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ABSTRACT: We measured sea turtle hatchling production on 16 sea turtle nesting beaches
(219.6 km) in Florida (USA) from 2002 to 2012. A standard protocol was used to sample 19701 log-
gerhead Caretta caretta, 3809 green turtle Chelonia mydas, and 664 leatherback Dermochelys
coriacea nest contents, representing all Florida nesting beaches. We assessed (1) annual variation
in hatching (hatched eggs/total eggs) and emergence (emerged hatchlings/total eggs) successes,
(2) annual hatchling production, and (3) sources of egg and hatchling mortality. Emergence suc-
cess rates were extrapolated to all Florida sea turtle nesting beaches using means weighted by
each beach’s nesting contribution. Weighted mean emergence success was 51.6 % for logger-
heads, 50.0 % for green turtles, and 38.7 % for leatherbacks. These estimates represent survivor-
ship to the time hatchlings emerge from the nest. The estimated annual mean number of hatch-
lings produced on Florida beaches during the study period was 3528 180 loggerheads (SD =
1155701), 568 098 green turtles (SD = 327 156), and 33 014 leatherbacks (SD = 17 574). Beach ero-
sion from storms and nest predation by mammals were the principal identified sources of egg and
hatchling mortality. Average emergence success ranged from 38.8 to 65.0 % between years and
41.8 to 61.7 % between study beaches, suggesting that a single sample year or location would not
adequately represent a sea turtle population in demographic analyses of multiple year classes. We
provide recommendations for analyzing hatching success and present a method of analysis that
allows the inclusion of partially depredated nests. These nests are typically excluded because the
original clutch size and the number of eggs removed by predators may not be known.
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Dermochelys
INTRODUCTION in the western hemisphere and has one of the largest
assemblages of nesting green turtles Chelonia mydas
Sea turtle nesting on Florida (USA) beaches occurs in the wider Caribbean and Gulf of Mexico (Seminoff
at a globally significant scale. Florida hosts the largest 2002, Witherington et al. 2006a,b). Peninsular Florida
number of nesting loggerhead turtles Caretta caretta also has significant and increasing nesting by leath-
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erbacks Dermochelys coriacea (Stewart et al. 2011).
Because of the importance of Florida to sea turtle
nesting, estimates of hatchling production from
Florida provide important demographic rates for
models that measure conservation success and assess
recovery actions.

Sea turtle populations are considered under multi-
ple listings to be at risk of extinction (Stewart &
Johnson 2006, Witherington et al. 2006a,b), but sig-
nificant gaps in knowledge concerning each popu-
lation prevent a complete understanding of their
demographic status. The lack of information on
stage-specific survivorship critically limits the demo-
graphic description of these populations. In this
paper, we address survival rates for the earliest sea
turtle life stages —eggs and hatchlings in the nest —
focusing on the number of hatchlings that emerge
from the nest unaided. Post-emergence mortality is
not addressed.

Although hatching success (the proportion of eggs
that result in hatchlings) is a commonly reported
measure for sea turtle nests, it rarely represents
stage-based survivorship in the population, because
samples of nests are typically biased in space, time,
and/or treatment. The most common sampling bias
comes from study designs in which sample nests are
manipulated as experimental subjects; nests are
selected to compare hatching success between man-
agement practices (Steinitz et al. 1998, Abella et al.
2007, Tuttle & Rostal 2010) or between experimental
nest treatments (Honarvar et al. 2008) or to evaluate
hatchery conditions (Blanck & Sawyer 1981, Van de
Merwe et al. 2005, Ozdemir & Turkozan 2006). Many
studies do present data on non-manipulated nests in
situ, but apply only to a short time series (most com-
monly 1 nesting season) and for a narrow segment of
a population's geographic range (Fowler 1979, He-
wavisenthi & Parmenter 2002, Foley et al. 2006, Tapi-
latu & Tiwari 2007). Two studies that stand-out as
representing population hatching success and as
describing variation in this measure over a long time
series focused on hawksbill Eretmochelys imbricata
(Pérez-Castaneda et al. 2007) and green (Nietham-
mer et al. 1997) turtles; the latter study took place on
a single island on which the majority of the popula-
tion's known nesting occurs.

Another important estimate that may be derived
from evaluations of broad-scale emergence success
is the rate of hatchling production from nests. Al-
though this estimate does not include hatchling sur-
vivorship from nest to sea, it is useful as a proxy for
hatchling recruitment. Hatchling production may be
estimated from the number of hatchlings that emerge

from a representative sample of nests, multiplied by
the ratio of the number of eggs in all nests to the
number of eggs in sample nests. Although hatchling
production is occasionally estimated for segments of
a population (Ehrhart & Witherington 1987, Pike &
Stiner 2007), the scope of sampling required to deter-
mine production for an entire population typically
hinders broader-scale estimates.

In this paper, we examine an 11 yr series of emer-
gence success assessments for 16 beaches around
Florida. For loggerheads, we provide estimates of
annual hatchling production for the entire state, for 5
geographic regions within the state, and for 2 recov-
ery units, Peninsular Florida and the Florida portion
of the Northern Gulf of Mexico unit (NMFS & USFWS
2008). These estimates span a principal part of the
geographic range of the Northwest Atlantic Ocean
Distinct Population Segment of loggerheads (Conant
et al. 2009), of which 90 % of the nesting occurs in the
southeastern United States (data in Ehrhart et al.
2003). Hatching success assessments for green tur-
tles and leatherbacks represent all of Florida.

The data result from the Statewide Nesting Beach
Survey (SNBS) program, a sea turtle monitoring pro-
gram managed by the Florida Fish and Wildlife Con-
servation Commission (FWC). The purpose of the
SNBS program is to document the total distribution,
seasonality, and abundance of sea turtle nests in
Florida. Nesting data are collected by a network of
individuals (including representatives of conserva-
tion organizations; local, state, and federal govern-
mental personnel; academics; and consultants) who
are under permit from the FWC to conduct research
and conservation activities on marine turtles. The
FWC, under a cooperative agreement with the U.S.
Fish and Wildlife Service, issues the permits, pro-
vides training in nest survey techniques, and com-
piles nesting information. The existence of this net-
work has made it possible to conduct a broad-scale,
collective study of sea turtle hatchling production.
The team monitors approximately 200 Florida beaches
covering over 1300 km.

We analyzed hatchling production data from 2002
through 2012, focusing on 3 measures: (1) the annual
variation in hatching success (hatched eggs/total
eggs) and emergence success (emerged hatchlings/
total eggs), (2) the number of hatchlings that emerged
from Florida nests annually, and (3) the sources of
egg and hatchling mortality. For 7 potential mortality
factors we produced a ranking scheme that could
benefit decisions on allocating management effort.

Finally, we highlighted the importance of repre-
sentative sampling of nests, using precise methods to
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record clutch location and rigorously mark nests to
produce unbiased estimates of emergence success.
We also described a methodology that allows for the
inclusion of emergence success from nests that have
been predated.

MATERIALS AND METHODS
Study beaches and sampling strategy

We used data from 16 discrete study beaches where
surveyors monitored sample nests for hatchling pro-
duction (Table 1, Fig. 1), following a standardized
protocol found in the FWC's Marine Turtle Conserva-
tion Guidelines (http://myfwc.com/media/418307/
Seaturtle_Guidelines_Sect2.pdf). The 16 beaches were
selected because they have been surveyed as part of
FWC's productivity assessment each year since its
inception (2001) and because at least 90% of the
nests were left in situ on those beaches. Surveyors at
each beach site conducted nest counts and invento-
ried a spatially and temporally representative sample
of nests to determine hatchling production. To obtain
a representative sample, the FWC and surveyors
selected a sampling interval based on the expected
number of nests encountered (typically the average

nest count for the preceding 5 yr) for each survey
area. A sample interval was calculated to achieve the
target of approximately 100 sample nests per beach
per year. Thus, if approximately 1000 loggerhead
nests were expected, every 10th loggerhead nest
would be included in the study, giving every nest on
the beach an opportunity to be a part of the sample
over the course of the entire season. A target of 100
nests per beach was the minimal sample size re-
quired to detect a difference of 5% in hatching and
emergence success rates between years, as deter-
mined with a power analysis using Student's ¢-test
and Cohen's d = 0.4 (alpha = 0.05, beta = 0.20). On
beaches where surveyors expected fewer than 150
nests per year, all nests were included in the produc-
tivity assessment.

Because of an ongoing capture-mark-recapture re-
search project, sample nests at 1 study beach (South
Brevard County) were selected at oviposition (i.e. at
night) rather than during the following diurnal sur-
vey. Clutch counts were conducted on nests marked
at night in order to provide known clutch sizes prior
to the occurrence of any disturbance and/or preda-
tion event. Sample nests on this beach were selected
by establishing a weekly quota, based on historical
nesting patterns that predicted how sample nests
would be distributed in time and space.

Table 1. Study beaches in Florida, USA, and participating organizations. Species: Caretta caretta, Chelonia mydas, Dermochelys coriacea

Study beaches (survey length) County Organizations conducting surveys Sea turtle species
included in study
Panama City (28.2 km) Bay St. Andrew Bay Resource Management C. caretta
Association
Patrick Air Force Base (7 km) Brevard University of Central Florida Marine Turtle C. caretta, C. mydas,
Research Group D. coriacea
Merritt Island National Wildlife Brevard Merritt Island National Wildlife Refuge C. caretta, C. mydas,
Refuge (9.8 km) D. coriacea
South Brevard County Beach Brevard University of Central Florida Marine Turtle C. caretta, C. mydas,
(40.5 km) Research Group D. coriacea
Marco Island (11.4 km) Collier Collier County Natural Resources Department C. caretta
Parkshore Beach (5.2 km) Collier Collier County Natural Resources Department C. caretta
St. George Island (16 km) Franklin Apalachicola National Estuarine Research C. caretta, C. mydas,
Reserve D. coriacea
Anna Maria Island (11.7 km) Manatee Anna Maria Island Turtle Watch C. caretta, C. mydas
Cape Florida State Park (2 km) Miami-Dade Bill Baggs Cape Florida State Park C. caretta, C. mydas
Boca Raton Beach (8 km) Palm Beach Gumbo Limbo Nature Center C. caretta, C. mydas,
D. coriacea
Casey Key (11.8) Sarasota Mote Marine Laboratory C. caretta, C. mydas
Siesta Key (9.1 km) Sarasota Mote Marine Laboratory C. caretta, C. mydas
Manasota Key (12.9 km) Sarasota Coastal Wildlife Club Inc. C. caretta, C. mydas
Guana River (6.8 km) St. Johns Guana Tolomato Matanzas National Estuarine C. caretta, C. mydas,
Research Reserve D. coriacea
Hutchinson Island North (19 km) St. Lucie Inwater Research Group Inc. C. caretta, C. mydas,
D. coriacea
Hutchinson Island South (17.5 km) St. Lucie/Martin  Ecological Associates Inc. C. caretta
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Fig. 1. Locations of the 16 study beaches in Florida, USA, used to represent sea turtle hatchling production for the state, regions
(as described in Witherington et al. 2009), and loggerhead sea turtle recovery units (noted by outlining)

Except for the South Brevard County study beach,
surveyors marked the location of clutches within 12 h
of oviposition so that nests could be found and their
contents inventoried once hatchlings had emerged.
These marking methods had to withstand seasonal
changes that typically occur on a beach and included
measuring the distance between a clutch and 2 to 4
semi-permanent stakes driven into the sand at the
base of the dune or on the dune crest. Surveyors ver-
ified clutch location using physical evidence left in
the sand by the nesting turtle (e.g. a crater in the
sand or '‘body pit', evidence of covering the nest with
the front flippers, etc.; Witherington et al. 2009). To
find the exact location of the clutch, narrow test holes
were hand-dug to find the topmost eggs of the clutch.
The holes were then refilled with moist sand and
lightly compacted by hand. So that results for se-
lected nests would accurately represent all study
beach nests, sampled and un-sampled nests were not
treated differently. For example, a sample nest would
be protected (e.g. screened or caged) from predators

only if it would have also been protected had it not
been selected as a sample nest.

We evaluated data from each sample nest for errors
in inventory counts and other inconsistencies and ex-
cluded data that met any of 5 criteria: (1) the nest
could not be located at inventory time, and the sur-
veyor did not know the nest's fate; (2) notes indicated
that the nest had been given special treatment be-
cause it was a sample nest; (3) the nest experienced
partial washout from beach erosion during incubation
(and an unknown number of eggs were lost); (4) a ma-
jor disturbance (e.g. digging by a predator; erosion)
occurred after hatchlings should have emerged but
before the inventory was conducted; or (5) the nest
had been relocated (because relocation might have
introduced other egg-mortality factors [e.g. move-
ment-induced mortality] that were not present for in
situ nests). Excluded data represented 9.6 % of log-
gerhead nests, 9.1 % of green turtle nests, and 11.1%
of leatherback nests, except in 2007 and 2008, when
an average of 22% of the data for green turtle nests
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was discarded as a result of frequent storm tides that
washed away nest markers and nest contents after in-
cubation but prior to inventory. In addition, these data
do not include loggerhead nests from northern gulf
beaches in 2010 because of the region-wide translo-
cation of nests by volunteers due to the MC 252 (BP
Gulf) oil spill (Brennan 2013).

Nest counts

Surveyors on each study beach counted sea turtle
nests throughout the nesting season following a stan-
dardized protocol found in FWC's Marine Turtle
Conservation Guidelines (http://myfwc.com/media/
418307/Seaturtle_Guidelines_Sect2.pdf). We defined
a nest as having a clutch of eggs. Some error in our
hatchling production estimates could have resulted
from incorrect identification of nests. Witherington et
al. (2009) estimated that the probability of a Florida
surveyor correctly identifying a nest (that the nest
counted actually had a clutch of eggs) was 96 % (95 %
CI: 0.92-0.99).

Hatching and emergence success

Based on observations of nests, post-incubation in-
ventory of nest contents, and notes taken on conspicu-
ous events affecting nests during incubation, survey-
ors collected the following information: species, egg
deposition date, clutch size (if known), nest treatment
(e.g. antipredator screen, relocation, no protection),
and possible mortality events during incubation (e.g.
predation with predator identified, poaching, tidal in-
undation, erosion). At the conclusion of incubation,
surveyors inventoried nest contents following FWC
Conservation Guidelines, which specify that the in-
ventory be carried out 72 h after first sign of hatchling
emergence (depression and/or hatchling tracks), or
70 d (for loggerheads and green turtles) or 80 d (for
leatherbacks) post egg deposition. The inventory in-
cluded recording the numbers of hatched eggs (shell
fragments >50 % complete), live and dead hatchlings,
and unhatched eggs. Unhatched eggs included pipped
eggs (eggshell torn but hatchling not emerged from
the eggshell), whole eggs, and damaged eggs (dam-
aged by root penetration, predation, or other distur-
bance). These definitions were in keeping with tech-
niques proposed by Miller (1999). For purposes of
determining clutch size or evaluating hatching and
emergence success, '‘eggs’ without yolk (yolkless eggs,
or ‘'spacers') were not counted.

For nests that did not experience a major distur-
bance (events that removed eggs such as erosion,
predation, etc.), we estimated clutch size as the sum
of the number of unhatched eggs and shells from
hatched eggs, recorded in post-incubation invento-
ries of nest contents. We calculated hatching success
(HS) and emergence success (ES) using the following
formulas and definitions (Miller 1999):

HS = S/C, (1)
ES = (S- R)/C; (2)

where S is the number of empty shells (>50 % intact,
from Miller 1999) from which hatchlings emerged, C;
is the estimated clutch size derived from the nest
inventory, and R is the number of hatchlings remain-
ing in the nest that did not emerge. Eggshell counts
may deviate slightly from exact clutch size due to
eggshell fragmentation. However, this is not typically
a problem when inventories are conducted on a timely
basis. Fowler (1979) estimated that accuracy in count-
ing hatched shells ranged between 92 and 100 %.

We calculated the mean annual hatching and emer-
gence success rates for sample nests on each of our
16 study beaches. Because the data set we analyzed
had a large number of zeros from total nest failures,
we also calculated median values to represent cen-
tral tendency. This gave both parametric and non-
parametric measures for hatching and emergence
success rates and for hatchling production. To esti-
mate the annual number of eggs laid per species for
each study beach, we multiplied the total number of
nests counted on each beach by an average clutch
size calculated from 2424 loggerhead, 902 green tur-
tle, and 44 leatherback nests at the South Brevard
County study beach (2001-2009), where eggs were
counted during or immediately after oviposition. For
loggerhead and leatherback nests, no significant
year-to-year differences were observed, so for our
analysis we used the mean clutch size [loggerhead
(X = 114, SD = 23.8); leatherback (x = 81, SD = 25)].
Green turtle clutch sizes, however, did differ among
years (ANOVA: F;393 = 2.10, p = 0.042). Because
there were no green turtle clutch-size counts in 2002,
we used the multiannual mean clutch size (X = 128,
SD = 22.9) as a substitute for that year. For all other
years, we used the annual mean green turtle clutch
size, which ranged from 118 to 137 eggs.

In order to make nest evaluations as representative
as possible, we devised a method that allowed us to
estimate success in nests with major disturbances by
mammalian predators. We developed proxy values
for hatching and emergence success from nests of
known clutch size at the South Brevard County
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beach, which had experienced predation events. For
these proxy values, we used success rates calculated
from nests preyed on (1) by mammals and (2) by both
mammals and ghost crabs Ocypode quadrata. In
applying these proxy rates to depredated nests, we
used the hatching and emergence success rates with
the higher standard error of the mean (SEM) to calcu-
late a conservative overall average for study beaches
on which some nests had been preyed on solely by
mammals or a combination of mammals and ghost
crabs. When no eggs or shells were encountered dur-
ing the inventory of an apparently depredated nest,
the nest was considered to have been entirely depre-
dated and was assigned a hatching and emergence
success of zero. Because only 2 occurrences of depre-
dation by mammals occurred on leatherback nests
with a known clutch size, we could not estimate a
mean, so these nests were excluded from the analysis.

Partly eroded nests (~1 %) were excluded from ana-
lyses except at South Brevard County beach, where
initial clutch sizes were known. When storms were
determined to have completely eroded the beach
surrounding a sample nest and the nest contents
could not be found, surveyors recorded zero success.

Hatchling production

Emergence success rate was used to estimate
hatchling production by species for all Florida nest-
ing beaches using the weighted mean emergence
success of each sample beach based on the propor-
tion of all Florida nests it represented. Annual hatch-
ling production per species was estimated from the
following equations:

ESg = (2 [Ny, x ESgp])/Ne 3)
and
Pr=ESg x (Ng x C) 4)

where ESg is the weighted mean annual emergence
success for all Florida nests, Ny, is the annual nest
count for each sample beach, ESy;, is the mean annual
emergence success for each sample beach, Nk is the
annual nest count for all of Florida, Pris the hatchling
production estimate for all of Florida, and C is the
estimated clutch size.

Our expansion of hatchling production estimates to
all of Florida nesting beaches required total nest
counts for the state. These total counts came from the
SNBS program, which comprises approximately 200
beaches. During the study period (2002-2012), par-
ticipant survey effort covered nearly all known nest-
ing beaches in Florida (Witherington et al. 2009; see

also http://ocean.floridamarine.org/SeaTurtle/nesting/
FlexViewer/). The total length of nesting beach sur-
veyed each year during the study period fluctuated
no more than 1.5% from a mean of 1309.3 km.

We analyzed hatching and emergence success rates
separately for the 2 recovery units in which our study
beaches were located: (1) Peninsular Florida Recov-
ery Unit (includes 14 of our study beaches), defined
as the nesting beaches from the Florida—Georgia state
line through Pinellas County (excluding the islands
west of Key West) and (2) Northern Gulf of Mexico
Recovery Unit (includes 2 of our study beaches),
defined as the nesting beaches from Franklin County
in Florida through Texas (NMFS & USFWS 2008)
(Fig. 1).

Mortality factors

We developed generalized linear mixed models for
loggerhead and green turtle nests, assuming a bino-
mial distribution, to describe how mortality factors
affected hatching and emergence rates. We incorpo-
rated 9 potential mortality factors (Table 2) as fixed
factors, using the GLIMMIX procedure of SAS v.9.3
to perform the analyses. For our assessment, we
focused on 7 factor groupings that were most easily
recognizable by surveyors and that were most likely
to have the greatest effect on mortality. Other factors
were each reported for <1 % of sample nests.

In our original analysis of mortality factors, year
was included as a random variable for green turtles
and loggerheads. But this covariance term was esti-
mated at zero for green turtles and so was dropped
from the model for that species. We built additional
generalized linear mixed models, each assuming a
binomial distribution, to evaluate the impact of the
fixed categorical factor of year on emergence and
hatch rate for nests depredated by (1) ghost crabs, (2)
raccoons, and (3) ghost crabs plus raccoons. When
there was no effect of year, average hatch or emer-
gence rate was estimated using an ESTIMATE state-
ment. For these models, any year with fewer than 3
observed nests for the South Brevard study beach
was removed.

RESULTS
Sample representation

We calculated hatching and emergence success,
and estimated hatchling production based on inven-
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Table 2. Principal mortality factors reported for sea turtle nests at the South Brevard County Beach, Florida. Factors are ranked

by their associated emergence success rates, 2002-2009, as estimated from generalized linear mixed models (see ‘Materials

and methods'). Other mortality factors (not shown) were reported in <1 % of the remaining nests. Nests with no reported mor-

tality factors had an average hatching success rate of 75.4 %, which reflects cryptic factors such as infertility, pathogens, and/or
undetected predation

Reported mortality factors Frequency Hatching success Emergence success
of occurrence (%, £ SEM) (%, £ SEM)
Caretlta caretta (n = 2697)
None reported (mean intercept) 1080 75.4 (£0.7) 73.0 (£0.7)
Ghost crab 944 64.8 (+1.8) 62.7 (+1.8)
Roots 92 53.3 (£3.4) 51.8 (£3.4)
Accretion 2 51.5(x18.2) 51.4 (+18.6)
Inundation 83 47.4 (£3.5) 45.2 (£3.6)
Partial mammalian depredation 95 36.7 (£3.5) 35.7 (£3.5)
Partial mammalian plus ghost crab depredation 26 26.1 (£4.5) 25.4 (+4.5)
Partial wash outs 23 25.7 (£5.9) 25.3 (£6.0)
Complete wash outs 308 0.0 0.0
Complete depredation 44 0.0 0.0
Chelonia mydas (n = 992)
None reported (mean intercept) 323 69.0 (+1.3) 66.8 (+£1.3)
Ghost crab 371 57.7 (£3.2) 559 (£3.2)
Roots 83 53.5 (+4.3) 52.3 (£4.3)
Inundation 20 40.7 (£7.1) 34.3 (=7.2)
Partial mammalian depredation 60 36.8 (x4.7) 25.8 (x4.7)
Partial wash outs 10 26.0 (+£9.3) 26.0 (£9.4)
Partial mammalian plus ghost crab depredation 17 25.5 (£6.5) 24.9 (+6.6)
Accretion 2 18.6 (£19.3) 18.5 (£19.5)
Complete wash outs 87 0.0 0.0
Complete depredation 19 0.0 0.0

tory assessments of 19701 loggerhead nests, 3809
green turtle nests, and 664 leatherback nests (Table 3).
The average number of nests sampled annually over
the 11 yr was 1791 (SEM = 732) for loggerheads, 346
(SEM = 73) for green turtles, and 60 (SEM = 27) for
leatherbacks. The proportion of Florida (total state-
wide) nests occurring on the 16 study beaches aver-
aged 42% for loggerheads, 39% for green turtles,
and 13 % for leatherbacks.

Hatching and emergence success

Hatching and emergence success rates were cal-
culated for the 16 study beaches (Table 3). The
mean emergence success rates were 51.9% (SEM =
4.4) for loggerheads, 51.4% (SEM = 7.9) for green
turtles, and 37.4 % (SEM = 7.7) for leatherbacks. An
additional analysis determined the average hatching
and emergence success rates for nests that had at
least 1 hatched egg. These were 70.1% (SEM = 4.5)
and 66.9% (SEM = 4.4) for loggerheads; 67.7 %
(SEM = 8.0) and 63.4% (SEM = 8.0) for green tur-
tles; and 48.1% (SEM = 7.0) and 51.0% (SEM = 7.2)
for leatherbacks.

We estimated a grand weighted mean for hatching
and emergence success by species representing all
Florida nesting beaches from 2002 to 2012 (Table 4).
The weighted mean emergence success rates were
51.6 % for loggerheads, 50.0 % for green turtles, and
38.7 % for leatherbacks. To represent annual changes
in emergence success, we plotted annual weighted
means for each species (Fig. 2).

Each of the 16 study beaches had a sufficient num-
ber of sample nests to allow examination of annual
trends in loggerhead emergence success by beach
location (X = 114 sample nests per beach per year,
SEM = 8.33). A plot of annual weighted mean hatch-
ling emergence success for loggerhead nests at each
of the 16 study beaches (Fig. 3) revealed high varia-
tion both between years and between study beaches.

Hatchling production

Using the weighted average emergence success
from the 16 study beaches, we estimated that
3528180 loggerhead, 568098 green, and 33014
leatherback hatchlings were produced annually on
Florida beaches (Table 4, Fig. 4). We also estimated
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Table 3. Hatching and emergence success rates and annual hatchling production from in situ sea turtle nests on 16 study
beaches in Florida, 2002-2012. No. of hatchlings produced only includes those hatchlings that emerged from nests unaided; it
does not include live hatchlings found in nests at time of excavation

"Does not include Merritt Island National Wildlife Refuge

Year Total no. of nests (no. Hatching success (%) Emergence success (%)  No. of hatchlings produced
inventoried, % of total) Mean (+SEM) Median Mean (+SEM) Median Mean Median
Caretlta caretta
2002 27707 (1402, 5.1) 61.0 (+4.6) 74.0 59.3 (x4.4) 71.6 1593148 1823464
2003 26601 (1411, 5.3) 60.8 (+6.2) 73.1 58.3 (£6.0) 69.7 1781392 2041188
2004 19667 (1145, 5.8) 43.2 (£5.2) 35.7 40.9 (£5.0) 334 870887 690534
2005 22911 (1154, 5.0) 44.5 (£4.9) 46.7 41.6 (£4.8) 39.9 1273415 1462579
2006 20617 (1205, 5.8) 69.9 (£5.3) 82.6 67.7 (£5.0) 79.9 1526800 1824585
2007 17988 (1369, 7.6) 59.5 (£5.2) 68.6 56.9 (£5.1) 64.7 1154840 1365923
2008 25001 (2060, 8.2) 52.3 (£4.9) 55.4 49.5 (+4.8) 51.1 1344818 1559694
2009 20237 (1862, 9.2) 57.4 (£4.1) 63.1 54.9 (x4.2) 59.8 1140255 1282402
2010° 29314 (2319, 7.9) 52.8 (£2.8) 59.8 50.2 (£2.8) 57.1 1609201 1833184
2011° 27223 (2197, 8.1) 51.4 (£4.2) 60.2 49.1 (£4.1) 56.1 1420136 1620630
2012 39699 (3577, 9.0) 44.2 (£2.9) 40.3 42.4 (£2.7) 38.1 2657256 2959619
Average 25179 (1791, 7.1) 54.3 (+4.6) 60.0 51.9 (x4.4) 56.5 1488377 1678528
Chelonia mydas
2002 3877 (303, 7.8) 68.0 (+7.3) 73.9 52.7 (£6.2) 67.7 300944 338784
2003 738 (231, 31.3) 44.0 (£8.9) 45.8 42.7 (£8.4) 443 48033 55029
2004 1292 (249, 19.3) 35.5 (£15.9) 294 34.2 (£15.2) 24.5 34649 625
2005 4198 (421, 10.0) 43.7 (£7.5) 42.4 40.7 (£7.3) 39.6 289601 323030
2006 1914 (356, 18.6) 70.2 (+3.6) 75.6 68.4 (+3.6) 73.1 138458 161273
2007 4974 (437, 8.8) 60.6 (+6.1) 67.7 55.0 (+6.8) 62.8 354036 399157
2008 3616 (350, 9.7) 47.5 (£9.7) 48.6 43.6 (£8.1) 44.6 164917 100623
2009 1548 (299, 19.3) 68.5 (+7.7) 73.5 63.6 (+7.8) 68.4 99701 110207
2010 5108 (431, 8.4) 47.9 (£7.6) 50.7 43.4 (£7.1) 44.8 357006 406684
2011 6449 (321, 5.0) 58.9 (£10.2) 68.4 54.6 (£10.9) 62.7 446226 553320
2012 4009 (411, 10.3) 58.8 (£6.1) 62.6 56.8 (£6.0) 58.7 289892 336730
Average 3429 (346, 10.1) 54.9 (£8.2) 58.1 51.4 (x7.9) 53.7 229406 253224
Dermochelys coriacea
2002 32 (25, 78.1) 22.5 (£2.0) 253 21.4 (x2.2) 24.3 964 1081
2003 157 (68, 43.3) 34.0 (£10.9) 354 31.4 (£11.0) 314 3597 2790
2004 66 (31, 47.0) 35.6 (+3.7) 36.6 28.8 (+4.5) 30.7 1723 1860
2005 125 (60, 48.0) 51.4 (£9.8) 48.9 45.7 (£10.0) 43.2 3786 3315
2006 94 (55, 58.5) 67.8 (+4.8) 69.6 64.2 (+4.8) 65.5 4465 4512
2007 300 (96, 32.0) 36.6 (£5.0) 29.5 32.8 (x4.7) 25.3 7693 5044
2008 33 (28, 84.8) 33.3 (£6.8) 36.3 32.5 (£6.7) 35.3 1202 1302
2009 65 (57, 87.7) 41.9 (£17.7) 40.3 39.4 (£17.1) 37.0 2453 2598
2010 174 (55, 31.6) 34.0 (£7.3) 27.9 28.1 (£7.2) 22.6 4245 3181
2011 208 (80, 38.5) 42.8 (£7.2) 42.3 38.9 (£7.3) 40.9 5661 4961
2012 230 (109, 47.4) 53.1 (£5.0) 57.3 48.7 (£5.0) 52.0 8437 9481
Average 135 (60, 44.4) 41.2 (£7.7) 40.8 37.4 (£7.7) 37.1 4021 3648

“Does not include 2 panhandle study beaches due to the MC 252 (BP Gulf) oil spill in 2010

annual hatchling production for 2 of Florida's logger-
head recovery units (Table 5, Fig. 1). For the Peninsu-
lar Florida Recovery Unit, the mean annual number
of hatchlings produced was 3485236, and for the
Northern Gulf of Mexico (Florida only) Recovery
Unit, 33625 hatchlings were produced. Linear rela-
tionships between annual hatchling production and
annual nest counts were positive for loggerheads
(R? = 0.84, p < 0.001), green turtles (R? = 0.93, p <
0.001), and leatherbacks (R = 0.82, p = 0.001) (Fig. 4).
Years with strongly negative residuals (i.e. for which

hatchling production was less than that modeled
from nest counts) were years in which mean hatching
and emergence success were lowest (Table 3).

Mortality factors

Data from sample nests at the South Brevard
County study beach were sufficient to allow analysis
of factors contributing to mortality for loggerhead
and green turtle nests (Table 2). Mean emergence
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Table 4. Estimated hatchling production from in situ sea turtle nests in Florida, 2002-2012, based

on weighted mean emergence success rates for 16 study beaches. No. of hatchlings produced

statewide only includes those hatchlings that emerged from nests unaided; it does not include
live hatchlings found in nests at time of excavation

Year Statewide nests Weighted hatching  Weighted emergence No. of hatchlings
represented by success (%) success (%) produced statewide
sample (%) Mean Median Mean Median Mean Median
Caretta caretta
2002 45.8 51.8 59.8 50.4 57.7 3481270 3984545
2003 44.1 60.1 69.3 58.7 67.3 4042670 4632249
2004 43.7 40.3 31.5 38.8 30.8 1993251 1580465
2005 45.7 51.2 60.4 48.8 56.0 2789164 3203490
2006 42.7 66.9 79.9 65.0 77.6 3575765 4273177
2007 411 57.7 68.9 56.3 66.6 2807876 3321103
2008 41.7 48.6 56.7 47.2 54.7 3228349 3744177
2009 39.6 51.7 58.1 49.4 55.6 2880922 3240066
2010 40.5 52.0 60.4 48.2 54.9 3969863 4522426
2011° 40.4 47.7 55.9 45.8 52.2 3518962 4015766
2012 40.7 59.8 66.6 58.7 65.4 6521886 7263998
Average 42.3 53.4 60.7 51.6 58.1 3528180 3980133
Chelonia mydas
2002 42.6 61.8 69.0 60.6 68.3 706057 794836
2003 33.2 53.9 63.5 51.7 59.2 144491 165534
2004 36.3 20.8 1.7 19.9 0.4 95364 1720
2005 43.8 57.3 64.5 55.2 61.6 661019 737320
2006 38.7 54.7 64.9 52.8 61.5 358225 417254
2007 39.2 58.8 65.5 56.9 64.2 904166 1019400
2008 39.3 36.2 24.2 35.1 21.4 419590 256010
2009 34.8 54.1 59.7 51.5 57.0 286544 316738
2010° 38.8 57.7 66.7 55.9 63.7 920612 1048717
2011 42.1 55.5 70.0 54.1 67.0 1059414 1313675
2012 41.8 57.6 68.1 56.5 65.6 693601 805666
Average 39.1 51.7 56.2 50.0 53.6 568098 625170
Dermochelys coriacea
2002 5.6 39.1 43.2 37.2 41.7 17314 19418
2003 19.0 30.7 25.2 28.3 21.9 18949 14694
2004 14.0 36.9 38.7 32.2 34.8 12325 13304
2005 16.9 43.1 39.0 37.4 32.7 22385 19601
2006 17.4 62.6 62.1 58.6 59.3 25601 25869
2007 21.0 38.4 28.2 31.7 20.8 36565 23978
2008 4.6 45.8 49.3 45.0 48.7 26332 28531
2009 3.7 49.8 55.1 46.6 49.3 65591 69468
2010 13.2 32.9 25.1 30.1 22.6 32153 24097
2011 12.6 354 30.2 33.6 29.4 44826 39283
2012 13.8 47.8 54.1 45.3 50.9 61113 68672
Average 12.9 42.1 40.9 38.7 37.5 33014 31538
“Does not include 2 panhandle study beaches due to the MC 252 (BP Gulf) oil spill in 2010
"Does not include Merritt Island National Wildlife Refuge

success when no mortality factor was reported, a con-
dition that included undetected factors, was 73 % for
loggerhead nests and 67 % for green turtle nests.
Emergence success rates for loggerhead and green
turtle nests varied with mortality factor (Table 2). For
both species, effects such as erosion (washouts) and
inundation caused by rough sea conditions were
important contributors to egg mortality. Emergence
success for nests that experienced partial washout

was 25.3% (+6.0) for loggerheads and 26.0% (+9.4)
for green turtles. For both species, sample size for
partial wash outs was small and the event occurred
rarely on the other sample beaches (Table 2); thus,
we did not develop proxy values (as we did for mam-
malian predation) to use in calculating hatching and
emergence success for the other 15 study beaches.
Predation by mammals was an important mortality
factor for loggerheads and green turtles, reducing
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Fig. 2. Caretta caretta, Chelonia mydas, and Dermochelys co-

riacea. Annual mean sea turtle hatchling emergence success,

weighted by nest counts, at 16 representative Florida study

beaches. Means are displayed with vertical lines that describe
+1 SEM
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riacea. Annual mean hatchling emergence success, weighted

by nest counts, for loggerhead nests at 16 representative
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annual trend for a study beach
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Fig. 4. Caretta caretta, Chelonia mydas, and Dermochelys co-
riacea. Estimated total annual sea turtle hatchling production
at Florida nesting beaches versus total annual nest counts.
Hatchling production was based on weighted mean emer-
gence success rates from 16 representative study beaches
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Table 5. Estimated loggerhead Caretta caretta hatching production from in situ nests in the Peninsular

Florida Recovery Unit and the Florida portion of the Northern Gulf of Mexico Recovery Unit, 2002-2012.

No. of hatchlings produced only includes those hatchlings that emerged from nests unaided; it does not
include live hatchlings found in nests at time of excavation

Year No. of nests Weighted hatching  Weighted emergence No. of hatchlings produced
inventoried success (%) success (%) in recovery unit
Mean Median Mean Median Mean Median
Peninsular Florida Recovery Unit
2002 1304 51.7 59.7 50.3 57.6 3440878 3939545
2003 1275 59.9 69.1 58.6 67.2 3975976 4554687
2004 1024 40.2 314 38.8 30.7 1956399 1551762
2005 1027 51.3 60.7 48.9 56.3 2768689 3189991
2006 1129 66.9 79.9 64.9 77.6 3538595 4228696
2007 1300 57.7 68.9 56.3 66.6 2778851 3285342
2008 1882 48.7 57.1 47.3 55.1 3192132 3723623
2009 1729 51.9 58.4 49.5 55.8 2838242 3199239
2010 2319 52.0 60.4 48.2 54.9 3927045 4473648
20112 2048 47.7 55.8 45.7 52.1 3470402 3954529
2012 3274 60.2 67.1 59.1 65.9 6450383 7195825
Average 1665 53.5 60.8 51.6 58.2 3485236 3936081
Northern Gulf of Mexico (Florida only) Recovery Unit?
2002 96 68.5 914 67.7 90.5 41550 55530
2003 135 69.6 88.5 68.9 87.4 55472 70379
2004 121 43.4 35.2 42.8 34.1 30613 24445
2005 127 15.5 0.0 14.9 0.0 8146 0
2006 78 67.9 83.1 66.9 83.0 35549 44071
2007 69 55.6 79.0 54 .4 78.0 26101 37440
2008 177 424 4.7 41.5 3.7 33090 2912
2009 131 40.0 28.1 33.1 15.7 39388 31555
2011 149 55.6 80.3 53.1 74.5 46620 65436
2012 303 14.0 0.0 12.2 0.0 19727 0
Average 139 47.3 49.0 45.6 46.7 33625 33177
“Does not include Merritt Island National Wildlife Refuge
"Due to the MC 252 (BP Gulf) oil spill in 2010 many of the nests in the panhandle had to be relocated
to Florida's east coast. Therefore, data from 2010 were excluded

emergence success 39 % in loggerhead nests and 32 %
in green turtles, compared with nests for which no
mortality factors were reported.

Sample size for loggerhead nests was sufficiently
large for each of the 5 regions (northeast, n = 52%;
central east, n = 5674; southeast, n = 1807; southwest,
n = 8789; and northwest, n = 1484; Fig. 1) of Florida to
allow regional analysis of mortality factors (Fig. 5).
For all 5 regions, at least 60% of the nests experi-
enced no reported mortality, although regional dif-
ferences were detected.

DISCUSSION
Estimates of survivorship and hatchling production
Our methods addressed the challenge of using egg

survivorship and hatchling production data to esti-
mate some vital demographic rates of geographically

widespread sea turtle populations. In addition to point
estimates for loggerhead, green turtle, and leather-
back nests, we also showed important variation in
space and time. For all 3 species, annual variation in
egg survivorship, as measured by emergence success
(Fig. 2), showed that a single year of sampling would
not adequately represent the population in demo-
graphic analyses of multiple year classes. Similarly,
variation between sample beaches (Fig. 3) indicated
that a single beach was unlikely to adequately repre-
sent emergence success for a species with a broad
nesting range.

We attempted to achieve population-wide repre-
sentation. The 16 Florida study beaches we report on
represented all the regions of Florida, an area that
hosts approximately 90 % of all loggerheads nesting
in the Northwest Atlantic Ocean Distinct Population
Segment (data in Ehrhart et al. 2003) defined by
Conant et al. (2009). Florida also hosts nearly 100 %
of nesting green turtles and leatherbacks in the con-
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Fig. 5. Percentage of loggerhead Caretta caretta nests affected by various
mortality factors, by region, based on 16 representative Florida study beaches,
2002-2012. Means are displayed with vertical lines describing +1 SEM

tinental United States. The 11 yr time series encom-
passed 4 loggerhead remigration cohorts (assuming
a 2.7 yr interval; Witherington et al. 2006b) and 5 green
turtle and leatherback remigration cohorts (assuming
2 yr intervals; Witherington et al. 2006a, Eckert et al.
2012). The data series also spanned several tropical
cyclone events. The time series, however, might be
considered short, in that the 11 yr of the study were
part of a period for which the Atlantic Multidecadal
Oscillation departure was largely positive, which
may correspond with frequent tropical cyclone for-
mation (www.esrl.noaa.gov/psd/data/climateindices/
list/).

Our estimates of egg survivorship could be expected
to differ from other published values, because each
nesting beach and each season has unique contribu-
tions of factors that influence egg mortality. A 19 yr
time series of loggerhead hatching success from
Zakynthos, Greece (Margaritoulis 2005), described
mean annual hatching success ranging from 61.7 to
80.2%; however, only nests that had visible signs of
hatchling emergence (about 80 %) and did not expe-
rience predation were included in this sample. This
range is roughly comparable to our assessment of

B No mortality factors reported
M Complete wash outs

90 M Ghost crab depredation

B Mammalian depredation

M Other (roots, ants, poaching)

mean hatching success in Florida log-
gerhead nests that had at least 1
hatched egg (overall mean hatching
success = 70.1%, SEM = 4.5).

Foley et al. (2006) reported mean
hatching (68.9 %) and emergence suc-
cess rates (68.6%) for loggerheads
nesting on low-relief mangrove islands
in the Ten Thousand Islands in south-
west Florida in 1993 to 1994. Although
a direct comparison with these results
would not be appropriate because of
differences in the temporal and spatial
scopes of the studies, we note that we
would expect our success rates (563.4 %
for hatching and 51.6 % for emergence)
to be lower if only because our analy-
sis included predated nests, whereas
the Foley et al. (2006) study did not. In
the Foley study, 19 of 90 nests were
removed from the sample because
they had been predated.

Our method of choosing every nth
nest discovered during daily nest counts
is one way to achieve a sample repre-
sentative of an entire season and an
entire study beach. Workers may be
tempted to sample nests in another
way that would fit in with project logis-
tics, such as marking 1 nest each day near a central
work area. But this method would under-represent
the middle of the season when nesting is greater and
would over-represent the areas most convenient to
access. Redundant nest marking is one way to ensure
that nests are included in a sample even when storms
erode the beach and when no hatchling emergence
makes the nest conspicuous. We hypothesize that
‘lost’ sample nests are likely to have lower hatching
and emergence success than other nests in the sam-
ple. As a result, a researcher forced to exclude lost
nests will be left with an over-estimate of hatchling
production. Because of this detection bias, we argue
against the use of hatchling emergence evidence to
locate a clutch for its inventory (Miller 1999).

Covariates from each sample nest were insufficient
to explain interspecific differences in emergence
success, but we noted 2 important factors worthy of
future study. One is the seasonality of nesting. In
Florida, leatherback nesting peaks in May (Stewart &
Johnson 2006), loggerhead nesting peaks in June
and July (FWC's Fish and Wildlife Research Institute
[FWRI] unpubl. data), and green turtle nesting peaks
in July and August (FWRI unpubl. data). Because

Northwest
(N = 1454)
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nesting seasons offset by only 1 mo can receive dif-
ferent nesting-beach erosion effects from tropical
cyclones, we hypothesize that seasonality may pre-
dict nest survivorship. The 3 species also differ in ele-
vation of nest placement on the beach, which has
been shown to affect survivorship in loggerhead
nests exposed to erosion by storms (Ehrhart & With-
erington 198%).

Although estimated annual hatchling production
by each species correlated with annual statewide nest
counts, certain years stood out as having strongly
negative residuals (Fig. 4). We propose that this is
due to important stochastic mortality factors that are
independent of nest production, such as storm
events. For example, 2004 was a year in which major
hurricanes affected nesting beaches in southeast,
southwest, and northwest Florida (NOAA National
Weather Service, National Hurricane Center [NOAA
NWS NHC]). That year, hatchling production for all 3
species was the lowest measured during the 11 yr
period (Fig. 4). This reduction was most pronounced
for green turtles, whose nesting period extends the
longest into the tropical cyclone season (NOAA NWS
NHS). In an examination of loggerhead emergence
success at the 16 study beaches (Fig. 3), 2004 stands
out as having low nest survivorship at the majority of
beaches. Similar low loggerhead nest survivorship
occurred in 2005, which also was a year of numerous
tropical cyclones.

Factors affecting mortality and
hatchling production

Focusing on nest mortality factors is helpful in
efforts to manage nesting beaches for increases in
hatchling production. Mammalian predators, espe-
cially raccoons Procyon Iotor, can significantly dimin-
ish success of a nest, but such nests are often omitted
from hatching and emergence success calculations
(Fowler 1979, Lagueux et al. 2003, Foley et al. 2006,
Tapilatu & Tiwari 2007) because of the difficulty in
measuring the loss, i.e. an unknown number of eggs
or hatchlings may be missing from a nest for which
the original clutch size is also unknown. Neverthe-
less, these nests may still have hatching and emer-
gence success rates greater than zero. Of the 2 prin-
cipal sources of nest mortality we identified for
Florida beaches, predation and erosion from storms,
predation is the more manageable. We found that the
predominant predators of Florida sea turtle eggs and
hatchlings were mammals, principally raccoons, and
ghost crabs (Fig. 6). Other predators and other mor-

tality factors, contributing no more than 1% to egg
and hatchling mortality, were ants, birds, plant roots,
disturbance by another nesting turtle, and poaching.
Although rates of nest predation would seem to indi-
cate that ghost crabs had a large effect on egg mor-
tality, very few nests preyed upon by ghost crab had
been completely destroyed. For example, of the 2029
loggerhead nests affected by ghost crabs during the
11 yr study period, only 7 nests (0.3 %) had a hatching
success rate of zero. By comparison, of 1673 logger-
head nests preyed on by mammals, 559 nests (33 %)
were completely destroyed. Predation by ghost crabs
reduced emergence success only 10% in logger-
heads and 11 % in green turtles, compared with nests
with no reported mortality factors, although crab pre-
dation was more frequent than mammalian preda-
tion in all but the southwest region (Fig. 5). Emer-
gence rates were comparable for loggerhead and
green turtle nests that had been preyed on by mam-
mals, as were the rates for those nests preyed on by
ghost crabs.

Our analysis of the contribution of key mortality
factors (Table 2) showed that complete washout from
beach erosion and complete mammalian predation
had the greatest effect on egg survivorship by reduc-
ing emergence success to zero. Beach erosion is an
element of a larger suite of storm effects including
nest wash over and inundation. These effects were
likely encompassed by the category of partial ero-
sion, which had the second-lowest emergence suc-
cess (Table 2). From this we conclude that storm tides
and accompanying erosion have profound effects on
egg survivorship.

Our study beaches comprised an average of 43 % of
the nests in the Peninsular Florida Recovery Unit and
20% of the nests in the Northern Gulf of Mexico
(Florida only) Recovery Unit beaches. Recovery goals
specified in the Northwest Atlantic Loggerhead
Recovery Plan (NMFS & USFWS 2008) include an
annual rate of nest predation by mammals of <10%
for all recovery units. In the present study, the annual
nest predation rate by mammals for peninsular
Florida ranged from 5.2 to 11.6 % (X = 8.4 %). For the
2 study beaches in the Florida panhandle, no mam-
malian predation was reported. But the total number
of mammalian predation reports from SNBS beaches
in the panhandle not included in this study ranged
from 1 to 46 nests yr' (X = 4, n = 1291), so we con-
clude that this mortality factor was under-repre-
sented by our sampling in the panhandle. The 2 pri-
mary predators identified on panhandle beaches
were raccoons and coyotes Canis latrans (FWRI
unpubl. data).
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Fig. 6. Examples of potential mortality events affecting sur-

vivorship of sea turtle Caretta caretta hatchlings. The im-

ages show (A) the effects of erosion on a South Brevard

County beach and (B) nest damage typical of predation by a
raccoon

RECOMMENDATIONS

Hatching and emergence success rates are neces-
sary for deriving estimates of egg-to-hatchling sur-
vivorship in sea turtle populations, but reported val-
ues for these rates can be misleading. It is often
difficult for users of this information to understand
definitions of reported values, how rates were deter-
mined, and how sample nests were selected. Sub-
tleties in field techniques can create bias, and, where
methods are not detailed, this bias may not be evi-
dent. We point to 4 important sources of biased esti-
mates: (1) a misrepresentative distribution of sample
nests in time and space, (2) lost nests, (3) special (def-
erential) treatment of sample nests, and (4) failure to
consider or erroneous assumptions about nests sub-
ject to erosion or predation.

Although the assessment of egg survival and
hatchling production would seem to be a straightfor-
ward estimation, we propose that this measurement
is a complex challenge. Based on the present study,

we make the following recommendations for future
studies:

e Represent regional values for hatching success by
including sample beaches from throughout the
region. If a small fraction of regional beaches is sam-
pled, these beaches should serve to represent un-
sampled beaches in terms of characteristics that
influence mortality factors. These characteristics
include similar mammalian predation and erosion
rates.

e Choose sample nests that spatiotemporally repre-
sent each study area and nesting season. This choice
should ensure that all nests in a study area have the
same probability of being selected as a sample. This
goal could be accomplished by the selection of every
nth nest (see '‘Materials and methods’) during nest
surveys throughout the study area and throughout
the nesting season. When all nests on a beach can be
carefully followed and inventoried, there is no need
to adopt a sampling scheme.

e Conduct multiyear nest productivity assessments to
capture variation among years. Three years may be
sufficient, although a longer time series would be
more likely to encompass stochastic mortality events
such as storms and predator population spikes.

e Mark nest locations using a technique that ensures
that the marks persist throughout the incubation
period, even under conditions of dramatic changes in
the beach. This will greatly reduce the number of
sample nests with biased fates, such as those that
cannot be found because nest markers cannot be
located.

* Do not give preferential protection to sample nests.
¢ Include all sample nests in the assessment of hatch-
ing and emergence success, including those that
have been disturbed by erosion or predators. Knowl-
edge of mortality factors associated with nests can be
used to guide proxy values for hatching and emer-
gence success (Table 2) where evidence has been
destroyed. Average clutch sizes presented here can
be used in these calculations to correct for unknown
initial clutch sizes.

¢ Part of a regional nest sample should include nests
with known clutch size so that lost hatchling produc-
tion due to erosion and complete predation can be
estimated. One way to sample true clutch size is to
study fates of nests with eggs counted during translo-
cation.

® More closely examine mortality from predators like
ghost crabs that remove small numbers of eggs dur-
ing incubation.

e Take an inventory of the contents of sample nests 3
to 5 d after the first sign of hatchling emergence
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(hatchlings may emerge over a 3 d period). This
delay should be sufficient to allow viable hatchlings
to emerge naturally but should minimize bias due to
decomposition (additional fragmentation) of hatched
eggshells and data loss from post-emergence destruc-
tion of nests by predators or storm erosion.

e Examine data distributions for an excessive number
of zeros. Nonparametric methods and modeling
based on zero-inflated probability distribution may
be required for some analyses.

Careful observation and inventory of representa-
tive sample nests can give managers information for
guiding the allocation of conservation resources and
for measuring progress toward conservation goals.
We recommend that managers assess the contribu-
tion of the different mortality factors before spending
resources on nest protection or predator control.
Such an assessment would support funding requests
and track progress in achieving hatchling production
goals.
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