000 were an anomaly,
females documented nesting at BIRNM also lay
and not attributable to changes in monitoring effort
clutches on the nearby, unmonitored beaches of St.
Croix during the same nesting season (Iverson et al. 2016, Hart et al. 2019).
Table 1. Summary statistics for morphological and reproductive paraGeneralized additive models (GAMs)
meters of hawksbill turtles Eretmochelys imbricata that nested at Buck
with negative binomial link functions to
Island Reef National Monument (1988−2017). See Section 2.2 for how
account for autocorrelation were used to
female curved carapace length (CCL) was measured; measurements of
evaluate temporal (year) effects on annual
individual females encountered in successive years are included.
See Section 2.2 and Fig. S1 for justification of minimum and maximum
counts of females and nests (i.e. abundance)
values defined for clutch size (CS). IP: inter-nesting period; HS: hatch
during 1988−2017. GAMs with continuoussuccess; ES: emergence success; HP: hatchling production
time first-order autoregressive processes to
account for autocorrelation were used to
Parameter
N (unit)
Mean ± SD
Range
evaluate temporal effects on annual means
of the following reproductive parameters:
Females (n yr−1) 1293 (observations)
43 ± 21
11−78
hatch success, emergence success, clutch
Nests (n yr−1)
4614 (clutches)
154 ± 60
79−301
size, hatchling production, and female body
CCL (cm)
2138 (measurements)
88.4 ± 4.7 73.5−113.2
IP (d)
1349 (annual records)
17.4 ± 7.1
0−58
size (CCL). Within-season and within-female
HS (%)
2483 (clutches)
69.4 ± 26.6 0.0−100.0
variation of reproductive parameters will
ES (%)
2479 (clutches)
63.0 ± 29.1 0.0−100.0
be evaluated in a separate study (NPS
CS (eggs)
2508 (clutches)
142.8 ± 28.9
62−238
unpubl. data). Models were fit using thinHP (n clutch−1)
2479 (clutches)
89.2 ± 45.0
0−226
plate regression splines to evaluate effects
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Fig. 1. Size-class frequency distribution of curved carapace
length (CCL) of female hawksbill turtles Eretmochelys imbricata nesting at Buck Island Reef National Monument over
29 yr (1988−2017) (n = 2138; mean ± SD, 88.4 ± 4.7 cm; range,
73.5−113.2 cm). Measurements of CCL of individual females
encountered in successive years were included. See Section
2.2 for how CCL was measured

or weather events that could have impacted nesting
beach habitat. Markedly low values for female
nest abundance during 2017 were due to the occurrence of 2 category 5 hurricanes that occur red
within a 14 d period.
Summary statistics and annual trends for hatch success, hatchling emergence success, clutch size, and
hatchling production are reported in Table 1 and
Fig. 4. Significant temporal trends were not detected
across the 29 yr study period for annual mean hatch
success (Fig. 4A; p = 0.16, R2 = 0.14), emergence success (Fig. 4B; p = 0.36, R2 = 0.02), and hatchling production (Fig. 4D; p = 0.05, R2 = 0.17). Hatch success,
emergence success, and hatchling production averaged 69.4 ± 26.6%, 63.0 ± 29.0%, and 89.2 ± 45.0
individuals clutch−1 respectively, with lower values recorded during 1995 and 1999 after the occurrence of

Fig. 2. Frequency distribution of inter-nesting period for
hawksbill turtles Eretmochelys imbricata that nested at
Buck Island Reef National Monument over 29 yr (1988−
2017) (n = 1349; mean ± SD, 17.4 ± 7.1 d; range, 0−58 d)

Fig. 3. Effort-adjusted annual counts of female hawksbill turtles Eretmochelys imbricata and nests observed at Buck Island Reef National Monument. Saturation tagging was conducted for 29 yr (1988−2017), and all (A) females (p < 0.01, R2 =
0.82), (B) including remigrants (M) and neophytes (n), and
(C) nests (p < 0.01, R2 = 0.71) encountered during nocturnal
patrols were counted. Solid lines in A and C: model predictions from generalized additive models with negative binomial link functions; dashed lines: 95% CI

major hurricanes (Fig. 4A,B). Low emergence success
and hatchling production during 2015 was due to a
temporary sampling protocol change that affected
values for that year only. Variation in hatchling production was explained mostly by emergence success
(Fig. S3; p < 0.01, R2 = 0.81), and not clutch size.
Mean clutch size was 142.8 ± 28.9 eggs, and annual
mean clutch size exhibited an overall significant decline across the study period (Fig. 4C; p < 0.01, R2 =
0.68). The significant decrease in annual mean clutch
size across the study period was partially driven by
the significant decline in mean annual CCL of nesting females (Fig. 5; p < 0.01, R2 = 0.57).
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Fig. 4. Graphical summary of reproductive parameters (annual mean ± SD) for hawksbill turtle (Eretmochelys imbricata)
nests at Buck Island Reef National Monument (1988−2017): (A) hatching success (HS), (B) hatchling emergence success (ES),
(C) clutch size (CS), and (D) hatchling production (HP). CS significantly declined during the study period (p < 0.01, R2 = 0.68);
temporal trends for the other parameters were not significant. Solid trend line in C: predictions from a generalized additive
model; shaded area: 95% CI. Major hurricanes that contributed to substantial single-year declines in some reproductive
parameters occurred during 1995 and 1999. Low ES and HP during 2015 are due to a protocol change that affected
values for that year only

4. DISCUSSION
4.1. Abundance trends and implications for
female productivity

Fig. 5. Curved carapace length (CCL) of female hawksbill
turtles Eretmochelys imbricata nesting at Buck Island Reef
National Monument significantly declined during 1990−
2017 (p < 0.01, R2 = 0.57). Female CCL measurements obtained during 1988−1989 were excluded from the analysis
due to insufficient sample size. Solid trend line: predictions
from a generalized additive model; dashed lines: 95% CI.
See Section 2.2 for how female CCL was measured

The hawksbill nesting population at BIRNM has
dramatically increased since the first records of nesting activity in 1980−1985 (Zullo 1986). The initial recovery trend in female abundance from 1988 to 2007
(Fig. 3A) was clearly supported by increased female
recruitment to the nesting population (Fig. 3B), resulting in the corresponding increase in nest abundance (Fig. 3C). The rebound of hawksbills at BIRNM
is a conservation success attributable to protection
under the Endangered Species Act, effective eradication of invasive mammalian predators (mongoose and
rats) by 1993 (Hillis-Starr & Phillips 1998, Witmer et
al. 2007), increased patrols of park rangers to elimi-
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nate poaching, the establishment of long-term monitoring and research efforts via the BISTRP (HillisStarr & Phillips 1998), and public education. Although
most index nesting sites in the Caribbean have reported declining hawksbill stocks (see Meylan 1999,
Mortimer & Donnelly 2008), BIRNM is one of few index sites to report population increases through the
mid-2000s, in addition to Antigua (Richardson et al.
2006, Stapleton et al. 2010); Mona Island, Puerto Rico
(van Dam et al. 2013); Barbados (Beggs et al. 2007);
and Guadeloupe (Kamel & Delcroix 2009).
Following the initial recovery trend from 1988 to
2007, female abundance stabilized during 2007−2017,
which was supported mostly by remigrants (Fig. 3B),
whereas nest abundance significantly declined
(Fig. 3C) and abundance of neophytes exhibited a declining trend after 2007 (Fig. 3B). Although annual
mean hatch success, emergence success, and hatchling production did not exhibit temporal trends during
1988−2017 (Fig. 4), significant declines in clutch size
(Fig. 4C) and female body size (CCL) (Fig. 5) were detected. These results collectively suggest that nesting
habitat-use patterns of females are changing (see
Hart et al. 2019), and that female recruitment and productivity may be declining. Several factors could contribute to changes in productivity of this index population, including region-wide ecological regime shifts
that degrade hawksbill foraging habitats, to localized
changes in shoreline dynamics that impact nesting
habitat-use patterns.
Climate change poses a major threat to the survival
of sea turtles (Hamann et al. 2013, Rees et al. 2016),
and a thorough understanding of population demographics is critical to identifying factors that impact
population productivity. Growth dynamics are valuable bio-indicators of environmental change, particularly at regional scales (e.g. Bjorndal et al. 2017).
Growth rates of several sea turtle species (Avens et
al. 2015, Bjorndal et al. 2017), including hawksbills
(Bjorndal et al. 2016, Avens et al. 2021), have significantly declined throughout the Western Atlantic (including the Caribbean) since 1997, a phenomenon
likely driven by an ecological regime shift that resulted from the concurrence of long-term ocean
warming and the El Niño-Southern Oscillation that
occurred in 1997−1998 (the strongest on record)
(Bjorndal et al. 2017). Such declines in growth rates
could be contributing to the observed decreases in female body size for multiple species across nesting
sites in the Western Atlantic (e.g. Phillips et al. 2021),
which has important implications for female productivity and hatchling production. It is well documented
that clutch size increases with female body size in sea

turtles (e.g. Frazer & Richardson 1986, Broderick et
al. 2003, Wallace et al. 2007, Le Gouvello et al. 2020),
including hawksbills (Bjorndal et al. 1985). Because
clutch size is significantly impacted by the environmental conditions that influence nutritional intake of
nesting females (Bjorndal et al. 1985), the long-term
annual declines in mean female body size and clutch
size observed at BIRNM (Figs. 4C & 5) have important implications for overall hatchling production,
and reinforce that an ecological regime shift in the region may be an underlying driver of these declines
(Bjorndal et al. 2017). Most of the variation in hatchling production is explained by emergence success
(Fig. S3); thereby, any decline in emergence success,
combined with reduced clutch size, could affect
hatchling production over the long term — particularly as climate change (e.g. sea-level rise, increased
storm frequency) impacts nesting beach habitats.
Localized changes to the shoreline dynamics at
BIRNM (i.e. beach erosion due to sea-level rise and
increased storm frequency) could also be driving
changes in nesting habitat use patterns of females.
Use of multiple nesting beaches within a single
breeding season is a common behavior reported for
female hawksbills (e.g. Moncada et al. 1999, Beggs
et al. 2007). The decline in nest abundance since
2007 relative to the stability of female abundance
(Fig. 3) suggests that this behavior may have become
more common in BIRNM hawksbills over the last
decade. Satellite tracking studies of female hawkbills
nesting at BIRNM have confirmed that some individuals are utilizing beaches in the park and on the
neighboring developed island of St. Croix (2.4 km
southwest of BIRNM) within a single nesting season
(Iverson et al. 2016, Hart et al. 2019). In addition, the
number of hawksbill nests observed annually on St.
Croix beaches has markedly increased since 2007
(Mortimer & Donnelly 2008), which corresponds to
when nest abundance at BIRNM began to decline
relative to female abundance. However, it is critical
to recognize that the majority of nesting beaches
available on St. Croix are unprotected/unmonitored
and records of BIRNM females encountered on these
beaches are limited, thus providing further justification for the continued value of BIRNM as the primary
index nesting beach and saturation tagging program
for hawksbills in St. Croix and the USVI. Although
multiple factors are likely contributing to ‘spill-over’
of hawksbill nesting activity beyond the park boundary, the recent changes in shoreline dynamics (e.g.
erosion, storm berms, and washout of tree roots making the beach inaccessible in key nesting areas) at
BIRNM and the corresponding impacts on female
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habitat use and availability of nesting habitat warrant further study in order to adapt management
strategies.

4.2. Hawksbill recovery plan and management
recommendations
The primary goal outlined in the hawksbill recovery plan for the US Caribbean, Gulf of Mexico, and
Atlantic is to delist the species if all recovery criteria
and actions are met by 2020 (National Marine Fisheries Service & US Fish and Wildlife Service 1993). In
the context of nesting populations, such criteria include a statistically significant increase in the annual
number of nests over a period of at least 25 yr, and a
75% hatching success rate on major nesting beaches.
The recovery plan requires that these criteria be met
at BIRNM and Mona Island, Puerto Rico (the primary
index nesting sites under US jurisdiction) for the species to be delisted.
Based on the trends in abundance and reproductive parameters presented in this study, BIRNM is at
a critical point where the female population appears
to have stabilized, while annual hatching success has
been maintained at 69.4 ± 26.6%. However, declines
in female body size and clutch size (this study), decades of female-biased sex ratios of BIRNM hatchlings (Wibbels et al. 1999, Lyons 2020), and regional
declines in hawksbill growth rates (Bjorndal et al.
2016) warrant concern. Therefore, it is unclear
whether the observed trends in abundance and reproductive success reflect those of a healthy, aging
female population or are early signs of severe decline
that warrant management intervention. Although
the hawksbill population at BIRNM has rebounded
dramatically and some of the recovery criteria are
close to being met in the park, some factors likely
driving changes in abundance and reproductive success were not anticipated when the recovery plan
was drafted in the early 1990s (i.e. sea-level rise, increasing storm strength and frequency, increasing
temperatures, beach erosion etc.). At that time, the
main focus of the recovery plan was to reduce illegal
take by humans and establish long-term protected
index sites for the species (National Marine Fisheries
Service & US Fish and Wildlife Service 1993), and
many adjacent unprotected and unmonitored nesting sites were excluded due to lack of data (Mortimer
& Donnelly 2008).
Our results highlight the value of BIRNM as an index nesting site for assessing hawksbill status and
guiding species recovery plans, further emphasizing
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the need for continued investment in the saturation
tagging program at BIRNM to protect this index population. Our study provides a foundation for assessments of female population demographics (including
changes to clutch frequency [A. G. Gulick et al. unpubl.], senescence, etc.), which will be essential to determining the drivers of changes in abundance and
reproductive parameters, and informing management
action for this species in the Caribbean.
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