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Abstract
In wildlife translocations, it is important to identify reliable monitoring methods
that can provide accurate population estimates for post-release management. We
compared density and abundance estimates of distance sampling and repeated
counts with complete counts (census data) to determine accuracy (percentage
relative bias) and precision (coefficient of variation) for monitoring populations of
blue iguanas restored to protected areas on Grand Cayman. We conducted incom-
plete counts (survey data) of blue iguanas at 12 transects of unequal length
(range = 322.1 to 431.7 m) visited 36 times per year, yielding 405 detections in
March 2010 and 443 detections in March 2013. Distance sampling and repeated
counts provided accurate (range of percentage relative bias = −9.52% to 0.00%)
and precise (range of coefficient of variation = 0.10 to 0.15) estimates of iguana
density and abundance, and yielded an estimate of the proportion of individuals
that were available for detection in the study area during the surveys ( ˆ .Pa = 0 88,
se = 0.03). The use of distance sampling and repeated count methods, in carefully
designed surveys with representative coverage and adequate replication, can lead
to more reliable monitoring of extant wild and translocated rock iguana popula-
tions on other Caribbean islands, where individual marking may not be practical,
and the proportion of individuals that is available for detection is unknown.

Introduction

Monitoring is essential to guide and evaluate management
efforts for the conservation of endangered reptiles (Dodd &
Seigel, 1991). However, monitoring can be resource inten-
sive and exceed the duration of typical programs and grant
cycles (Kleiman et al., 1991). Therefore, it is important to
identify reliable monitoring methods that can provide accu-
rate and precise estimates of the parameters required to
assess and refine management actions.

Management of rock iguanas (genus Cyclura) throughout
the Caribbean currently involves a range of translocation
strategies. For example, headstarting of captive-bred or
captive-reared wild iguanas for release at maturity has been
shown to reduce juvenile mortality and increase population
size (Alberts et al., 2004; Knapp & Hudson, 2004; Wilson
et al., 2004; Pérez-Buitrago et al., 2008; Burton, 2011); and
translocation of breeding age iguanas to unpopulated
islands has been used to recolonize or expand the species
distribution range (Knapp & Hudson, 2004; Goodyear
& Lazell, 2006). The need for reliable monitoring of
translocated iguana populations led to a review of methods
for estimating density and abundance (Hayes & Carter,
2000). These authors argued that distance sampling tends to

underestimate rock iguana density and abundance because
the method requires that all individuals present in the study
area are available for detection. They suggested using mark-
recapture methods instead of distance sampling, but noted
that mark-recapture can be costly and mostly applicable to
small areas. However, mark-recapture combined with dis-
tance sampling has been used successfully on other terres-
trial lizards (see e.g. Grant & Doherty, 2010). Other authors
have studied Cyclura populations using radiotracking to
estimate the number of individuals present at any given time
in defined areas (see e.g. Goodman, Echternacht & Burton,
2005, Pérez-Buitrago, Sabat & McMillan, 2010).

Population restoration of the Grand Cayman blue iguana
Cyclura lewisi into its former range in the Queen Elizabeth
II Botanic Park, the Salina Reserve and the Colliers Wilder-
ness Reserve (Fig. 1a) has resulted in breeding populations
of known individuals and their offspring (Burton, 2011).
Monitoring of these populations is needed to inform man-
agement and to measure progress toward locally agreed
conservation objectives (at least 1000 individuals in the wild,
sustained by natural reproduction).

In this paper, we seek to identify count methods not
requiring the identification of individual iguanas in the
study area, recognizing that it may not be practical to
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maintain a marked population for long-term monitoring.
We used complete counts (census data) of marked iguanas
as a baseline for assessing the accuracy (percentage relative
bias, PRB) and precision (coefficient of variation, CV) of
density and abundance estimates derived from distance
sampling and repeated count methods. We focus on the
most basic aspects of these count methods in an effort
to reach a wide audience of applied scientists collecting
and monitoring data of rock iguana populations in the
Caribbean.

Materials and methods

Study area

This study was conducted in the Salina Reserve on Grand
Cayman, which is an area of xerophytic shrubland on lime-
stone and dolostone karst with local basins of red earth. The
study area comprises three contiguous zones where 307
headstarted iguanas were released between 2004 and 2009,
with an additional 98 iguanas released between 2010 and
2012.

Iguana surveys were conducted at 12 transects of
unequal length (range = 322.6 to 431.7 m) in March of

2010 and 2013. Transects followed preexisting access
routes used for iguana restoration work (see Fig. 1b).
Transect centerlines were c. 20 m apart, with minimal veg-
etation clearance. Surface modification was limited to
removal of loose rocks, fragile karst blades and plant
debris to minimize noise from observers walking on
transects.

Iguana marking

All iguanas in this study were tagged at the time of release
with unique colored glass bead combinations on a wire
piercing the nuchal crest (Rodda et al., 1988; Fig. 2a).
Before release, each individual was also injected with a
passive integrated transponder (PIT tag; BioMark® HPT
series and similar models, Biomark, Inc., Boise, ID, USA).
Photographs of lateral and dorsal aspects of the head were
archived for all iguanas to assist photo identification in
cases of bead or PIT tag loss, based on characteristic vari-
ations in head scale morphology (Fig. 2b). Any wild-born
offspring of these released iguanas which were captured
before this study were tagged and photographed in the
same way and released at their capture locations.

Figure 1 (a) Grand Cayman, showing location of the Queen Elizabeth II Botanic Park (1), Salina Reserve (2) and Colliers Wilderness Reserve (3).
(b) Salina Reserve study site, showing survey routes and 12 transect divisions. (c) Occupied iguana retreats mapped in the three release zones
in 2010. (d) Occupied iguana retreats mapped in the three release zones in 2013.
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Line-transect surveys

Repeated line-transect surveys allowed data analysis using a
variety of methods for inferences about iguana abundance
in the study area (for a review, see Nichols, Thomas &
Conn, 2009). In this paper, we focus on conventional and
multiple-covariate distance sampling and repeated count
methods (Buckland et al., 2001, 2004; Royle, 2004a,b; Royle
& Dorazio, 2008). We established 12 transects with lengths
ranging from 323 to 432 m in three geographic zones
(Fig. 1b). Three two-observer teams were deployed over the
first 3 weeks of March 2010 and 2013 in each of the zones on
a rotating schedule, walking all transects in each zone twice
per day (morning and afternoon runs) as quietly as possible
at a speed of 0.16 m s−1. We trained observers in the field
before commencing the surveys. We did not conduct surveys
on overcast or rainy days because iguanas tended to enter or
remain close to their retreats under these conditions. Teams
were rotated throughout the survey to ensure that all
transects received equal observer effort from each of the
three teams and equal observer effort at all times within the
survey periods.

The purpose of having teams of two observers was to
increase the chance of meeting three basic assumptions of

distance sampling; namely, detecting all iguanas at transect
centerlines, that is g(0) = 1; determining initial locations
of detected iguanas, before responsive movement to the
approaching observer and measuring perpendicular dis-
tances accurately (Buckland et al., 2001). Because iguanas
were detected as singles, we did not have to estimate cluster
size. Transect placement was systematic, providing repre-
sentative coverage of the study area.

Transects were surveyed 36 times per year, 18 times each
between 09:30–12:00 h and 13:00–15:30 h. Based on
radiotracking data collected in 2006 (F. J. Burton, unpub-
lished data), survey dates and times were selected to span the
maximum activity period of iguanas, increasing their avail-
ability for detection in the study area. The observer detect-
ing an iguana fixed their gaze on the initial detection
location, and immediately occupied that point or guided
their team partner to do so. The team then used a tape
measure to record the perpendicular distance from the
transect centerline to the initial location. Binoculars were
used to read bead tags. We photographed detected iguanas
to confirm any uncertain bead tag identities. We also meas-
ured substrate temperature at the point of initial location
and collected time-synchronized wind speed and air tem-
perature data at the center of the surveyed area using a
datalogger and sensors (Hobo® Micro Station H21, Onset
Computer Corporation, Bourne, MA, USA).

Complete counts

Unique bead tag identities were tabulated from all three
survey team observations on a daily basis. Any non-beaded
individuals recognizable by head scale photographs, distinc-
tive features (such as missing crest spines, tail loss) or con-
sistent association with a particular retreat were given
temporary identity codes until immediately after the survey
when they were trapped and identified by transponder
reading. In 2 weeks following the completion of the line-
transect surveys, all geographic clusters of observations of
unidentified iguanas were intensively monitored to identify
particularly cryptic and shy individuals.

Concurrently with the surveys, two additional observers
were assigned to observe all detected iguanas at the begin-
nings and ends of the days to find their primary overnight
retreat(s). Locations of all iguanas were mapped using a
Global Positioning System as the survey progressed, ena-
bling use of clusters of sightings to assist in locating retreats.
Retreats used by the same iguana on at least two consecutive
nights were mapped. Additional retreats of particularly shy
and cryptic individuals were mapped in the 2-week period
after the surveys were completed, based on the same clusters
of unidentified iguana observations investigated for comple-
tion of the bead tag census. We considered this intensive
search effort a census (complete count) of iguanas using the
study area during the first 3 weeks of March in 2010 and
2013. To evaluate the PRB (PRB 100 [(N N) / N])= × −ˆ of
distance sampling and repeated count abundance estimates
(N̂ ), we assumed that the bead tag census represented the
true abundance (N).

Figure 2 (a) Bead tag placed through nuchal crest of a young Cyclura
lewisi. Combinations of two bead sizes and seven colors allow each
iguana to be uniquely identified. (b) Dorsal view of head of C. lewisi.
Note that lateral asymmetries and individual scale anomalies are
conserved as individuals grow and can be used to assist identification
in event of tag loss.
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Distance sampling

Conventional distance sampling is based on estimation of a
detection function, ĝ x( ) in the case of line transects, which
decreases with distance (x) and is needed to estimate iguana
detection probability given availability (P̂d ). However,
because iguana detection may be influenced by species, envi-
ronment and observer covariates, we used conventional and
multiple-covariate distance sampling for the analysis of
line-transect survey (Buckland et al., 2001, 2004). In the case
of multiple-covariate distance sampling, density was esti-
mated as

ˆ
ˆ ,D
n

wLP zd i

=
( )2

where D̂ is the number of iguanas per hectare; n is the
number of iguana detections; P̂d is detection probability
modeled as a function of perpendicular distances and other
covariates represented by vector z (i.e. g[x, z]); L is the total
length of transects and w is the transect half-width. We
pooled the distance data from repeated visits to each
transect and recorded survey effort as transect length mul-
tiplied by the number of visits per year (Buckland et al.,
2001). Detection probability was estimated as
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w
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and effective strip width as

ESW w P zd i
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after right-truncation of the distance data at w = 8.98 m (i.e.
about 5% of detections within a maximum distance of
15.33 m). We conducted exploratory data analysis to deter-
mine the best truncation distance for modeling the detection
function (Buckland et al., 2001). Abundance was estimated
by extrapolating estimated density to the study area (i.e.
ˆ ˆN D A= × ; where A = 7.6 ha).

We evaluated the fit of detection models (uniform, half-
normal and hazard-rate key functions with and without
cosine and polynomial adjustment terms) with quantile-
quantile plots and goodness-of-fit tests (Burnham et al.,
2004). Model selection was based on minimization of
Akaike information criterion corrected for small sample
sizes (AICc). We considered models with differences in
AICc ≤ 2 to be equally supported by the data. We used
non-parametric bootstrapping to account for model selec-
tion uncertainty through model averaging and for robust
estimation of standard errors (se).

The half-normal and hazard-rate key functions with and
without cosine adjustment terms were used to explore the
effect of factor and numeric covariates on iguana detection;
for example, sampling year (2010 or 2013), sampling period
(three 6-day subsets from the 18 survey days), time of day
(minutes after sunrise and before sunset), run time (morning
or afternoon), survey zone (A, B, C), age (adult or juvenile),

sex (male or female), activity state (alert or moving in stand-
ing posture, or resting in prostrate posture), sun exposure at
times of detection (sunny or in cloud shadow) and several
wind speed and temperature measurements. We also used
stratification and post-stratification to compare iguana
detection and density estimates, for example, between survey
zones and sampling years using conventional distance sam-
pling (Buckland et al., 2001). We used the program DIS-
TANCE 6.0, Release 2 (http://www.distancesampling.org),
for distance sampling analyses (Thomas et al., 2010).

Repeated counts

We used the Poisson-binomial mixture model to estimate
iguana detection and abundance (Royle, 2004a,b; Royle &
Dorazio, 2008). Repeated transect counts (cit) were defined
as binomial random variables with index Ni (abundance at
transect i = 1, 2, . . . , R) and detection probability pit

(iguanas observed at transect i in occasion t = 1, 2, . . . , T).
We analyzed the repeated count data collected during three
6-day sampling periods (days 1–6, days 7–12 and days
13–18) and an 18-day sampling period per year, assuming
independence between transect visits (12 or 36 per sampling
period) and population closure (i.e. no permanent emigra-
tion or deaths and no permanent immigration or births
during the surveys).

Through repeated counts, we were able to estimate the
probability that an iguana was available for detection and
the probability that it was detected given availability (i.e.
Pad = Pa × Pd). Assuming that abundance can be represented
by a Poisson distribution (P) and counts by a binomial
distribution (B), the integrated likelihood of repeated counts
was

L p c c N p Nit it it i it
t

T

i
N ci i
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We accounted for extra-Poisson variation in mean abun-
dance λ with an additive normal random effect for log(λ); for
example, log(λi) = α + β1(Zi) + β2(Yi) for the survey zone (Z)
and sampling year (Y) covariates. A logistic regression model
was used to account for extra-binomial variation in detec-
tion; for example, logit(pit) = α + β1(Zit) + β2(Yij), where Zit

and Yit are covariate values for transect i and time t. Abun-
dance was interpreted as density at transect level (i.e. λ̂ πi w2 ,
using the line-transect truncation w = 8.98 m; Royle, 2004b).
For the analysis of repeated counts, we used the program
PRESENCE, Version 6.1 (US Geological Survey, Patuxent
Wildlife Research Center, MD, USA) (Bailey et al., 2007).

Results

Census data

The number of unique bead tags detected in line-transect
surveys reached a stable maximum within 18 days in March
2010 and 2013, representing a census of resident, territorial
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iguanas, as well as those occasionally present in the study
area. The corresponding area census of active retreats
accounted only for permanent residents with stable territo-
ries. We mapped 32 retreats and found 46 iguanas in March
2010, and 30 retreats and 42 iguanas in March 2013
(Fig. 1c,d).

Survey data

Quantile-quantile plots and goodness-of-fit tests showed no
major problems with the iguana distance data collected in
March 2010 and 2013 (Fig. 3a,b). The largest absolute dif-
ference between the fitted cumulative distribution function
and the empirical distribution function did not differ signifi-
cantly (Kolmogorov-Smirnov test: Dn = 0.04, P value =
0.11). Moreover, the functions were tied over the entire range
of the data (Cramer-von Mises family tests: W 2 = 0.18,
P value > 0.30, C2 = 0.13, P value > 0.20), providing evi-
dence of good model fit and little measurement error
(Fig. 3a).

Among the conventional distance sampling models con-
sidered, the half-normal key function with no adjustment
term and no covariates provided the best fit (χ2 statis-
tic = 20.55, d.f. = 15, P value = 0.15; Fig. 3b). The inclusion
of sex as a factor covariate in the half-normal detection
model received strong support from the distance data
(AICc = 2968.40, ΔAICc = 0). However, sex differences in
detection probability caused minor heterogeneity in the
detection function (Fig. 3b,c). Detection probability and

effective strip width was 0.54 (se = 0.03) and 4.85 m
(se = 0.24) for male iguanas and 0.58 (se = 0.02) and 5.19 m
(se = 0.22) for female iguanas (detection difference: z statis-
tic = −0.16, P value = 0.44; Fig. 3c); and their perpendicular
distances did not differ significantly (unpaired t statis-
tic = −0.942, d.f. = 755, P value = 0.35). Age class (AICc =
3,017.03, ΔAIC = 48.63), activity state (AICc = 3187.92,
ΔAIC = 219.51), and other covariates (ΔAIC > 262.69) had
a negligible effect on iguana detection. Moreover, conven-
tional and multiple-covariate distance sampling provided
similar density estimates, suggesting that model selection
was of secondary importance for abundance inferences from
the blue iguana survey data collected at the Salina Reserve
in March 2010 and 2013.

Distance sampling detection given availability (P̂d ) was
0.57 (se = 0.02) for male and female iguanas combined
(Table 1). In comparison, repeated count detection, which is
the product of the probability that iguanas are available for
detection and the probability that they are detected given
availability P̂ad ), was 0.50 (se = 0.03). Therefore, the prob-
ability that iguanas were available for detection (P̂a ) aver-
aged 0.88 (se = 0.03) in March 2010 and 2013.

Conventional distance sampling density estimates did not
differ significantly among years (z statistic = 0.28, P = 0.39;
Table 1). Overall, estimated density was 5.28 iguanas per
hectare (se = 0.57) and abundance was 40 iguanas (se = 4).
Conventional distance sampling and repeated counts pro-
vided similar density and abundance estimates (Table 1).
However, based on point estimates of abundance, PRB

Figure 3 (a) Quantile-quantile plot showing the fitted cumulative and
empirical density functions and (b) detection probability of blue
iguanas (both sexes combined) based on conventional distance
sampling (n = 848 detections). (c) Detection probability of male and
female blue iguanas, based on multiple-covariate distance sampling
(n = 729 detections) after right-truncation of data at w = 8.98 m.

Table 1 Conventional distance sampling (CDS) and repeated count
(RC) estimates of detection probability (P̂d and P̂ad ), density (D̂,
iguanas per hectare) and abundance (N̂ ) of blue iguanas surveyed in
the Salina Reserve, March 2010 and 2013

Method Year Parameter Mean SE 2.5% 97.5%

CDS 2010 P̂d 0.572 0.024 0.527 0.621

D̂ 5.461 0.729 3.405 7.656

N̂ 42 5.754 32 53
2013 P̂d 0.571 0.025 0.524 0.622

D̂ 5.047 0.780 3.622 6.603

N̂ 38 5.890 27 51
Overall P̂d 0.572 0.017 0.534 0.607

D̂ 5.283 0.573 4.210 5.526

N̂ 40 4.360 32 49
RC 2010 P̂ad 0.510 0.025 0.441 0.579

D̂ 5.950 0.916 4.369 7.391

N̂ 45 6.930 33 56
2013 P̂ad 0.492 0.034 0.427 0.555

D̂ 5.496 0.802 3.672 8.221

N̂ 42 6.300 28 63
Overall P̂ad 0.501 0.031 0.434 0.567

D̂ 5.658 0.849 3.947 7.763

N̂ 43 6.450 30 59

Point estimates (mean and SE) are presented with 2.5% and 97.5%
quantiles, based on non-parametric bootstrapping. For parameter
estimation, we used the CDS and RC data collected during 18 sam-
pling days (i.e. 36 visits per transect each year).
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tended to be more negative for conventional distance sam-
pling (range = −9.52 to −8.70%) than for repeated counts
(range = −2.27 to 0.00%; Table 2). The 2.5 and 97.5%
quantiles of both count methods included true abundances
in all instances (Table 1).

The count methods showed adequate precision in both
years (range of CV = 0.10 to 0.15). Density estimates from
conventional distance sampling reached maximum precision
within 6 survey days (12 transect visits), with no decrease in
CV resulting from increasing the survey duration to 12 or 18
days (Fig. 4). Rather there was some indication that density
CV increased with longer survey periods (Fig. 4).

Discussion
The low number of iguanas in the study area compared with
the numbers released implies that the majority of the
released iguanas emigrate from the study area or die.
Because we saw released iguanas outside the study area, and
saw no evidence of any mortality in the study area, we
hypothesize dispersal from the release area accounts for the

unchanged population density 2010 to 2013 despite release
of iguanas between the surveys. The results have immediate
implications for conservation management, focusing atten-
tion on strategic questions such as population containment
in protected areas, versus allowing dispersal to recolonize an
ancestral range now largely in private ownership and open
to unmanaged threats.

Given the highly mobile nature of the iguanas during
their active periods and the high degree of transect coverage
in the study area, it should be expected that all iguanas
resident in the study area would be encountered by the
observer teams at some time during 18 days of surveys
spread over 3 weeks, even though some did require
follow-up work to establish their actual identities. This view
is consistent with the cessation of new individual iguana
detections before the end of each survey. The mapped
retreat census should be considered an underestimate of
abundance because it did not include known iguanas which
were active within the study area, but were not observed to
occupy the same retreat(s) in consecutive nights. The bead
tag census can reasonably be considered a complete count of
all iguanas which were either resident, intermittently resi-
dent or transiently present in the study area at the time of
the surveys.

March is on average the driest month of the year in the
Cayman Islands, and the iguanas are highly active as they
are entering their breeding season. The value for P̂a implied
by comparison of conventional distance sampling and
repeated counts in our data may, therefore, represent a high
point in seasonal availability of iguanas for detection.
Assumption that Pa < 1 for distance sampling is advisable
for this, and probably other iguana species, because a pro-
portion of individuals may remain persistently underground
in rock holes in any given sampling period, and temporary
emigration from the study area may occur (e.g. in response
to human presence).

Representative coverage and adequate replication of line-
transect surveys are essential to increase sample size
(number of iguana detections), account for the different
components of detection probability (Pd and Pa in our case)
and obtain precise density estimates (Buckland et al., 2001;
Royle & Dorazio, 2008; Nichols et al., 2009). Replication
also allows for rotation of teams and the order of transect
visits to average out any observer and time of day biases.
Practice trials before survey data collection is advisable to
allow for observer training and initial habituation of
iguanas to passage of the observers, therefore reducing
responsive movement and facilitating recording perpendicu-
lar distances to initial locations.

Inadequate replication and failure to formally assess and
correct for Pa < 1 may explain Hayes & Carter’s (2000)
observation that distance sampling tended to underestimate
true population density of rock iguanas. For rock iguanas,
generally, Pa should be expected to vary between surveys,
and so should be assessed to justify abundance inferences
(Royle & Dorazio, 2008; Nichols et al., 2009). There are
logistical and resource limitation issues associated with
obtaining an independent measure of Pa by radio telemetry

Table 2 Percent relative bias (PRB) of estimated abundance (N̂ )
based on conventional distance sampling (CDS) and repeated counts
(RC) of blue iguanas in the Salina Reserve, March 2010 and 2013

Method Year N̂ 2.5% 97.5% PRB 2.5% 97.5%

CDS 2010 42 32 53 −8.70% −30.43% 15.22%
2013 38 27 51 −9.52% −35.71% 21.43%
Overall 40 32 49 −9.09% −27.27% 11.36%

RC 2010 45 33 56 −2.17% −28.26% 21.74%
2013 42 28 62 0.00% −33.33% 47.62%
Overall 43 43 59 −2.27% −31.82% 34.09%

True abundance from census (N) was 46 iguanas in March 2010, 42
iguanas in March 2013, and 44 iguanas taking the average of both
years. N̂ and PRB estimates are presented with 2.5% and 97.5%
quantiles, based on nonparametric bootstrapping. For the evaluation
of PRB, we used the CDS and RC data collected during 18 sampling
days (i.e. 36 visits per transect each year).

Figure 4 Coefficient of variation (CV) of density estimates in 2010
and 2013, as a function of the number of survey days. Included
survey days were selected from the full series of 18 days at random,
and density was estimated by conventional distance sampling using
the detection function generated from all data in both years.
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or mark-recapture methods. Therefore, the combination of
distance sampling and repeated counts appears to be an
effective option for population monitoring because it gen-
erates an estimate of Pa without having to mark and indi-
vidually identify iguanas.

Because we wished to determine the reliability of distance
sampling and repeated count methods using census data,
this study occupied a month in total duration and some 133
person-days in the field. Our census and survey efforts in
such a small area may not be representative of the reality
faced by other scientists seeking to conduct population
assessments with fewer resources over much larger areas. In
our study area, we showed that accurate and precise density
estimates can be obtained with 12 transect visits, provided
transect length (x = 355 8. m in this study) is generally suffi-
cient to obtain one or more iguana detections on each visit.
If careful attention is given to the survey design and
observer training (see, e.g. Buckland et al., 2001: chapter 7),
then conventional and more advanced distance sampling
and repeated count methods can be used (see, e.g. Royle &
Dorazio, 2008: chapter 7) to monitor the populations of
other Cyclura species in the Caribbean, accounting for
spatial and temporal differences in Pd and Pa. Finally, as a
result of this study, we have determined that annual moni-
toring of blue iguanas in the Salina Reserve can be effec-
tively conducted with a third of the transect visits made in
March 2010 and 2013.
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