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Abstract. Understanding population status and trends is important for developing and evaluating man-
agement and conservation actions for threatened species. Monitoring population status of marine organ-
isms is especially challenging. Because sea turtles come ashore to lay their eggs and nests are easily
counted, these counts are commonly used as an index of abundance and population trends. Nest counts
do not provide a direct index of adult female population abundance because females typically lay more
than one nest per year and most do not reproduce every year. This study attempts for the first time to
investigate the likelihood that observed fluctuations of nest counts represent inter-annual changes of the
adult female population by accounting for uncertainty in reproductive rate parameters. We analyzed 30 yr
of reproductive data from the largest nesting loggerhead sea turtle population worldwide, breeding in
Florida (USA), and for the three Recovery Units and seven Management Units therein. Nest counts fol-
lowed a general non-monotonic trend with wide fluctuations that corresponded to decreasing and increas-
ing trends during short intervals. When we accounted for uncertainty in both clutch frequency and
remigration interval, there was no evidence for an increasing or a declining trend in the breeding female
population across the entire period. Despite extensive conservation efforts and protections for loggerheads
in Florida and the wider USA, we did not find evidence of a strong population recovery. We recommend
maintaining a high level of protection, addressing persistent anthropogenic threats, continued collection of
rigorous nest-count data, and monitoring reproductive parameters to better link nest counts to adult
female population abundance. Our results demonstrate the need for caution in using nest counts as a direct
proxy for adult female population status, as it may lead to unsupported conclusions potentially detrimen-
tal to conservation. Therefore, we recommend to always translating nest trends to at least adult female
trends, including uncertainty in reproductive parameters. Our approach can be exported to other popula-
tions, even where reproductive parameters are not available. Applying high parameter uncertainty
obtained from other populations can help identifying unequivocal population changes; that is, nest trends
unlikely justified by uncertainty and poor knowledge of reproductive parameters.
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INTRODUCTION

Over the last five centuries, sea turtle popula-
tions have been so drastically reduced by anthro-
pogenic activities that they may no longer fulfill
their historical ecological roles (Jackson et al.
2001, Bjorndal and Jackson 2003). Although
direct exploitation for meat and eggs has been
reduced, several other anthropogenic threats
continue to cause concern. These threats primar-
ily include bycatch in fisheries (Wallace et al.
2013a), habitat loss (Fuentes et al. 2016, Nelson
Sella and Fuentes 2019), pollution (Keller et al.
2012, Casale et al. 2016, Lauritsen et al. 2017),
and climate change (Fuentes et al. 2011, Rees
et al. 2016, Von Holle et al. 2019). Although there
has been some improvement in bycatch in a few
localized instances (Finkbeiner et al. 2011, Gil-
man and Huang 2017, Swimmer et al. 2017), the
issue of bycatch is far from being resolved and
continues to pose a serious threat to sea turtle
recovery (Wallace et al. 2013a, Rees et al. 2016).

Understanding trends in population abun-
dance for threatened species is important when
developing or evaluating management and con-
servation actions. For sea turtles, and marine ani-
mals in general, monitoring population
abundance is particularly challenging because of
their scale of distribution, migratory nature, and
cryptic early life stages. Sea turtles come ashore
to lay egg clutches in nests (hereafter, nests),
which can easily be counted along beaches.
However, nests are an indirect representation of
adult female abundance because females lay
more than one nest per year and do not typically
reproduce every year (Miller 1997). Moreover,
females are only one part of the adult population,
and adults are only a small fraction (~1%) of the
total population (Crowder et al. 1994, Heppell
et al. 1996, 2003a, Chaloupka and Limpus 2002,
Casale and Heppell 2016). Furthermore, because
sea turtles take decades to reach sexual maturity
(Heppell et al. 2003b), any fluctuations observed
in nest counts (and by extension, adult females)
are the cumulative result of events (either threats
or conservation measures) that occurred prior,
either on the nesting beach or in the water. These
limitations notwithstanding, nest counts have
always been the most common, if not sole, index
of sea turtle population abundance and trends

(Carr et al. 1978, Meylan 1982, Schroeder and
Murphy 1999, National Marine Fisheries Service
and U.S. Fish and Wildlife Service 2008, Wither-
ington et al. 2009, Wallace et al. 2013b, Casale
and Tucker 2017, Mazaris et al. 2017). Nest
counts can be widely and systematically
obtained, compared among study locations, and
tracked over long time series.
Like other sea turtle species, the loggerhead

turtle (Caretta caretta) is protected by various
international treaties and agreements (e.g., the
Convention on International Trade of Wild Flora
and Fauna [CITES] Appendix S1) as well as
national laws (e.g., U.S. Endangered Species Act,
Canada Species at Risk Act). Of the 10 logger-
head Regional Management Units (RMU) identi-
fied by Wallace et al. (2010), the Northwest
Atlantic is the largest (Casale and Tucker 2017).
The Northwest Atlantic Loggerhead is listed as a
Distinct Population Segment (DPS) under the
U.S. Endangered Species Act. The main nesting
beaches for this DPS are located in Florida, USA
(89% of nests; Ceriani and Meylan 2017), and,
therefore, monitoring reproductive effort in Flor-
ida is particularly important at both the popula-
tion and species level.
The Florida Statewide Nesting Beach Survey

(SNBS) program was launched in 1979 by the
Florida Department of Natural Resources (now
the Fish and Wildlife Research Institute [FWRI]
of the Florida Fish and Wildlife Conservation
Commission [FWC]) to monitor sea turtle nesting
activity in the state. The program gradually
expanded to include most of the state’s sandy
beaches (224 beaches and 1350 km surveyed in
2018). In 1989, FWC initiated the Florida Index
Nesting Beach Survey (INBS) program to com-
plement the SNBS. The INBS consists of a subset
of SNBS beaches where surveyors follow a stan-
dardized protocol that ensures consistent moni-
toring effort (e.g., fixed start and end dates, fixed
time window for daily early-morning surveys,
and fixed survey boundaries). Surveyors at these
beaches committed to a minimum of 10 yr of
participation in the program, including standard-
ized reporting and annual training workshops.
The INBS program provides a reliable index of
nesting activity in Florida and has been instru-
mental in assessing and monitoring the status of
loggerheads (National Marine Fisheries Service
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and U.S. Fish and Wildlife Service 2008, Conant
et al. 2009, Witherington et al. 2009).

Nesting on Florida index beaches showed an
increase between 1989 and 1998 but a steep
decline between 1998 and 2006, producing a net
decrease over the 18-yr period (1989–2006)
(Witherington et al. 2009). Witherington et al.
(2009) considered it unlikely that the decrease
observed in Florida nest counts was due to a
change in reproductive rates. The nesting trend
was hypothesized to represent a decline in the
number of adult females in the population, and,
of the various explanations considered, Wither-
ington et al. (2009) suggested that bycatch in
fisheries was the most plausible cause of the
decline. This and other assessments of the North-
west Atlantic subpopulation prompted concern
among scientists and managers that the largest
nesting population in the Atlantic could be
declining (National Marine Fisheries Service and
U.S. Fish and Wildlife Service 2008, Conant et al.
2009). These concerns were particularly strong in
the USA because the species had been listed
under the Endangered Species Act (ESA) since
1978 and a variety of conservation measures
aimed at recovering the species were imple-
mented on nesting beaches and in the marine
environment during the subsequent 30 yr. These
conservation measures included protecting nest-
ing habitat, reducing nest depredation, reducing
beachfront lighting, and modifying fishing gears
to reduce bycatch (including requirements to use
Turtle Excluder Devices [TEDs] in the U.S.
shrimp fishery and requiring large circle hooks
and/or fish bait to reduce bycatch in certain sec-
tors of the U.S. longline fisheries; National Mar-
ine Fisheries Service and U.S. Fish and Wildlife
Service 2008).

The cause(s) of the fluctuation in Florida log-
gerhead nest counts remains unclear. Assuming
that loggerheads are not shifting nesting site to
or from Florida—a realistic assumption given
that Florida hosts by far the largest nesting
aggregation in the Atlantic (Ceriani and Meylan
2017)—one key question is how much of the vari-
ability in nest counts is due to female population
abundance and how much is due to other param-
eters such as reproductive effort. In this paper,
we explore the extent to which estimates of adult
female trends derived from nest counts are influ-
enced by the uncertainty in two reproductive

parameters—remigration interval (number of
years between consecutive nesting seasons) and
clutch frequency (number of clutches laid by a
female in a given nesting year). This represents
an extension to temporal series of the approach
previously undertaken by Richards et al. (2011)
to estimate the abundance of the Northwest
Atlantic loggerhead population considered as
static. We also address what the most effective
management response should be in a system
with inherent delay between causes and effects.
Such a lag time is expected given that Northwest
Atlantic loggerhead females reach sexual matu-
rity at a minimum of 22.5–25 yr, with a mean of
36–38 yr (Avens et al. 2015), and nest counts are
the cumulative result of events impacting
females during that timeframe and thereafter.
The objectives of this study were to (1) provide

updated nest counts of loggerheads on Florida
index beaches over a 30-yr period (1989–2018)
and, from these, (2) derive abundance estimates
of annual nesting females and total adult females
using the best available data on reproductive
rates and incorporating the uncertainty around
those two parameters, for the seven genetically
distinct Management Units (Shamblin et al.
2012) and three Recovery Units (National Marine
Fisheries Service and U.S. Fish and Wildlife Ser-
vice 2008) present in Florida, (3) provide tempo-
ral trends of adult females over the last 30 yr
based on currently available knowledge, and (4)
discuss the implications for sea turtle conserva-
tion and management in Florida. Finally, we pro-
pose that the Northwest Atlantic loggerhead—
one of the best-studied sea turtle populations in
the world—can be used as a case study to inform
other programs about the importance of long-
term monitoring and the value of converting nest
counts to turtle abundance estimates when
assessing population trends.

MATERIALS AND METHODS

Data collection
Nest counts were collected from 1989 to 2018

during early-morning surveys designed to detect
the signs left by sea turtles that emerged the pre-
vious night. Trained surveyors used visible char-
acteristics of tracks and nests to distinguish
loggerhead nests from those of other sea turtle
species (primarily green turtles, Chelonia mydas,
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and leatherback turtles, Dermochelys coriacea) and
to distinguish nests from abandoned nesting
attempts (techniques described by Schroeder and
Murphy 1999, Florida Fish and Wildlife Conser-
vation Commission 2016). Tracks were marked
to prevent repeated counting. Surveys were con-
ducted under two complementary monitoring
programs, which differ in geographic and tem-
poral coverage and methods—the Statewide
Nesting Beach Survey program (SNBS) and
Index Nesting Beach Survey program (INBS).
The SNBS targets complete seasonal and geo-
graphic coverage, counts all tracks (above and
below the recent tide-mark), and currently
includes 224 beaches (Fig. 1), which represent
most of the suitable nesting habitat along the
sandy coastline, with survey gaps occurring only
in the Everglades area and in some of the more
remote keys in southernmost Florida. However,
SNBS monitoring effort has varied over time:
Beaches have been added, boundaries have fluc-
tuated, and survey dates and frequency have
varied. The INBS was developed to provide more
rigorous data that would be appropriate to
assess spatiotemporal nesting trends. Standard-
ized surveys are conducted with consistent mon-
itoring effort but at a finer spatial scale (beach
zones < 1 km) with smaller geographic and sea-
sonal coverage than SNBS beaches. The INBS
consists of a subset of SNBS beaches (n = 36;
Fig. 1), which are monitored daily from 15 May–
31 August each nesting season. Additionally,
counting effort is restricted to daily early-morn-
ing survey periods and to nests laid above the
recent tide-mark in order to limit daily count bias
from changing tidal cycles. To increase spatial
resolution, the 36 INBS beaches are divided into
permanent zones for a total of 517 zones (mean
length 855 � 264 m; range 152–3079 m). Surveys
that were conducted after a missed survey day
resumed only after nests from the missed days
were marked as not-to-be counted to ensure
counts accurately reflect the date the nest was
laid.

Shamblin et al. (2012) identified demographi-
cally independent Management Units (MUs)
within the Northwest Atlantic loggerhead popu-
lation and, as a result, FWC assigned all SNBS
and INBS beaches to one of the seven MUs occur-
ring in Florida: (1) Northeast Florida (NE), (2)
Central East Florida (CE), (3) Southeast Florida

(SE), (4) Southwest Florida (SW), (5) Central West
Florida (CW), (6) Northwest Florida (NW), and
(7) Dry Tortugas (DRTO; Fig. 1). INBS beaches
are spread throughout the principal nesting
range of the loggerhead in Florida (Fig. 1); 27 of
the 36 INBS beaches are considered core beaches
because they have been monitored since the
inception of the INBS program in 1989 and have
been used in the previous nesting trend analysis
(Witherington et al. 2009). These core beaches
are located in five MUs: NE (n = 7), CE (n = 8),
SE (n = 9), SW (n = 2), and CW (n = 1). We also
included data from three additional INBS bea-
ches located in the Gulf of Mexico that were
added to the program in 1997 because they rep-
resent an additional MU (NW). While we
included data from the DRTO MU (one INBS
beach) for estimating the current number of adult
females based on the last five years of nest counts
(2014–2018), for the analysis over the 1989–2018
period we excluded these data along with five
additional INBS beaches around the state where
monitoring started later or has been intermittent,
thus focusing on 30 of the 36 INBS beaches (465
zones) in six MUs (Appendix S1: Table S1). The
U.S. Loggerhead Recovery Plan divides the
Northwest Atlantic loggerhead Distinct Popula-
tion Segment (DPS) into five Recovery Units
(RUs) that are used to assess recovery status
(National Marine Fisheries Service and U.S. Fish
and Wildlife Service 2008). Three of these RUs
are found in Florida: the Peninsular Florida RU
(Florida/Georgia border south through Pinellas
County, Florida), the Dry Tortugas RU (islands
located west of Key West, Florida), and the
Northern Gulf of Mexico RU (northwest Gulf
coast of Florida through Texas, USA). The core
beaches used in this study represent the Peninsu-
lar Florida RU, while the three additional INBS
beaches in NW Florida represent the bulk of the
Northern Gulf of Mexico RU.

Estimate of track identification error
We assumed that sea turtle tracks were con-

spicuous and unlikely to be missed if a beach
was completely surveyed in accordance with
established INBS survey protocols. However, we
expected that the identification of species and
track type would have error. Witherington et al.
(2009) evaluated surveyors’ ability to identify
loggerhead tracks. We continued and expanded
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the previous assessment by evaluating survey-
ors’ ability to identify species (loggerhead vs.
green turtle) and track type (nest vs. abandoned
nesting attempt) during the 2015, 2017, and 2018

nesting seasons at 10 high nest density INBS bea-
ches. During nighttime surveys, we directly
observed and recorded the activity of females
and placed a numbered flag by the track apex. A

Fig. 1. Sea turtle nesting beaches in Florida where seasonal nest counts have been made. Black shoreline-shad-
ing represents all FWC Statewide Nesting Beach Survey (SNBS) beaches surveyed during the period 2014–2018.
White shading represents the 27 core beaches of the FWC Index Nesting Beach Survey (INBS) program used in
this study (1989–2018), while white-dotted shading represents the three INBS beaches in Northwest Florida that
joined the program in 1997. All index beaches were surveyed daily for the INBS sampling season (15 May–31
August) each year. Black bars delineate boundaries between the loggerhead Management Units (MUs) found in
Florida: Northeast (NE), Central East (CE), Southeast (SE), Dry Tortugas (DRTO), Southwest (SW), Central West
(CW), and Northwest (NW). This study does not include the DRTO MU (one index beach) and five other index
beaches around the state, where monitoring started later or has been intermittently. NE, CE, SE, SW, and CW
MU combined make up the Peninsular Florida Recovery Unit (RU), while the NW MU represents the bulk of the
Northern Gulf of Mexico RU and the DRTO MU is included in the Dry Tortugas RU.
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separate group of INBS surveyors assessed these
pre-identified tracks during their regular surveys
the following morning using only visible charac-
teristics of the track. We calculated INBS survey-
ors’ accuracy in interpreting tracks (i.e.,
identifying the species; discriminating between
loggerhead nests and non-nesting attempts) as
the ratio of correct/total and also estimated the
associated 95% confidence intervals assuming a
binomial distribution (Zar 1999).

Data analyses
Despite standardized effort, there are a small

number of gaps in the survey data for INBS bea-
ches. To correct for these lost days, we calculated
an effort-adjusted nest count for each year
according to the method described by Withering-
ton et al. (2009). At one beach (Flagler Beach, NE
MU), INBS surveys began in 1990, so we substi-
tuted the 1989 SNBS nest count (n = 63) for the
1989 INBS count, which likely represents a slight
underestimate of the true nest count, given
reduced monitoring effort in 1989. Similar to
Witherington et al. (2009), we used restricted
cubic splines, with a negative binomial regres-
sion model, to summarize the longitudinal
trends in nests counts.

From nest counts, the number of adult females
nesting in a specific year y (annual nesting
females or ANFy) was calculated as:

ANFy ¼
ny
c

(1)

where ny is the total number of nests in year y,
and c is the number of clutches laid by a female
in a breeding year (i.e., clutch frequency). The
total number of adult females in the population
for year y (TFy) was calculated as:

TFy ¼ ANFy � r (2)

where r is the remigration interval (number of
years between two consecutive nesting years). To
estimate TFy from ny, we used a probabilistic
resampling approach to account for the uncer-
tainty in c and r. In doing this, we assumed that c
and r do not co-vary. For each survey year y, we
randomly drew 50,000 values of c from a normal
distribution with mean = 5.4 and SD = 1.1. We
drew this distribution of clutch frequency from
Tucker (2010), who satellite tagged a total of 52
loggerheads on Casey Key (CW MU) between

2005 and 2009. Using these values of c, we gener-
ated 50,000 estimates of ANF for each survey
year according to Eq. 1. Similarly, we calculated
50,000 estimates of TF with Eq. 2, by multiplying
the ANF values described above with 50,000 ran-
dom values of r drawn from a normal distribu-
tion with mean = 2.71 and SD = 0.91. We drew
this distribution of remigration intervals from
Bjorndal et al. (1983), who monitored 149 female
loggerheads in CE Florida between 1972 and
1978. The mean and 95% confidence limits of TF
were calculated as the mean and 2.5 and 97.5%
empirical limits of the simulated distribution. We
considered non-overlapping 95% CIs between
two or more years as an unequivocal indication
of a TF change. Finally, for each of the 50,000
temporal series of annual estimates of TF we fit-
ted linear and exponential curves with the lm
and nls functions of R, respectively, and calcu-
lated mean and 95% CIs of the slopes and of the
annual growth rates, respectively. Keeping in
mind that a constant linear or exponential trend
across the entire monitored period represents a
simplified and unlikely scenario, we considered
cases with both 95% CIs increasing (or decreas-
ing) as an unequivocal indication of a positive
(or negative) TF trend.
Several studies have published remigration

intervals for loggerheads in Florida (Ehrhart
et al. 2014, Lamont et al. 2014, Phillips et al.
2014) but only three provide mean and SD for all
the intervals (i.e., more than one for the same
individual turtle). Two (Lamont et al. 2014, Phil-
lips et al. 2014) were conducted in the NW and
SWMU, respectively, and included long remigra-
tion intervals (up to 16 yr; probably due to
imperfect detection) and consequently had wide
SD. This may unduly increase uncertainty
around the current estimates. Therefore, we used
the values from Bjorndal et al. (1983) because
they did not include long remigration intervals
and were based on the CE MU, which is more
representative of the entire Florida assemblage.
However, Bjorndal et al. (1983) cautioned that
coverage on the 11.2-km segment of Melbourne
Beach in those early years was far from complete
and Melbourne-tagged turtles were frequently
documented nesting outside the study area, con-
tributing to error in remigration interval data.
It is important to stress that the uncertainty we

have addressed in c and r is based on simulations
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from one distribution. We assume that, while
variable, these factors have remained stable
throughout the study period and geographic
range. It is possible that there have been trends
in one, or both, of these parameters over the 30-
yr period covered by this study.

All analyses were performed with R (R Devel-
opment Core Team 2018), except effort-adjusted
nest counts and restricted cubic spline models
that were estimated with SAS v 9.4 (Cary, North
Carolina, USA).

RESULTS

A total of 2,152,238 and a subset of 1,410,846
loggerhead nests were observed on SNBS and
INBS beaches from 1989 to 2018 (excluding Dry
Tortugas), respectively. We estimated a total of
1,426,693 nests on INBS beaches after adjusting
for effort (Table 1). Missed nests estimated by the
adjustment for effort accounted for 1.1% of the
total estimated nests (effort-adjusted), ranging
from 0.1 to 1.4% in the five MUs of the core area,
while they were 4.6% in the NW MU (Table 1).
Unless otherwise specified, all the following
analyses were performed on effort-adjusted nest
counts (INBS). INBS surveyors correctly identi-
fied the species in 97.7% of 304 tracks (95% CI
95.3–99.1%) and true nests in 94.6% of 239 log-
gerhead tracks (95% CI 90.9–97.1%), which was
comparable to the rate (91.3%) reported from the
period 1993–1999 (Witherington et al. 2009), sug-
gesting that surveyors’ accuracy has remained
consistently high over time.

Annual nest counts for 1989–2018 for the core
INBS study area representing the Peninsular
Florida RU, and for each MU, are shown in
Figs. 2 and 3, respectively. In the core INBS sites
(i.e., excluding the NW MU), nest totals ranged
from 29,133 to 66,235 annually, with an annual
mean ranging from 46 to 27,819 among the five
MUs (Table 1). In the NW, MU nests ranged from
72 to 307 annually (1997–2018) with an annual
mean of 169 nests. The core INBS nests in five
MUs represented an average of 68% (SD 8%;
range 52–81%) of the SNBS nest count from the
same year and MUs. For the NW MU, this aver-
age was 16% (SD 3%; range 11–22%).

The mean number of annual nesting female
turtles (ANF) estimated in the core INBS study
area varied from 5655 (in 2007) to 12,873 (in

2016; Fig. 4). The wide 95% confidence intervals
reflect the high level of uncertainty. The 95% con-
fidence intervals did not overlap between some
years in the NW, CW, SW, and NE MUs (Fig. 5),
suggesting significant differences in ANF
between those years. However, 95% confidence
intervals overlapped widely in the most abun-
dant MUs (CE & SE; Fig. 5) and do not provide
strong evidence of differences. We found no indi-
cation of strong inter-annual differences in TF,
based on the largely overlapping 95% confidence
intervals in the sample of all core beaches (Fig. 6)
and in all MUs except CW (Fig. 7). Moreover, the
available data for the overall core beaches sample
and for CE and SE are compatible with a nearly
flat trend of the adult female population as well
as with a moderate increase or decrease (Figs. 6,
7; Appendix S1: Figs. S1 and S2). For the overall
core sample, the mean slope of the linear regres-
sion was b = �55 (95% CIs �517, 412) and the
fitting annual growth rate was g = 0.00934 (95%
CIs �0.02914, 0.05601). The fitting exponential
curves of annual growth rates are shown in
Appendix S1: Figs. S1 and S2 and values of
slopes and annual growth rates for each MU are
given in Table 2.
The total adult female population abundance

estimated from the total annual nests observed
(SNBS, including Dry Tortugas) in the most
recent five years (average 2014–2018) was 51,319
(95% CIs 16,639–99,739) and ranged from 179 to
24,544 among the MUs (Table 3).

DISCUSSION

Challenges in assessing population trends from
nest counts
Annual loggerhead nest counts varied greatly

in Florida between 1989 and 2018. While shorter
time frames within the time series (e.g., before
and after 2007) produced linear trends which
may support both pessimistic (Witherington
et al. 2009) and optimistic conclusions, the over-
all 30-yr pattern portrayed a general non-mono-
tonic trend with wide fluctuations (max/min
ratio = 2.3). This differs from the strong declin-
ing (e.g., Spotila et al. 2000, Tapilatu et al. 2013,
Mazaris et al. 2017) or increasing trends
observed elsewhere for loggerheads and other
sea turtle species (Marcovaldi and Chaloupka
2007, Chaloupka et al. 2008, Mazaris et al. 2017).
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In order to improve our understanding about
the adult female trends possibly causing the
observed nest trends, we implemented for the
first time to a temporal series of nest counts an

approach previously used for single-time esti-
mates, that is, the inclusion of reproductive
parameter uncertainty in the conversion from
nest counts to adult females (Richards et al.

Table 1. Annual average number of loggerhead turtle (Caretta caretta) nests documented by the FWC Statewide
Nesting Beach Survey (SNBS) and Index Nesting Beach Survey (INBS) programs in Florida from 1989 to 2018,
by Management Unit (MU).

MU

Annual average (range; total number of nests)

Adjustment (%)

SNBS INBS (Effort-Adjusted)

Annual
average Range n

Annual
average Range n

Northeast 1213 590–2543 36,389 350 151–758 10,501 0.8
Central East 31,144 19,416–43,583 934,330 27,819 16,646–39,140 834,556 0.9
Southeast 31,803 20,826–57,587 954,081 18,911 11,986–28,144 567,327 1.4
Southwest 1139 189–2427 34,165 307 162–532 9203 0.5
Central West 5636 2047–14,054 169,083 46 10–164 1393 0.1
Total core (PFL RU) 70,935 44,511–120,013 2,128,048 47,433 29,133–66,235 1,422,980 1.1
Northwest (NGoM RU) 1100 552–2297 2,4190 169 72–307 3713 4.6
Total (entire period) 2,152,238 1,426,693 1.1

Notes: The total core represents the Peninsular Florida Recovery Unit (PFL RU), while the Northwest MU represents the
bulk of the Northern Gulf of Mexico (NGoM) RU. The range of nests observed annually within each MU is provided in paren-
theses, along with the total number of nests observed in that region across all years. The % of nests potentially missed by direct
observation and added in the effort-adjusted total is also shown (Adjustment). Data are provided for each MU, of which five
represent the core Index sites monitored during the entire period, while Northwest (NW) was monitored since 1997.

Fig. 2. Effort-adjusted number of loggerhead turtle (Caretta caretta) nests documented on the Florida Index
Nesting Beach Survey (INBS) core beaches in the five Management Units (Northeast, Central East, Southeast,
Southwest, Central West) from 1989 to 2018. The dashed line is a 6-knot restricted cubic spline curve fit via nega-
tive binomial regression, similar to Witherington et al. (2009).
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2011). In spite of the marked changes in nest
counts observed during the study period, we did
not find clear evidence for either an increasing or
decreasing adult female population trend over
the 30-yr period. Results suggest breeding
females are increasing at some MUs, but not at
the two major MUs (CE and SE, which repre-
sented 82% of nesting in the last five years), and
consequently at the statewide population.

Due to the paucity of robust data on average
clutch frequency and remigration intervals in the
literature, nest counts are commonly used as an
index of adult female population abundance (Carr
et al. 1978, Meylan 1982, Schroeder and Murphy
1999, National Marine Fisheries Service and U.S.
Fish and Wildlife Service 2008, Witherington et al.
2009, Wallace et al. 2013b, Casale and Tucker
2017, Mazaris et al. 2017). However, present

Fig. 3. Effort-adjusted number of loggerhead turtle (Caretta caretta) nests documented on the Florida Index
Nesting Beach Survey (INBS) beaches within the six Management Units (MUs) of Florida (NW, Northwest, moni-
tored only since 1997; CW, Central West; SW, Southwest; NE, Northeast; CE, Central East; SE, Southeast). The
NW MU represents the bulk of the Northern Gulf of Mexico Recovery Unit (RU), while the other five MUs com-
bined represent the Peninsular Florida RU. See Fig. 1 for MU geographic boundaries. The dashed line is a 6-knot
restricted cubic spline curve fit via negative binomial regression, similar to Witherington et al. (2009).
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results show that they may provide an imperfect
picture of trends in the adult female population.
To directly relate nest count to adult female popu-
lation abundance, nest counts must be combined
with reproductive data–clutch frequency (the
number of nests made by each female in a season)
and the proportion of females nesting in a given
season (derived from remigration interval). A sim-
ple point estimate of average clutch frequency
and remigration interval fails to capture the
underlying variability in these conversion factors
(Snover and Heppell 2009, Richards et al. 2011)
and would simply mirror annual fluctuations of
nest counts (Mazaris et al. 2017).

While our approach included uncertainty
around clutch frequency and remigration

intervals, due to the paucity of estimates for
those parameters in the published literature, we
were unable to consider annual variability in
these measures (see also National Research
Council 2010). Our approach can be easily
exported to other populations, even where repro-
ductive parameters are not available. Since the
detection of trends depends on the variance and
not on the mean of the reproductive parameters,
applying high parameter uncertainty obtained
from other populations would result in wide
confidence intervals of the estimated adult
female population. Under a conservative
approach, non-overlapping confidence interval
would suggest cases of unequivocal population
changes, that is, when nest trends are unlikely

Fig. 4. Annual number of nesting female loggerhead turtles (Caretta caretta) in the five Management Units
(MUs) of Florida that have been monitored since 1989 (Northeast, Central East, Southeast, Southwest, Central
West), which combined represents the Peninsular Florida Recovery Unit (RU). Values are estimated from annual
nest counts at FWC Index Nesting Beach Survey (INBS) core beaches and the number of nests per female per
nesting season. Mean and 95% CIs (estimated from 50,000 replicates) are shown by closed squares and vertical
bars, respectively. The maximum of the low 95% CIs and the minimum of the high 95% CIs are shown by a trian-
gle and a circle, respectively. When the triangle is above the circle, 95% CIs of at least two years do not overlap
suggesting some inter-annual differences and possible evidence of a trend. When the circle is above the triangle,
all the 95% CIs overlap, suggesting no evidence of a trend.
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justified by uncertainty and poor knowledge of
reproductive parameters.

Clutch frequency and remigration intervals are
logistically difficult and expensive to measure,

resulting in few published estimates. Clutch fre-
quency requires near complete records of nesting
behavior for individual females—records most
reliably attainable with satellite telemetry data

Fig. 5. Annual number of nesting female loggerhead turtles (Caretta caretta) in each of the six Management
Units (MU) of Florida (NW, Northwest, monitored only since 1997; CW, Central West; SW, Southwest; NE,
Northeast; CE, Central East; SE, Southeast). The NW MU represents the bulk of the Northern Gulf of Mexico
Recovery Unit (RU), while the other five MUs combined represent the Peninsular Florida RU. Values are esti-
mated from annual nest counts at FWC Index Nesting Beach Survey (INBS) beaches and the number of nests per
female per nesting season. Mean and 95% CIs (estimated from 50,000 replicates) are shown by closed squares
and vertical bars, respectively. The maximum of the low 95% CIs and the minimum of the high 95% CIs are
shown by a triangle and a circle, respectively. When the triangle is above the circle, 95% CIs of at least two years
do not overlap, suggesting some inter-annual differences and possible evidence of a trend. When the circle is
above the triangle, all the 95% CIs overlap, suggesting no evidence of a trend. See Fig. 1 for MU geographic
boundaries.
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for large populations (Tucker 2010, Esteban et al.
2017). A novel genetic approach was recently
undertaken to determine accurate clutch fre-
quency by identifying mothers from their
clutches (Shamblin et al. 2017). Conversely, remi-
gration intervals are best estimated with tradi-
tional capture–mark–recapture techniques.
Assessing the proportion of breeding females in
all the foraging grounds of a population is cur-
rently unfeasible. The use of satellite telemetry to
estimate remigration interval is limited by the
duration of the transmitters, usually much
shorter than most remigration intervals. Multiple
years of genetic fingerprinting, as suggested
above, could theoretically provide data on remi-
gration intervals as well. However, this approach
would be limited to small populations, or small

geographic scales, and would likely not be feasi-
ble for large populations, or at large geographic
scales, such as the Florida loggerhead assem-
blage.

A disturbing lack of recovery of the world's largest
loggerhead nesting assemblage
Our abundance estimate for adult female log-

gerheads nesting in Florida is higher than a
previous estimate (Richards et al. 2011), partly
due to an additional period of nest counts as
well as different reproductive estimates. How-
ever, we did not find any unequivocal indica-
tion of population recovery—namely, an
increasing trend in nest counts that “corre-
sponds to an increase in number of nesting
females (estimated from nests, clutch frequency,

Fig. 6. Total adult female population abundance of loggerhead turtles (Caretta caretta) in the five Management
Units of Florida monitored since 1989 (Central West, Southwest, Northeast, Central East, Southeast), which com-
bined represents the Peninsular Florida Recovery Unit (RU). Values are estimated from annual nest counts at
FWC Index Nesting Beach Survey (INBS) core beaches, number of nests per female per nesting season and inter-
val between nesting years (both obtained through 50,000 randomly generated values; see text for details). Solid
and dotted lines represent the mean and 95% CIs of the slope of the regression of the estimates (from 50,000 repli-
cates). Other symbols as in Fig. 4.
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and remigration interval),” as identified by the
first demographic recovery criterion in the U.S.
loggerhead recovery plan (National Marine
Fisheries Service and U.S. Fish and Wildlife Ser-
vice 2008).

We expected to find evidence of recovery
given the extensive conservation efforts and pro-
tections that have targeted loggerheads in Flor-
ida, and the wider USA, for several decades
(National Marine Fisheries Service and U.S. Fish
and Wildlife Service 2008). These actions and

protections mirror those for other sea turtle spe-
cies that share Florida nesting beaches with log-
gerheads. In contrast to loggerhead nesting
trends, nest counts for Florida green turtles have
risen at an exponential rate (Chaloupka et al.
2008, Valdivia et al. 2019; FWC unpublished data).
Such a long, monotonic increase is unlikely to be
explained by variability in reproductive parame-
ters alone. Threats uniquely affecting Florida’s
loggerhead population were discussed by
Witherington et al. (2009) and National Marine

Fig. 7. Total adult female population abundance of loggerhead turtles (Caretta caretta) in each of the six Man-
agement Units (MUs) of Florida (see Fig. 5 for codes and definitions of MUs and Recovery Units). Values are esti-
mated from annual nest counts at FWC Index Nesting Beach Survey (INBS) beaches, number of nests per female
per nesting season, and interval between nesting years (both obtained through 50,000 randomly generated val-
ues; see text for details). Symbols as in Fig. 6.
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Fisheries Service and U.S. Fish and Wildlife Ser-
vice (2008).

Several studies have attempted to explain
proximal causes for the wide fluctuations in Flor-
ida loggerhead nest numbers and the decline
observed from approximately 1999–2007
(Witherington et al. 2009, Van Houtan and Hal-
ley 2011, Arendt et al. 2013). Bjorndal et al.
(2013) identified a simultaneous decline in
growth rate of immature Northwest Atlantic log-
gerheads at the time nest counts were declining
in Florida, which might reflect an effect of an
environmental change on productivity, through
slower growth rate, delayed sexual maturity,
and/or decreased fecundity expressed as

reduction in clutch frequency and longer remi-
gration interval. Previous studies reached plausi-
ble but divergent conclusions (Van Houtan and
Halley 2011, Arendt et al. 2013) underscoring
our incomplete understanding of population
trends and the demographic processes driving
those trends. This lack of understanding is an
impediment to projecting population trends and
risk of extinction. Even when nest-count fluctua-
tions reflect changes in population numbers,
without an understanding of contributing demo-
graphic parameters, these patterns would require
several cycles, spanning decades, to provide suf-
ficient evidence to draw conclusions about popu-
lation trends.

Implications for conservation and management
A comparison of recent five-year-annual-aver-

age loggerhead nest counts with comparable
data from other regions (Casale and Tucker 2017)
reveals that, worldwide, Florida is the most
important nesting area for this species, likely
hosting more than 40% of the nests laid globally.
We point out that this concentration of nesting
within a single geopolitical unit presents a global
responsibility for federal, state, and local man-
agement authorities. Florida conservation agen-
cies (principally FWC and county departments),
beach management agencies (principally Florida
Department of Environmental Protection and
county departments), and federal agencies (prin-
cipally National Oceanic and Atmospheric
Administration, U.S. Fish and Wildlife Service,
U.S. Army Corps of Engineers, and Bureau of
Ocean Energy and Management) have critical
roles in the conservation of loggerheads within
the Northwest Atlantic RMU/DPS, with

Table 2. Slopes and annual growth rates calculated from linear regression and exponential curves fitted on the
estimates (50,000 replicates; see text) of loggerhead adult females for each Management Unit (MU) of the Flor-
ida assemblage.

Linear regression
mean slope (95% CIs)

Exponential curve mean
annual growth rate (95% CIs)

Northeast 6.9 (3.3–11) 0.04948 (0.01544–0.09432)
Central East �70.5 (�335.5 to 194.1) 0.01144 (�0.02634 to 0.05795)
Southeast 4.1 (�189 to 200.3) 0.00605 (�0.03513 to 0.0543)
Southwest 2.2 (�0.9 to 5.6) 0.0342 (�0.00108 to 0.08047)
Central West 1.3 (0.7–2.1) 0.06534 (0.02989–0.11216)
Total core �55.2 (�517 to 412.3) 0.00934 (�0.02914 to 0.05601)
Northwest (NGoM RU) 2.4 (�0.7 to 5.6) 0.00827 (�0.05427 to 0.07766)

Table 3. Average annual number of loggerhead turtle
(Caretta caretta) nests documented in Florida in the
last 5-yr period (2014–2018) on FWC Statewide Nest-
ing Beach Survey (SNBS) beaches across different
Management Units (MUs) and the corresponding
total number of adult females estimated.

MU
Nests
(SNBS)

Total females mean
(CI 95%)

Northeast 1852 974 (316–1885)
Central East 33,795 17,794 (5724–34,757)
Southeast 46,597 24,544 (7868–47,882)
Southwest 2036 1066 (341–2067)
Central West 11,150 5877 (1900–11,421)
Total Core (PFL RU) 95,342 50,280 (16,015–97,508)
Northwest
NGoM RU)

1678 881 (284–1714)

Dry Tortuga (RU) 340 179 (58–350)
Total 97,447 51,319 (16,639–99,739)

Note: The total core represents the Peninsular Florida
Recovery Unit (PFL RU), while the Northwest MU represents
the bulk of the Northern Gulf of Mexico (NGoM) RU.
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implications for the species’ population as a
whole. We further highlight the importance of
Florida’s CE and SE regions, which together host
an average of 82% of Florida nests (35% and
48%, respectively).

We assume that the conservation actions
implemented to protect loggerhead nests and
nesting habitat and to reduce threats in the mar-
ine environment have played a role in the persis-
tence of loggerheads in Florida. However,
despite conservation efforts to date our results
based on the best available knowledge do not
demonstrate population recovery.

Based on our current findings and lack of
understanding of drivers of the observed fluctua-
tions in nest counts, we recommend maintaining
a high level of protection, addressing persistent
threats (fisheries bycatch, vessel strikes, habitat
degradation/destruction) and improving our
understanding of population dynamics, includ-
ing changes in reproductive output. The only
reliable estimate for clutch frequency in Florida
was obtained from the CW MU (Tucker 2010),
while the three estimates for remigration interval
suitable for analyses are either limited due to
inadequate survey coverage (Bjorndal et al.
1983) or from small MUs (Lamont et al. 2014,
Phillips et al. 2014). Additional effort should be
expended to provide consistent and reliable esti-
mates of these parameters for each MU (in partic-
ular the most abundant ones: CE and SE) and to
analyze and publish existing long-term datasets.
We also believe it is critical to represent known
levels of uncertainty when assessing, interpret-
ing, and communicating nesting trends.

Ultimately, conservationists are interested in
increasing or decreasing population trends.
However, accurately interpreting nest-count
trends requires context on the scale of demo-
graphic connectivity and estimates of reproduc-
tive parameters (clutch frequency and
remigration interval; Tucker 2010, Shamblin
et al. 2017). Incorporating variability in these
two reproductive parameters will decrease the
risk of (1) concluding the population has
declined when it has not and (2) concluding the
population has increased when it has not (see
also Piacenza et al. 2017). While the former belief
does not cause biological problems to the sea tur-
tle population, the latter may well do so, if mech-
anisms and laws in place to protect a species are

relaxed and support for monitoring and conser-
vation programs is reduced.
Based on our simulations, we caution against

unjustified optimism regarding global sea turtle
conservation successes, such as recently sug-
gested by Mazaris et al. (2017) in their meta-
analysis of global sea turtle trends. It should be
noted that in their estimates they either used
nest counts or a single point estimate of annual
breeding females (which mirrors the nest counts
and fails to convey the range of variability and
uncertainty of the estimates) to conclude that
populations are increasing, but the majority
(56% of 299) of the time series examined did not
show any trend despite years, even decades, of
conservation and management efforts. Similarly,
the IUCN Red List assessments, most of which
so far have been based on nest counts alone
(Wallace et al. 2013b, Casale and Tucker 2017)
could be improved by incorporating reproduc-
tive parameters and the related uncertainty in
order to base the assessments on trends of adult
females.
As emphasized by other authors (National

Research Council 2010, Bjorndal et al. 2011, War-
den et al. 2017), there is a need to develop in-wa-
ter index programs and focus on integrating
demography and abundance trends. Indexes of
abundance at sea would have the advantage to
monitor the bulk of population (juveniles) in real
time and would perfectly complement nest
counts.

The importance of annual nesting surveys
Uncertainties associated with converting nest

numbers to numbers of adult females do not
diminish the need to continue rigorous monitor-
ing of sea turtle nesting activity. The homing
behavior of sea turtles (Meylan et al. 1990) deter-
mines a metapopulation structure where Man-
agement Units for conservation can be identified
and nest counts in an area are—by definition—
related to a specific MU. Without nest counts,
any exercise—like the present one—to estimate
female population abundance and trends would
be impossible. Under a precautionary approach,
rapid decline of nest counts should prompt con-
servation action even in a context of uncertain
population trends. We chose 95% confidence bars
to represent annual estimates of nesting female
numbers. Cautious resource managers may
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choose to assess annual changes under more nar-
row confidence limits, especially where the con-
sequences of misinterpretation can be dire (many
populations could be extirpated without ever
having the data to unequivocally demonstrate
they are in decline).

Moreover, long-term nesting monitoring pro-
grams provide the foundation and framework to
collect and monitor demographic parameters
and anthropogenic threats (Crain et al. 1995,
Witherington and Martin 1996, Brock et al. 2009,
Kamrowski et al. 2012, Ehrhart et al. 2014,
Fuentes et al. 2016, Lauritsen et al. 2017, Nelson
Sella and Fuentes 2019).

Conclusions and recommendations
Florida is the most important nesting area for

loggerheads in the world and deserves special
conservation management attention. Despite
periods of increase and decrease in annual nest
numbers over the 30 yr examined, clear evi-
dence of a female population change over the
study period or parts of it could not be
detected once we accounted for uncertainty in
reproductive parameters—clutch frequency and
remigration interval. The cause(s) of the
observed fluctuations in nest counts remains
largely speculative. The current state of knowl-
edge suggests that a strong population recovery
—as the one expected from decades of conser-
vation actions—has not occurred. Therefore,
reducing existing protection or conservation
attention to main threats like high-seas fisheries,
coastal trawling, and vessel strikes (National
Marine Fisheries Service and U.S. Fish and
Wildlife Service 2008, Foley et al. 2019) is not
justified.

We recommend (1) maintaining rigorous col-
lection of sea turtle nest counts, which provide
the basis for estimating female population size
and reproductive output; (2) estimating sea turtle
population trends by combining nest counts and
reproductive parameters (clutch frequency and
remigration interval), including uncertainty
around them; (3) for populations where these
parameters are not available, using values from
other populations to provide preliminary infor-
mation about the likelihood of unequivocal pop-
ulation changes; (4) pursuing good estimates of
clutch frequency and remigration interval and
their annual variation for each Florida MU, as

well as for any sea turtle population; and (5) set-
ting up long-term in-water programs for moni-
toring an index of abundance at sea, which could
be integrated with nest counts to provide a more
complete demographic assessment.
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