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A B S T R A C T

Identifying long-term population trends is essential for the conservation of species of con-

cern. With money and personnel often in short supply, the success of a monitoring pro-

gram to provide an estimate of population trend requires an efficient survey design that

can detect biologically important changes within some prescribed budgetary framework.

In this paper we illustrate how costs can be reduced while maintaining an efficient design

using a nesting beach survey of female hawksbill sea turtles (Eretmochelys imbricata) in the

Eastern Caribbean as a specific example. We compared the statistical power of the current,

intensive protocol with those of shorter duration and differing start date to generate gen-

eral guidelines on sampling. Counts of individual turtles from 1987–2003 were analyzed

using Poisson log-linear regression and models with both fixed and random effects describ-

ing the temporal variability were explored. We estimate that the current 20 week satura-

tion-tagging survey design could detect a 3% per annum growth with acceptable

statistical power (>0.8) in less than 14 years. However, by changing the current survey start

date and counting for only 10 weeks, it is possible to detect similar trends with little loss of

power while reducing monitoring costs by 25–50%. Our analyses indicate that the statistical

power of surveys for hawksbills is influenced by the timing and duration of the survey

because of their effect on the proportion of the annual number of nesting females that

the survey captures. This simplifies estimating the power of a prospective survey program.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Ecological monitoring is becoming increasingly common to

address the growing number of conservation problems

around the world. Very often the objective among conserva-

tion biologists is to detect species-specific population trends,

defined as the persistent change in magnitude of the popula-

tion over time. Population status and trend assessment can

have important social, political and economic implications.

Status and trends are important consideration for listing spe-
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cies under the Convention on International Trade in Endan-

gered Species of Flora and Fauna (CITES), and for influential

determinants such as the World Conservation Union’s Red

List assessments. Ensuring that these trends are accurately

estimated is crucial, and involves careful decisions on alloca-

tion of sampling effort. For endangered or depleted species,

the consequences of an incorrect decision can be serious.

For example, a population may be unable to recover if there

is too long a delay in detecting its declining trend. Further-

more, money and time is usually limited so conservation
.
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biologists are faced with the nontrivial task of how to opti-

mize information on trends with limited resources (Taylor

and Gerrodette, 1993; Mac Nally, 1997).

Monitoring is therefore a complex undertaking and a

quantitative evaluation of its effectiveness is required both

at the outset of a new monitoring programme and periodi-

cally during the programme, the latter to adjust a sampling

design that is failing to meet programme objectives (Gibbs

et al., 1999; Legg and Nagy, 2006). Sampling design, in terms

of timing and frequency, must be carefully chosen so that

we have sufficient effort to detect important changes in

abundance. That is, we do not want to undersample the

population. However, it is also possible that many pro-

grammes are oversampling such that more information is

collected than is needed. It is well recognized that with a

short supply of money but more resources to be monitored,

there is now a strong incentive to prevent oversampling

(Taylor and Gerrodette, 1993; Mac Nally, 1997; Lougheed

et al., 1999).

To find a sampling design that balances costs and effec-

tiveness in terms of trend detection, we consider the ability

of nesting beach surveys to show trends in abundance of

nesting female sea turtles. The seven species of sea turtles

are a focus of conservation and management activity in many

regions and a growing number of monitoring programmes

have been established for more than 10 years. Sea turtles face

a variety of anthropogenic threats that imperil their long-

term persistence and many populations are currently listed

as endangered or threatened in the US (National Research

Council, 1990) and internationally (IUCN/SSC, 1995). However,

acquiring information to assess and manage these turtles is

logistically difficult. Complex life cycles and long-distance

migrations in the marine environment result in many unob-

servable states (sensu Kendall and Nichols, 2002) throughout

the life history of sea turtles and monitoring programs tend to

focus on the relatively accessible adult nesting females. Nest-

ing beach studies are therefore the cornerstone of sea turtle

population monitoring and assessment. Despite tremendous

advances in tracking technology (Godley and Wilson, 2008)

and in-water surveys to study other life history stages, mon-

itoring trends in nesting populations will probably continue to

provide the bulk of information on population trends. Be-

cause females do not breed every year, the annual counts of

nesting females are considered an index of the number of

mature females.

Detecting long-term trends using counts of nesting fe-

males poses several challenges. Demographic and environ-

mental stochasticity (e.g. fluctuating ocean conditions) may

produce considerable variability in annual numbers of fe-

males nesting on a beach (Chaloupka and Limpus, 2001;

Broderick et al.; 2002; Saba et al., 2007). Furthermore, the

number of nesting females observed on a beach during a par-

ticular survey fluctuates considerably within a single nesting

season (e.g. Broderick and Godley, 1996; Chaloupka, 2001). Be-

cause the structure and magnitude of the temporal variability

in counts influences the ability to detect long-term trends

(Urquhart et al., 1998; Larsen et al., 2001; Sims et al., 2006),

nesting beach surveys need to be designed to account for

such variability. Sampling decisions include when to begin

and end surveying each season and how often to sample dur-
ing a nesting season. We investigated these issues to deter-

mine the optimal survey design for detection of trends in

abundance of hawksbill sea turtles (Eretmochelys imbricata).

An optimal survey design must maximize statistical power

as well as comply with logistical constraints and labor costs

associated with the survey. Statistical power is defined here

as the probability that a survey will detect a long-term trend

of given magnitude in nesting females per season despite

additional temporal variability (noise) in counts. We used

data from a long-term tagging study to assess whether the

timing and frequency of sampling can be adjusted to reduce

monitoring costs while still being able to detect biologically

relevant trends. Our goal is to further encourage the incorpo-

ration of statistical power in the design and conduct of sea

turtle monitoring programs. While statistical power of popu-

lation trends has been explored in foraging stocks (Bjorndal

and Bolten, 2000), to date no power analysis has been under-

taken to determine what length and timing of nesting beach

surveys are adequate to detect long-term trends in sea turtle

populations.

The data for our analysis were collected by the Jumby Bay

Hawksbill Project, a study conducted at Pasture Bay Beach on

Long Island, Antigua. A saturation-tagging program has been

ongoing since 1987 as a partnership between the Wider Carib-

bean Sea Turtle Conservation Network (WIDECAST) and the

island’s owners. Since 1987, the project has surveyed the

450-m Pasture Bay beach every night for at least 153 nights

each year. With a monitoring time that encompasses most

of the nesting season and detection of each emerging nester

a near certainty (a detection probability of 1), the long time

series of data provides an ideal opportunity to explore tempo-

ral variability in counts. We compare the statistical power of

the current, intensive protocol with those of surveys of short-

er duration and differing start date to generate general guide-

lines on sampling.

We begin by establishing the magnitude of trends we wish

to detect from a beach survey, and the method of determining

the trend. We then conduct a power analysis to compare the

performance of the sampling designs of interest. Many soft-

ware packages have been developed to calculate the power

of statistical tests for normally distributed data (e.g. a simple

linear regression). Here, the data are counts and a natural

model formulation to study trends is a Poisson log-linear

regression model. However, we know of no widely available

software for performing a power analysis for a Poisson regres-

sion, and thus rely on Monte Carlo simulations to estimate

power. The initial step in this approach involves using the

count data from Jumby Bay to define a model that adequately

describes the temporal variability in counts. Given that few

previous studies have examined the temporal variability in

beach counts, we begin by considering year-to-year, week-

to-week, and year–week sources of temporal variability and

use a Poisson log-linear regression model with fixed and ran-

dom effects as a starting point for identifying the appropriate

model. An assessment of labor costs and logistical con-

straints are then integrated with results from the power anal-

ysis, enabling an evaluation of current efforts at Jumby Bay.

Finally we generalize results to give recommendations for

establishing nesting beach surveys for hawksbills in other

locations.
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2. Methods

2.1. Study site

The Pasture Bay beach on Long Island, Antigua (17�8 0N, 61�W)

is monitored for at least 153 consecutive nights from June 15

through November 15, although in some years monitoring

continued for a further 22 nights up to 6th December. Every

nesting female during this survey window is encountered

(usually multiple times in a season) and is flipper-tagged

and marked with a drill pattern in the supracaudal scutes

(for methods, see Hoyle and Richardson, 1993; Richardson

et al., 1999, 2006). This is a reliable method for tagging turtles.

Richardson et al. (1999) estimated a 1% chance of both tags

being lost between two consecutive seasons. In Richardson

et al. (2006), all but one of 183 remigrants was identified pos-

itively. Annual counts of nesting females fluctuated between

20 and 40 from 1987–1999 and have subsequently increased

steadily to 62 by 2006.
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Fig. 1 – (A) Number of nesting females at Pasture Bay beach from

encountered females when counting begins on June 15th (B) an
2.2. Objective, data and survey designs

The specific objective of this power analysis was to determine

the sampling requirements necessary to detect long-term

changes in abundance of nesting females with 80% power, a

level commonly considered in ecological studies (e.g. Steidl

et al., 1997). The magnitude of changes that we considered

were annual increases of 3%, equivalent to a 50% increase

over 14 years, and 10%, the current growth rate of the neo-

phyte subpopulation (Richardson et al., 2006). Reported popu-

lation trends of sea turtles vary considerably. Where

populations have been recovering, trends have ranged up to

16% per annum (e.g. Dutton et al., 2005; Beggs et al., 2007;

Marcovaldi and Chaloupka, 2007). Our use of 3% represents

the lower end of reported trends (e.g. Lauret-Stepler, 2007).

We used counts from 1987 to 2003 to identify a model that

adequately describes the temporal variability at Jumby Bay

(Fig. 1A). Although a female may be encountered at the beach

on multiple occasions in any given year, for purposes of
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estimating trends a female is considered a single count. Con-

sequently, in each nesting season only data on first encoun-

ters are used in this analysis and subsequent encounters

are ignored. Data used in constructing the model consisted

of weekly counts of first encounters over 17 survey years.

The purpose of this model in subsequent Monte Carlo

simulations is to generate count data based on a proposed

sampling design. The number of turtles encountered for

the first time in each week will vary depending on the start

date of the proposed design and this must be reflected in the

generated data. To address this issue, we constructed a data

set for each proposed start date using the original survey

data and fitted a separate model to each. The dependence

of the number of first encounters each week on start date

is illustrated in Fig. 1 with the original survey data. For

example, at the current start date of June 15th, on average

three turtles are encountered in the first week of the survey,

declining gradually as the season progresses (Fig. 1B). In con-

trast, if we assumed the survey began five weeks later and

only consider counts from this week onwards, then the aver-

age number of new encounters in the first week of monitor-

ing is nearly seven and the decline in counts is steeper

(Fig. 1C).

Power was calculated for surveys repeated annually for

5–25 years. Three aspects of the survey design were investi-

gated: the start date, the number of weeks monitored and

the frequency of the surveys during a nesting season. We

compared surveys with the current start date (15th June,

WK1) to patrols beginning five weeks later into the season

(WK5) for three and 10 weeks of monitoring time. We also

investigated how the frequency of the counts, either on suc-

cessive or alternate weeks, would influence the trend detec-

tion capabilities of a survey.

2.3. Models

Count data were analyzed using Poisson log-linear regression

models. Specifically, we assume that yi;j � Poissonðki;jÞ, where

yi,j represents the count in week i (i = k, . . . ,25 and k = 1 or 5

depending on the survey start date) for year j (j = 1, . . . ,17).

The natural logarithm of the expected count ki,j is related to

a set of explanatory variables that capture the temporal vari-

ability in counts across weeks and years.

We explored three sources of potential temporal variation

in counts: year-to-year, week-to-week, and year–week varia-

tion, and investigated which, if any, contributes substantially

to the variation in counts.

(1) Year-to-year variation. There may be environmental per-

turbations causing good and bad years for nesting. We

partitioned this between-year variation in counts into

a long-term trend and a random effect component that

characterizes the random deviations from this trend.

The latter captures the inter-annual environmental sto-

chasticity, essentially all unexplained effects associated

with year but not measured which cause year-to-year

fluctuations in the number of nesting females. A con-

tinuous fixed effect for year, either a first or second

order polynomial, was considered to capture the long-

term upward trend in annual counts.
(2) Week-to-week variation. In each year, the ith week of the

study has the same positive or negative effect on the

rate of first encounters. The magnitude of this consis-

tent seasonal effect was captured by partitioning the

between-week variation into a long-term trend and a

random effect component that characterizes the ran-

dom deviations from this trend, the latter caused by

unrecorded stochastic week effects. A continuous fixed

effect for week, either a second or third order polyno-

mial, was considered to describe the observed long-

term decline in first encounters during the nesting

season.

(3) Year–week variation. This represents week-to-week vari-

ation in the number of first encounters that is year spe-

cific. Factors contributing to this source of variation

include observation errors or local environmental per-

turbations in time that have positive or negative effects

on weekly counts. This final potential source of tempo-

ral variability was quantified by fitting a year–week

interaction as a random effect.

Each random effect was assumed to have a normal distri-

bution with an unknown variance, quantifying the unex-

plained variability attributable to that random effect, and a

mean zero. If the variance of each random effect is zero, then

the variation among counts is explained by Poisson variation

and the fixed effect polynomial terms. If the variance associ-

ated with the year random effect is greater than zero, this

indicates that there is extra between-year variation that is

not explained by the polynomial terms for year or by Poisson

variation. If the variance for the week random effect is greater

than zero, then this indicates that there is additional week-to-

week variation that is not accounted for by the polynomial

terms for week or by Poisson variation.

We fitted the models using Markov Chain Monte Carlo

(MCMC) simulations inWinBUGS, a Bayesian statistical mod-

eling package (Spiegelhalter et al., 2003). Week and year covar-

iates were centered around the mean to improve performance

of the MCMC simulations. Regression coefficients of the fixed

effects were given non-informative Normal prior distributions

with a mean of zero and variance of 1000. An inverse-gamma

(0.001,0.001) prior was specified for the variance of each ran-

dom effect (changing the prior distribution of the variance to

a Uniform(0,100) had little impact on results). Convergence of

the algorithm was checked using Brooks and Gelman’s mod-

ification of the Gelman–Rubin convergence statistic (Brooks

and Gelman, 1998). We ran three MCMC chains each starting

with different initial values that were overdispersed with re-

spect to the posterior distribution. For each variable of inter-

est, the test compares the width of the central 80% interval

of the pooled runs to the average width of the 80% interval

within the individual runs. If converged, both should have

stabilized and their ratio should be close to 1. Convergence

was reached after 1000 iterations and inference was based

on 25,000 subsequent iterations.

Variable selection was performed by a forward stepwise

approach. Models were compared using the deviance infor-

mation criterion (DIC; Spiegelhalter et al., 2002). The Bayesian

DIC is analogous to Akaike’s information criterion (AIC) in

that the smaller the value of the DIC, the better the model
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(in terms of complexity and fit). The ‘null’ model, a model that

includes an overall constant only, was taken as the starting

model. At each step of the stepwise selection, a fixed effect

was added to the model and the model retained was that with

the lowest DIC. With the final fixed effect model, random ef-

fects were selected following the same approach.

To assess the adequacy of the best fitting models in

describing the count variability, we tested the performance

of the model on new data. The new data were derived by ran-

domly assigning the observed counts to two groups, a training

group comprising two thirds of the original data and a test

group that contained the remaining third of the counts. The

best fitting models were fitted to the training data and used

to predict the test counts. The predicted number of each

count value was calculated as

Nm ¼
XN

i¼1

P̂ðyi ¼ mÞ; ð1Þ

where Nm is the predicted number of counts equal to m

(where m = 0, 1, 2, . . .) in the test data, yi is the ith observed test

count and N is the number of observations in the test data set.

The probability that the ith test count is equal to m, P ðyi ¼ mÞ,
is derived from a Poisson distribution with a mean predicted

by the final model fitted to the training data and using explan-

atory variables associated with the ith test count. If the model

is a good predictor of female nesting patterns, the predicted

test counts should be comparable to the observed test counts.
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Fig. 2 – Performance of the best fitting models using test

data. The bar plots show the observed test counts for (A)

surveys beginning 15th June (WK1) and (B) surveys starting

five weeks later (WK5). The solid line represents the model

predicted counts.
2.4. Power calculation

We used Monte Carlo simulations to calculate power. At each

simulation, this involved generating count data from the final

model given the design of the proposed survey and the trend

to be detected. The slope of annual numbers of nesting fe-

males versus year was then estimated using a Poisson log-lin-

ear model and was determined to be significantly different

from zero using the z-test at a 5% significance level. This pro-

cess of generating counts and testing for a trend was repeated

for 5000 simulations and power was estimated as the propor-

tion of slopes that were different from zero.

3. Results

3.1. Model fitting

A Poisson regression model with a continuous cubic fixed ef-

fect for week, a continuous quadratic fixed effect for year, and

a random effect for week had the lowest DIC value and thus

provided the best fit to the WK1 data. Specifically, the final

model for designs starting on 15th June (Model 1) takes the

form

logðki;jÞ ¼ b0 þwi þ b1weeki þ b2week2
i þ b3week3

i

þ b4yearj þ b5year2
j ; ð2Þ

where b0 is the intercept (the average count in week 13) and wi

is a week random effect assumed to be independently drawn

from a normal distribution with a mean of zero and a vari-

ance r2
w. A Poisson regression model with only fixed effects
in Eq. (1) was the best fit to the WK5 data (Model 2). Both mod-

els performed relatively well in predicting the distribution of

counts in the test data set (Fig. 2).

3.2. Power calculations

Sample counts were generated from the final models with the

following adjustments: the b5year2
j term was dropped, b1, b2,

b3 and r2
w were replaced with their posterior median estimates

from the final model and b4 = log(1 + R/100), where R is the

percentage rate of change per year (either 3% or 10%). An an-

nual R% change in the total number of nesting females im-

plies that there is also an annual R% change in the counts

each week (b4). We centered the year covariate so that the

starting year was assigned the value zero. Therefore b0 in
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our model for generating counts represents the log of the

mean count in week 13 at the start of the survey. We set the

corresponding expected mean count E(k13,1) equal to 1.647,

the count in week 13 averaged over the 17 monitored years

1987–2003. Thus, b0 = log(E(k13,1)) for WK5 surveys,

while, due to the random effect term in Eq. (2), b0 ¼
logðEðk13;1ÞÞ � r̂2

w=2 for WK1 surveys (see Appendix A for more

details).
3.3. Comparison of survey designs

We estimated that trends in rapidly growing sea turtle popu-

lations (10% per year) can be detected with acceptable power

within 7 years if intensively monitored. For more moderate

growth rates (3% per year), 14–21 years will be required.
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weeks monitored on the power to detect a (A) 3% and (B) 10%

annual increase in the number of nesting females.

Monitoring conducted for 3 weeks (solid line) or 10 weeks

(dashed line).
The number of weeks monitored and the survey start date

influenced the power to detect a 3% annual increase in nest-

ing females (Fig. 3A). At the current survey start date of June

15th, it would take 21 years to detect a trend if the beach

was monitored every night for three weeks and 16 years if

monitoring continued for a further seven weeks. The time

to detect this size trend would decrease further to 14 years

if the 10 weeks of monitoring started five weeks later. The dif-

ferent effects of the proposed survey designs on power were

also evident for an annual trend of 10%, although the number

of years to detect the trend was considerably less (Fig. 3B). For

example, the optimal sampling design of starting in week five

and monitoring for 10 weeks would detect a 10% annual in-

crease in less than 7 years.

Given a fixed number of monitored weeks, the power to

detect a 3% annual increase was higher when surveys were
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Table 1 – The effect of survey coverage on the power to
detect a 3% annual trend

Number of surveyed years Simulation model

Model 1 Model 2 Model 3

13 0.690 0.654 0.655

15 0.866 0.843 0.846

17 0.964 0.946 0.952

A comparison of powers estimated by a 13 week survey beginning

in week 1 and a 9 week survey starting in week 5 using the final

models in the Monte Carlo simulations (Model 1 and Model 2,

respectively) and an alternative approach using simulations gen-

erated from a simple Poisson generalized linear model of annual

counts (Model 3). All surveys capture 80% of the annual nesters.
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conducted on successive rather than alternate weeks. How-

ever, the differences in powers were small (less than one year)

when only three weeks were monitored (Fig. 4A). When a

fixed time window is available to conduct surveys, power is

higher for surveys counting in all weeks within that window.

For example, when a window of 10 weeks is available, a trend

can be detected three years faster when all 10 weeks are

counted rather than alternate weeks (Fig. 4B).

3.4. Factors influencing power

A large variance for the year random effect, capturing sto-

chastic between-year variation, reduces the power to detect

trends (Larsen et al., 2001; Sims et al., 2006). However, the fi-

nal models did not include a random effect for year or a

year–week interaction, indicating that there was no signifi-

cant evidence of these sources of variability in the counts

of nesting females at Pasture Bay beach. Since trends were

estimated using a Poisson log-linear model of annual counts

against year, statistical power was affected by the proportion

of nesting turtles that were counted. Power would be higher

for surveys that capture a larger proportion of the annual

nesters. Two components of Eq. (2) contribute to the propor-

tion of turtles counted within a nesting season: the trend in

number of first encounters per week, captured by the cubic

polynomial for week, and the magnitude of intercept b0.

The within-season trend in numbers of first encounters per

week influences the proportion of nesters counted with a

particular survey design. We use count data from Pasture

Bay to compare the proportion of annual nesters (averaged

across years) that were observed in surveys of varying dura-

tion and start date (Fig. 5A). Proportions are higher for sur-

veys that begin five weeks later in the season (WK5) and

are of longer duration. The magnitude of b0 is influenced

by the variance component for the week random effect r2
w.

For example, larger values for r2
w reduce the magnitude of

b0 (Eq. (A.1) in Appendix A) and decrease the power of a

survey.

Further investigations of the influence of r2
w and within-

season trend on power revealed that although it is statisti-

cally significant in WK1 surveys, the week random effect is

sufficiently small that it has a negligible effect on power. This

contributed to our second finding that survey designs captur-

ing an identical proportion of the total nesters each season,

but with different durations and start dates, had comparable

powers. For example, a comparison of a 13 week survey

beginning in week 1 and a 9 week survey beginning in week

5, both of which capture approximately 80% of the total num-

ber of nesting females, showed similar power to detect a 3%

annual trend (Table 1). We compared these estimates with

an alternate model in which power was estimated using data

simulated from a Poisson generalized linear model of annual

counts (Model 3). The mean annual count was related to a

continuous explanatory variable for year using a log link func-

tion. Year was centered on the first year of the survey, and the

regression coefficient for year corresponded to the trend of

interest. The intercept in this model thus represents the log

number of females counted at the beginning of the survey.

In our example, we computed 80% of the average annual

count at Pasture Bay and set the intercept equal to the log
of this value. Power calculated using this simple Poisson

regression model gave similar estimates to the other models

(Table 1).



2928 B I O L O G I C A L C O N S E R V A T I O N 1 4 1 ( 2 0 0 8 ) 2 9 2 1 – 2 9 3 1
4. Discussion

Monitoring is a tool for conservation of species of concern. A

prerequisite for good monitoring is having an efficient sam-

pling design, in terms of being able to detect biologically sig-

nificant trends. Often faced with a limited budget,

conservation biologists must furthermore avoid the cost of

oversampling the population. In this paper, we provide a

method of assessing what sampling effort is sufficient to de-

tect changes in species abundance using the hawksbill sea

turtles as a specific example. Beach surveys of nesting fe-

males are crucial in measuring the effects of management

activities on population trends for all species of sea turtles.

For sea turtles in the Caribbean, the location of the particular

example in this paper, the need for long-term monitoring pro-

grams to provide the requisite data has been recognized by

Caribbean fisheries managers since the first Western Atlantic

Turtle Symposium in 1983 (Bacon et al., 1984) and subse-

quently reaffirmed in contributions to Bjorkland (2001) and

the CITES-sponsored ‘‘Wider Caribbean Region Hawksbill Tur-

tle Dialogue Meetings’’ (Mexico City, May 2001; Cayman Is-

lands, May 2002. http://www.cites.org/eng/prog/HBT/

intro.shtml (last accessed August 2007)). Such monitoring

programs require an ongoing commitment of resources, and

research efforts to improve the rigor and scope of the outputs

may increase confidence in the results and the likelihood that

the results will be incorporated into policies and conservation

plans.

In many monitored populations, trends are blurred by

large fluctuations in counts resulting from observer counting

errors and environmental stochasticity. An illustration of this

problem is provided by Sims et al. (2006) who investigated

monitoring designs for common guillemots (Uria aalge), a

colonial seabird which raises offspring in dense aggregations

on cliff faces. Count variability can be high when monitoring

is conducted during the breeding season because dense

aggregations induce counting errors, while bad weather con-

ditions and the presence of predators reduce attendance time

at a nest. In contrast, counting errors of nesting females at

Pasture Bay are rare and the year-to-year variation in counts

was attributable to only Poisson variation about a long-term

trend.

Our finding that there was no additional inter-annual vari-

ability in nesting numbers is interesting. Hays (2000) and Solow

et al. (2002) established that the overall variability in the num-

bers of females nesting in a given year is related to the variabil-

ity in remigration intervals (the time between successive

nesting years), and this in turn is related to environmental con-

ditions on the feeding grounds. However, the variability in

remigration intervals and subsequent variability in numbers

of hawksbills at Jumby Bay is low and we envision this happen-

ing in two, not necessarily exclusive, ways. The first scenario

follows from Hays (2000). He hypothesized that if the popula-

tion from a nesting beach dispersed to multiple feeding

grounds and experienced environmental conditions that var-

ied independently and stochastically, then the inter-annual

variability in numbers of nesting females would be low. In a

sense, the effects of environmental stochasticity on numbers

of nesting females are being ‘‘averaged out’’ in any given year.

Further support for this scenario comes from the observed uti-
lization of multiple foraging grounds, hypothesized to have

predictably abundant food resources, by post-nesting hawks-

bill turtles in the Caribbean (Van Dam et al. 2008).

Additionally, the effect of environmental stochasticity on

remigration intervals could be expected to vary with the tro-

phic level of the sea turtle. This second scenario derives from

research conducted by Broderick et al. (2001) who demon-

strated that the trophic status of the sea turtle species was

a major driver of the inter-annual variability in nesting num-

bers. Hawksbills, and leatherbacks, for example are interme-

diate in trophic status between the herbivorous greens and

the carnivorous loggerheads. They analyzed data from a

number of nesting population studies for these four sea turtle

species and found that only loggerheads had a lower (albeit

non-significant) variability in annual nesting numbers than

hawksbills. Whilst leatherbacks and hawksbills are at the

same trophic level, the relatively slow-growing sponge spe-

cies that sustain hawksbills are less likely to be affected by

short-term changes in ocean productivity than jelly-fish eat-

ing leatherbacks.

The effects of short-term (either inter-annual or within-

season) environmental perturbations on hawksbills were

minor and subsequently simpler models are sufficient to de-

scribe the variability in hawksbills counter to other sea turtle

species. We hypothesize that for other species, there may be

significant stochastic between-year and year–week effects

and therefore an approach similar to that presented in this

study, one that identifies the sources and magnitude of the

count variability using random and fixed effects, is recom-

mended to evaluate the power of different sampling designs.

A draft population monitoring protocol for hawksbills in

the Caribbean was established by the second CITES wider

Caribbean hawksbill sea turtle dialogue meeting (Cayman

Islands, May 2002). Recommendations were made on all as-

pects of the protocol including survey boundaries, surveyor

training and the timing of the survey. In this paper, we con-

ducted a thorough investigation of the latter aspect of the

protocol, in particular the start date and duration of the sur-

vey. Our results indicate that the most important factor influ-

encing power of a survey design at Pasture Bay is the

proportion of all nesting females that will be encountered

during the survey period. Fig. 5B shows the power of detecting

a 3% annual trend for surveys capturing different proportions

of the total number of annual nesters at Pasture Bay Beach.

Ideally a complete nesting season should be surveyed as this

captures 100% of the population. We estimate that the current

survey coverage of 100% will detect a 3% annual trend in less

than 14 years. When this coverage is not possible, the start

date and survey duration should be selected so that the

appropriate proportion of the population will be counted to

achieve the survey objective. Our results indicate that by stra-

tegic placement of the survey start date, one can survey for a

shorter duration while counting a comparable proportion of

the population. The CITES report recommended that the sur-

vey period should, ‘‘encompass the peak of the nesting season

and should be designed to allow for shifts in the peak of the

nesting season from year to year’’. Although we did not ob-

serve a shift in the peak from year to year at Pasture Bay,

our findings strengthen the argument of conducting the sur-

vey when most females are encountered.

http://www.cites.org/eng/prog/HBT/intro.shtml
http://www.cites.org/eng/prog/HBT/intro.shtml
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Monitoring programs that currently operate for an exten-

sive proportion of the nesting season obviously have the

capacity to do so. However new programs are under consider-

ation in several territories in the region and we hope that our

analyses offers tools for a scientifically sound process of

designing a new monitoring program. For those wishing to

establish a nesting beach survey protocol to monitor popula-

tion trends, the following recommendations are offered:

(1) Decide on the objectives of the study: the magnitude of

trend to detect and with what power. Determine the

start dates and survey durations that are logistically

feasible and the significance level at which to test for

presence of a trend.

(2) Conduct a complete census of the beach, counting

throughout each night for the entire nesting season,

for at least 2–3 years to determine the seasonal trend

in first encounters. This requires individual nesters to

be identified. For each start date, verify that the

within-season trend is similar from year to year.

(3) Estimate the size of the nesting female population,

such as the mean census count over 3 years.

(4) Perform a simple power analysis using Monte Carlo

simulations to determine what proportion of the nest-

ers must be observed to achieve the survey objectives

described in (1). This involves simulating annual counts

from a Poisson generalized linear model (described ear-

lier in Section 3 as Model 3) with the intercept set equal

to the logarithm of the number of nesting females cal-

culated in (3) multiplied by the proportion being

investigated.

(5) Construct a plot of the census data, such as Fig. 5A, to

determine what designs meet this coverage

requirement.

These recommendations are based on our findings that

when nightly surveys are exhaustive, the observer counting

errors, year to year variability and fluctuations in the with-

in-season trend between years are insignificant. We also ob-

served that the size of the variance component for the week

random effect was sufficiently small that its affect on power

was negligible. These observations should not be assumed

at other monitoring sites. When assumptions do not hold,

the timing of the survey or the number of years monitored

would have to increase to achieve comparable statistical

power. We then recommend that established nesting surveys

are periodically reviewed, using methods similar to those de-

scribed here, to adjust sampling designs accordingly.

Although counting individuals requires more resources, in

the Jumby Bay study it can be considered a reliable index be-

cause the detection probability was shown to be time invari-

ant both within and between seasons (Kendall and Bjorkland,

2001). Therefore simple unadjusted counts from a subsample

of the annual nesters are reliable indices by which to measure

trend. While counting crawls or nests are more parsimonious

with time and resources, they may introduce additional vari-

ability because crawl to nest count ratios and nest to female

count ratios are not constant across years (e.g. Foote and

Sprinkel 1997; Broderick et al., 2003). Fig. 6 compares the an-
nual number of nesters to number of crawls counted in a 22

week window from June 15 to November 15 (1987–1997), illus-

trating the less than perfect correlation (Pearson correlation

coefficient = 0.81), attributable to shore line changes and re-

moval of vegetation due to home construction and

hurricanes.

In our case study, since we had a constant detection prob-

ability we were confident that the unadjusted counts were

reliable indices of total number of nesters. However, in other

studies this assumption may not hold (e.g. Chaloupka and

Limpus, 2001). In those cases in which detection probability

varies annually, then this parameter should be estimated

using methods such as capture-mark-recapture (Schmidt,

2004) and the capture-mark-recapture estimates should be

used for estimating trends.

We estimate that a nightly monitoring program of 10

weeks at Pasture Bay beach could save 25–50% on annual

operating costs. By starting the current survey five weeks later

and counting for 10 weeks, it is possible to detect similar

trends with little loss of power while making substantial sav-

ings in monitoring costs. While a power analysis is the central

part of a monitoring design, there may be multiple reasons for

monitoring that further complicate the design, such as timing

surveys to deter poachers, whether other species are being

monitored, monitoring hatch success, and relocating clutches

for hatcheries/caging. Additionally, in many regions support

for conservation of dwindling sea turtle stocks rests upon

community education and involvement. Night time surveys

provide an opportunity for direct observation and contact

with sea turtles, in contrast to crawl or nest counts alone.

The Jumby Bay dataset with over 60,000 person-hours of ef-

fort is unique and can provide answers to broader questions

about the ecological role of hawksbills in the wider Caribbean.

While we recognize the importance of monitoring as many

beaches as possible rather than a few selected sites

(McClenachan et al., 2006), there are challenges to developing

a robust, cost-effective region-wide monitoring design that
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require further consideration including the number and spa-

tial distribution of the beaches. While we can estimate trends

in annual nesters at Pasture Bay beach, it is not possible to

extrapolate the trend at this beach to the wider Antigua-

Barbuda area because the representativeness of this beach has

been unexplored. If the goal is to make inferences about re-

gion-wide trends, sampling decisions must also include what

fraction of suitable nesting beach to monitor in the region.

Acknowledgments

This work was made possible by the support of the Jumby Bay

Island Company, Ltd. and the dedicated teams of researchers

of nearly two decades. We thank Michael Levine for his in-

sights and advice and Dan Hall, Jeff Moore and Bryan Wallace

for critically reading the manuscript. Funding for this project

was provided by the Gordon and Betty Moore Foundation.

Appendix A

A.1. Specifying a value for b0 in the power calculations of
WK1 surveys

Based on the final model used for the Monte Carlo simula-

tions, the expected count Eðki;jÞ of nesting females for designs

starting on 15th June (WK1) is specified as

Eðki;jÞ ¼ Eðexpðb0 þwi þ b̂1weeki þ b̂2week2
i þ b̂3week3

i þ b4yearjÞÞ:

When i = 13 and j = 1, week and year fixed effects are dropped

from the model since the variables were centered on these

values. Thus, the expected count in week 13 at the start of

the survey is

Eðk13;1Þ ¼ expðb0ÞEðexpðw13ÞÞ:

Since wi � Nð0; r̂2
wÞ, exp (wi) has a lognormal distribution with

mean of expðr̂2
w=2Þ, leading to

Eðk13;1Þ ¼ expðb0Þexpðr̂2
w=2Þ:

If the expected count in week 13 at the start of the monitoring

program is specified, then a value for b0 can be obtained by

b0 ¼ logðEðk13;1ÞÞ � r2
w=2: ðA:1Þ
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