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Abstract

Sperm whales are present along the Caribbean islands in

family groups of mature females, juveniles, and newborns.

Their abundance and demographic rates remain poorly

known. Using photo-identification data, we estimated the

abundance and annual survival of sperm whales in Guade-

loupe from January to April 2001–2013. A total of 1,492

photographs of tail flukes were scored (ranging from 1 to 5)

in terms of quality (Q) and marking (M) level. A total of

789 photographs were selected with Q ≥ 3 and M ≥ 3,

corresponding to 109 individually identified adult females

or immatures of both sexes. Capture histories were built

and analyzed using the Pollock's robust design capture-

mark-recapture model. The study consisted of 13 primary

periods sequenced in 5–8 secondary periods. Mean annual

survival rate of residents was 0.945, 95% CI [0.864, 0.979].

Abundance varied between years from 75 to 35 individuals.

The geometric growth rate over the period 2001–2013 was

0.938, 95% CI [0.878, 0.997], suggesting a population

decline of �6.2%/year. Sperm whales are moving between

Guadeloupe and Dominica, with a high temporary emigra-

tion rate (0.163) and 50% of the individuals of Guadeloupe

resighted in Dominica. These results highlight the fragility

of the population and the necessity to consider it as

one unit.
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1 | INTRODUCTION

Sound demographic information is needed to infer the effects of environmental and anthropogenic factors on wild

populations and to identify threats and implement conservation programs when necessary (Evans & Hindell, 2004).

Although a number of cetacean populations have started recovering following overexploitation during the past cen-

turies, many populations also face new threats due to increasing human activities, such as shipping, resulting in

increased ambient noise (Hildebrand, 2009; Laist et al., 2001; Silber et al., 2010; Vanderlaan & Taggart, 2007) and

ship-strikes (Fais et al., 2016) in several parts of the ocean.

Sperm whales (Physeter macrocephalus) are widely distributed across the oceans in both hemispheres despite the

species having been the most severely impacted by the whaling industry (Clapham & Ivashchenko, 2016; Reeves

et al., 2003). The species is now listed as vulnerable on the IUCN's Red List (Taylor et al., 2019) but a number of

populations remain data deficient.

In the eastern Caribbean, sperm whales can be encountered quite close to volcanic islands surrounded by narrow

submarine shelves, most often in matriarchal social units that include mature females, juveniles, and newborns. In con-

trast, males are thought to leave family groups for higher latitudes, returning to tropical waters to mate (Gero et al., 2007;

Whitehead, 2003; Whitehead & Weilgart, 2000). Being a long-lived species, the population dynamics of sperm whales is

expected to be highly sensitive to variations in adult survival (Caswell et al., 1999). Therefore, the estimation of this demo-

graphic parameter is of primary importance for demographic and conservation studies (Gerber & Heppell, 2004). Further-

more, over the past twenty years, the eastern Caribbean has been experiencing an increase of vessel traffic (leisure sailing

boats, cargo vessels, cruise ships, and high-speed ferries), whale watching, and other tourist operations (Hoyt &

Hvenegaard, 2002). In addition, vessel traffic is expected to intensify in the area in the near future as a result of the

planned increases in harbor capacities in Guadeloupe and Martinique. Entanglements in fishing gear or in marine debris

have also increased in recent years with two cases involving newborns and juveniles (Rinaldi & Rinaldi 2014, 2018). In

recognition of these potential threats facing marine mammals and their habitats, marine mammal sanctuaries were cre-

ated recently in the French and Dutch Marine Protected Area, surrounding the islands of Guadeloupe, Martinique,

St. Martin, and St. Barthelemy. The objective of these sanctuaries is to ensure the conservation of marine mammals,

within the framework of a harmonious coexistence with human activities, by removing or reducing the negative effects

of the activities having an impact on the well-being of marine mammals or their populations (Knowles et al., 2015).

Because the demographics and population conservation status of most sperm whale populations remain poorly

known, the aim of the present study is to estimate adult survival, population abundance, and population trends of

sperm whales in Guadeloupe. We used photo-identification data collected over 13 years and a robust design

capture-mark-recapture (CMR) model (Kendall et al., 1995, 1997; Pollock, 1982) to take into account imperfect

detection of individuals and temporary emigration.

2 | MATERIAL & METHODS

2.1 | Study site and species

Sperm whales are frequently observed in the eastern Caribbean waters (Figure 1). Our study site was located off the

leeward coast of Guadeloupe, 4–20 nautical miles offshore (15�580–16�200N, 61�460–62�050W). In this feeding and
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breeding area, female, calf, and immature sperm whales are encountered all year long. They form social units, and

photo-identification suggests year-round term associations within these units (C.R. & R.R., personal observation).

2.2 | Collection of photographs

In the early 1980s, monitoring and research projects on sperm whales revealed that individuals could be identified

from photographs using marks on the trailing edge of the flukes (Whitehead & Gordon, 1986). Working off the

Galapagos Islands, Arnbom (1987) refined the photo-identification technique for sperm whales, including a measure

of photo quality. Once weaned and beginning to make deep dives, they typically raise their tail fluke in the air

(or fluke up) before a long dive. Each individual can be identified from the trailing edge of its tail (Arnbom, 1987)

where nicks and notches are distinctive. Since then, many aspects of sperm whale biology have been studied, such

as movements at sea (Whitehead, 2003), population sizes (Matthews et al., 2001; Whitehead 1990; Whitehead

et al., 1992, 1997), and social structure (Christal et al., 1998; Lettevall et al., 2002; Whitehead & Arnbom, 1987;

Whitehead et al., 1992).

Our program of photo-identification started in 1998 off the west coast of Guadeloupe, recording the number of

individual sperm whales encountered, their distribution, social structure, behaviors (foraging activities, socialization,

rest, displacement), and the observation effort. Photographs are taken when sperm whales fluke up before their

foraging dive.

F IGURE 1 (a) Location of Guadeloupe in the Caribbean Region. (b) Focus on the study area off the leeward side
of Guadeloupe. (c) Locations of encounters of adult sperm whales in 2005 in the study area.
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The data were collected from a 7.5 m motorboat (2001–2003) and thereafter from a 15.5 m sailing boat, both

dedicated to research programs on sperm whales and other cetaceans. In addition to this, a whale-watching 15 m

motor catamaran was also used as a platform of opportunity (1998–2009). After being detected and tracked with

directional hydrophones, animals were approached usually to within 50–100 m while at the surface, and photo-

graphs of the tail of each individual were taken initially with video cameras and then with digital Canon cameras with

a 300 mm telephoto lens. Date, time, position, number of individuals, and behavior were recorded for each

photograph.

All sperm whale fluke photographs were indexed in the AET database and catalog (Table S1). For each observa-

tion, data entries were date, daily effort (hours), time, latitude and longitude, sperm whale encounter, number of

females and immatures, number of calves, number of males, total animals observed, numbers of flukes up observed,

number of animals photographed, identity number, focus, tilt of the fluke, exposure, orientation, percentage cover,

quality (Q), and marking (M). Only flukes of mature females and juveniles were considered for the present analysis

because adult males are only occasionally passing through the study area and newborns do not fluke up yet.

2.3 | Analysis of photographs

An individual fluke image quality (Q) was assigned to each fluke image based on five attributes of the photograph

(X1–X5), following Arnbom (1987): focus, tilt of the fluke with the surface of the water, exposure, orientation, and

percentage cover of the frame by the fluke. If all attributes were validated then Q = 5; if only one attribute was inva-

lidated, Q = 4; if two or three attributes were invalidated, Q = 3; if four attributes were invalidated, Q = 2; and if all

attributes were invalidated, Q = 1.

The quality of markings of each photographed fluke was given a quality value (M) between 0 and 5 (Louis

et al., 2010; Poncelet et al., 2010; Verborgh et al., 2009). M = 0 for individuals with flukes having totally smooth

edges as calves, and for which identification was not possible; M = 1 for individuals with flukes bearing only one

indistinctive mark, and for which confusion with other individuals may occur; M = 2 for flukes bearing several

undistinctive marks or only one distinctive mark for which confusion may still occur; M = 3 for flukes bearing

one distinctive mark or several undistinctive marks on both sides of the fluke, allowing identification even if new

marks occurred; M = 4 for individuals bearing symmetric marks with at least one distinctive mark allowing iden-

tification without confusion; and M = 5 for various distinctive and symmetric marks, identification without

confusion.

Therefore, Q and M reflect the certainty of an individual's identification with 0 representing a nonidentifiable

fluke and 5 indicating absolute certainty of identification (Arnbom, 1987). An identified whale has the potential to be

reidentified on a later occasion, while a whale which was not identifiable from the photograph has no potential to

be reidentified. Only fluke photographs with higher quality and marking (Q3–Q5; M3–M5) were used for the

capture-recapture analyses (see below).

2.4 | Data set for this study

A total effort of 2,946 hr or 681 days of fieldwork was dedicated to collecting sperm whale tail fluke photographs

from January to April 2001–2013. These months were selected because most animals and groups have been

observed during this period in the study area (109 of 139 identified sperm whales in total, i.e., 78.4% of the sperm

whales sighted between January and April 2001–2013), probably related to the presence of breeding males at this

time of the year for mating.
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2.5 | Estimating demographic parameters

Capture histories of individual sperm whales were built by following the standard capture-mark-recapture (CMR) for-

mat for the Pollock's robust design (Pollock, 1982). The study consisted of 13 primary (from January to April) periods

covering 2001–2013 (Table 1). Secondary samples consisted of 2-week periods within each annual sampling season.

Resighting data were pooled within each secondary sampling period. The sperm whale population was expected to

be open to gains (immigration and recruitment) and losses (mortality and emigration) between these years. Each pri-

mary period contained from 5 to 8 secondary sampling periods (mode = 8), since in some years, surveys could not

be conducted during all weeks of each month. The population was assumed to be closed to gains and losses among

these secondary periods, an assumption that was tested.

Kendall et al. (1995, 1997) developed full likelihood approaches that combine open and closed population

models and that allow estimation of a number of parameters from data collected under a robust design. The robust

design approach was particularly relevant for estimating demographic parameters of sperm whales. Groups of female

and immature sperm whales are known to move during the year (Whitehead, 1996; Whitehead et al., 1992). Consis-

tently, previous work highlighted some resightings of individuals initially identified in Guadeloupe within the lee of

the nearby islands of Dominica and Martinique, demonstrating that individuals move back and forth between several

islands of the eastern Caribbean. Indeed, 50% of the individuals of our data set were identified in Dominica, and from

all matches made between Dominica and other islands, 92.6% were between Guadeloupe and Dominica (Gero

et al., 2007). This behavior results in temporary emigration, i.e., individuals are alive but not available for resighting

during sampling periods. Temporary emigration may vary temporally, and its occurrence violates key assumptions for

CMR models (Pollock et al., 1990; Seber, 1982), resulting in biased estimates of population parameters

(Kendall, 1999; Kendall et al., 1997).

We tested for possible effects of individual heterogeneity, trap-response behavior, and time-related variations

on sighting and resighting probabilities (Williams et al., 2002). We also modeled temporary emigration, transience,

and apparent survival (see Table 2 for a definition of the parameters). The number of animals not seen was modelled

for each primary period and added to the number of animals known to be in the population to provide an estimate

of the population size.

TABLE 1 Primary and secondary sampling periods, and number of individual sperm whales observed in
Guadeloupe, 2001–2013.

Primary period Number of secondary sampling Observed individuals

2001 6 25

2002 7 20

2003 7 19

2004 8 39

2005 8 18

2006 8 31

2007 7 12

2008 6 17

2009 5 10

2010 8 27

2011 7 26

2012 8 31

2013 8 29
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Two kinds of sighting probabilities were modeled: p, the probability of seeing an individual in any secondary

period for initial sightings and applied to individuals not previously seen in the primary period, and c, the proba-

bility of seeing an individual in any secondary period for resightings and applied to individuals previously seen in

the primary period. Sighting and resighting probabilities were estimated for each primary period (t) and for each

secondary period (i), p(t,i) and c(t,i), respectively. We also tested for constant sighting and resighting probabilities

between primary and secondary periods. Because sperm whales were not physically captured but identified

using photo-ID we suspected no trap-response. We thus tested for a trap-response effect using a model in

which sighting and resighting probabilities were assumed to be equal. Heterogeneity in sighting probabilities is

frequent in animal populations and may bias population estimates (Cormack, 1972). Heterogeneity was modeled

using a finite mixture model (Norris & Pollock, 1996; Pledger, 2000) with two groups of individuals. Heterogene-

ity was included in the model as a mixing parameter, indicating the proportion of the population (π) in one of the

two groups of individuals. The proportion of individuals in the other group is (1 � π), and the two groups have

different capture probabilities that are estimated. The mixing parameter either differed between years or not.

Due to sample size limitations, we could not include heterogeneity in our initial fully time dependent model.

Sequential model selection started from a fully time-dependent model without heterogeneity and tested for het-

erogeneity on the selected model.

Temporary emigration between primary periods was modelled with two parameters: γ0(t) was the probability

that a sperm whale was absent from the study area at time t if absent at time t � 1, and γ00(t) was the probability that

a sperm whale was absent from the study area at time t if present at time t � 1. Temporary emigration was modeled

as either random, γ0(t) = γ00(t), or Markovian, γ0(t)1γ00(t). The temporary emigration parameters were either time depen-

dent (t) or not (.).

Apparent survival (s) was modeled as time dependent. Due to the large-scale movements undertaken by sperm

whales we suspected the presence of transient individuals in the study population. The probability that a newly

resighted individual was just passing through the study area with a near-zero chance of returning to be resighted

during the study invalidates the estimation of survival by traditional CMR models (Pradel et al., 1997). We thus

tested for the presence of transients (see goodness-of-fit testing) and modeled the proportion of transients following

the approach developed by Pradel et al. (1997) by building a two age-classes model on apparent survival. Thus, our

initial model was s(a2*t) γ0(t)γ00(t) π(t) p(t,i) c(t,i) N(t), where a2 denotes a two age-classes effect to account for tran-

sient individuals, and * denotes the interaction between age and time effects.

TABLE 2 Definition of parameters used in the robust design capture-mark-recapture model.

Parameter Definition

Apparent survival: s(t) Probability that a sperm whale in the population in primary period t survives to,

and remains in the population, at primary period t + 1

Temporary emigration: γ0(t) Probability that a sperm whale was absent from the study area at primary period

t if absent at primary period t � 1

Temporary emigration: γ00(t) Probability that a sperm whale was absent from the study area at primary period

t if present at primary period t � 1

Sighting probability: p(t,i) Probability that a sperm whale is sighted in secondary sample i of primary period

t, given that it is alive and in the sampled area during period i

Resighting probability: c(t,i) Probability that a sperm whale is resighted in secondary sample i of primary

period t, given that it is alive and in the sampled area during period i

Mixing parameter: π(t) Proportion of the population in one of the two groups of individuals with

heterogeneous sighting and resighting probabilities

Population size: N(t) Number of animals sperm whales that are associated with the study area
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All these models were implemented in program MARK (White & Burnham, 1999). We used an information theo-

retic approach to select the most appropriate model for the data (Burnham & Anderson, 2002) based on the small-

sample modification of the AIC (AICc; Hurvich & Tsai, 1989).

2.6 | Goodness-of-fit testing and closure tests

To test for the presence of transient individuals we pooled the individual sighting histories for all the secondary sam-

pling periods keeping only one sighting occasion per primary sampling period. This data set was then analyzed using

program U-CARE (Choquet et al., 2009), which provides a test for an excess of individuals newly entered in the pop-

ulation that are never seen again (transience).

To assess the fit of our initial model we used program RDSURVIV (Hines, 1996) by modifying the predefined

models in the program so as to expand the number of parameters. Program RDSURVIV uses a cell-pooling algorithm

to compute Pearson's χ2 test statistic and permits the fit of robust design models including time and behavioral

effects, but not heterogeneity (Kendall et al. 1995, 1997). We first assessed the fit (χ2time) of a fully time dependent

model, i.e., s(a2*t) γ0(t)γ00(t) π(t) p(t,i) c(t,i) N(t). We then discounted the change of deviance (Δdev) between this fully

time-dependent model and our initial model that accounted for a transient effect. The goodness-of-fit test of our ini-

tial model was then approximated as (χ2time � Δdev) with df = dftime � 1, where dftime is the number of degrees of

freedom of χ2time. The assumption of closure within primary periods was tested using program CloseTest (Stanley &

Burnham, 1999).

2.7 | Estimating abundance and population growth rate

Because only well-marked individuals (with M ≥ 3) were regarded as “marked” in the analyses, the robust design

models estimated the abundance of this fraction of the population (N). To estimate the abundance of the whole pop-

ulation, the proportion of well-marked individuals (θ) was estimated in the population. This proportion was estimated

for each year of the study period and averaged over all years. For each year, photographs taken according to the pro-

tocol and showing at least two individuals were selected with Q ≥ 3. The size of the whole population (N0) was esti-

mated by adjusting N for q with N0 = N/θ. The confidence interval of N0 was estimated following the formulas from

Whitehead et al. (1997).

The average rate of change in abundance over the study period was computed as

λ̂ ¼ N̂0
2013=N̂

0
2001

� � 1
12ð Þ

:

Variance of the rate of increase was estimated using the delta method approximation (Seber 1982).

3 | RESULTS

3.1 | Photographs descriptive parameters

A total of 1,482 photographs were assessed (Table 3). From these, 90% were good quality photographs (Q ≥ 3). Out

of the 160 individuals identified, 120 had a good level of marking (M ≥ 3). Change in marking level with time

occurred for 20 individuals (12.5%). Since the sampling period was relatively short (2001–2013) and that individuals

were resighted frequently, those changes did not affect the recognizability of the individuals.
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We selected 789 photographs with Q ≥ 3 and M ≥ 3 (Table 3). These represented a certain individual identifica-

tion of 109 female and immature individuals. From these, 13 (11,9%) had changes in marking level (10 individuals M3

to M4, 2 individuals M4 to M5, and 1 M3 to M5). A total of 30 individuals with Q ≥ 3 and M ≥ 3 were identified only

outside the sample period, i.e., from May to December, during the entire study period. The abundance estimates

were thus adjusted accordingly, by multiplying for each year N0 by the total number of individuals observed during a

given year divided by the number of individuals observed during the sampling period of the same year.

3.2 | Goodness-of-fit testing and closure tests

The test for transience using program U-CARE indicated the presence of transients in the population [statistic for

transient z = 4.95, p (one-sided test for transience) < .001]. The goodness-of-fit test of our initial model (including

transience) indicated no lack of fit to the data (χ2 = 20.6, df = 16, p = .195). Closure tests indicated that the closure

TABLE 3 Numbers of photographs assessed and individuals identified between January and April during the
period 2001–2013 as a function of quality and marking categories.

Description
Quality or marking category

RemarkQuality level of all
photographs assessed Q0: 7 Q1: 13 Q2: 125 Q3: 792 Q4: 487 Q5: 58 Total: 1,482

Marking level of all

individuals identified

(n = 160)

M0: 9 M1: 8 M2: 15 M3: 25 M4: 65 M5: 18 Changes in M level

with time: 20

(including

12 M ≥ 3)

Selected photographs

(Q ≥ 3, n = 789) and

individuals (M ≥ 3,

n = 109)

M0: 0 M1: 0 M2: 0 M3: 20 M4: 60 M5: 16 Changes in M level

with time: 13

TABLE 4 Tests for population closure
based on sperm whale capture history
data from Guadeloupe, 2001–2013.
Analyses for closure tests were
performed using program CloseTest
(Stanley & Burnham, 1999) separately for
the secondary sampling periods within
each primary period.

Primary period χ2 df p

1 2.56 4 .634

2 8.03 5 .155

3 7.17 5 .209

4 16.50 8 .036

5 7.35 6 .289

6 38.99 8 <.001

7 8.08 5 .152

8 2.78 4 .594

9 1.25 3 .742

10 11.96 8 .153

11 18.36 8 .019

12 34.48 4 <.001

13 6.44 8 .598

Note: p values > .05 indicate population closure.
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assumption within primary periods was supported in 69% of the years (Table 4). Most severe violations of the clo-

sure assumption occurred in 2006 and 2012.

3.3 | Model selection and demographic parameters

Model selection statistics are shown in Table 5. The best supported model indicated no trap-dependence effect,

i.e., the sighting and the resighting probabilities were identical, and no effect of heterogeneity in sighting or

resighting probabilities. Sighting probability varied according to years and tended to increase during the study period

(ANODEV test: F1,11 = 5.05, p = .046; slope = 0.091 ± 0.017 with 950.057 to 0.124; Table 5). Temporary emigra-

tion was Markovian and constant (Table 5). Apparent survival of residents was high (0.945 ± 0.026), and the average

apparent survival of transients was 0.541 ± 0.118. This gave an estimated proportion of transients of 0.427 ± 0.126.

No trend was evident in resident apparent survival (ANODEV test: F1,4 = 0.393, p = .565; slope = �0.111 ± 0.144).

There was weak evidence for a possible negative trend in the apparent survival of transients, but we found no signif-

icant relationship (ANODEV test: F1,10 = 3.02, p = .113; slope = �0.215 ± 0.076).

Population sizes of the well-marked individuals are shown in Table 6 for each year of the study. After adjustment

for θ = 0.863 (CV = 0.062) the estimated average total number of individuals was 45, 95% CI [32, 77]. However,

abundance varied between years from 75 (43–167) to 35 (30–45) between 2001 and 2013 (Figure 2). The geometric

TABLE 5 Model selection statistics for robust design analyses of sperm whale data from Guadeloupe, 2001–
2013. Survival, s, is modeled as constant or as differing between primary periods. Probability of temporary
emigration, γ, is modeled as random and constant, as Markovian and constant, as Markovian and time varying, as 0
(absence of notation). Probability of sighting (p) and resighting (c) within a primary period is modeled with two-group
heterogeneity that is constant over time, two-group heterogeneity that is time varying, and no heterogeneity
(absence of notation). A (t) indicates time variation over primary periods, an (i) indicates time variation over
secondary periods and a (.) indicates no time variation. ΔAICc is the difference in AICc betweent the lowest AICc
model and the considered model, np is the number of estimated parameters, w is the AICc weight and Dev is the
deviance. The best model is shown in bold.

Model description AICc ΔAICc w np Dev

Modeling resighting

s(a2.t) γ00(t) γ0(t) p(.,.) = c(.,.) 1,700.4 65.5 0 60 2,037.7

s(a2.t) γ00(t) γ0(t) p(t,.) = c(t,.) 1,685.4 50.5 0 72 1,990.8

s(a2.t) γ00(t) γ0(t) p(t,i) = c(t,i) 1,705.8 70.9 0 152 1,743.8

s(a2.t) γ00(t) γ0(t) p(t,i) = c(t,i) 1,959.5 324.6 0 232 1,573.2

Modeling temporary emigration

s(a2.t) γ00(t) γ0(.) p(t,.) = c(t,.) 1,671.7 36.8 0 62 2,003.8

s(a2.t) γ00(.) γ0(.) p(t,.) = c(t,.) 1,654.7 19.8 0.0001 51 2,014.8

s(a2.t) γ00(.) = γ0(.) p(t,.) = c(t,.) 1,667.2 32.3 0 50 2,029.8

s(a2.t) p(t,.) = c(t,.) 1,684.1 49.2 0 49 2,049.1

Modeling survival

s(a1.t,a2) γ00(.) γ0(.) p(t,.) = c(t,.) 1,634.9 0.0 0.9946 41 2,019.3

s(a1,a2) γ00(.) γ0(.) p(t,.) = c(t,.) 1,645.4 10.5 0.0053 30 2,055.3

Modeling heterogeneity

s(a1.t,a2) γ00(.) γ0(.) π (t) p(t,.) = c(t,.) 1,688.7 53.6 0 67 2,007.7

s(a1.t,a2) γ0(.) γ0(.) π(.) p(t,.) = c(t,.) 1,663.5 28.6 0 55 2,013.5
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growth rate over the period 2001–2013 was 0.938, 95% CI [0.878, 0.997] suggesting a population decline. Note that

there was also evidence for a negative linear trend for the annual abundance estimates of the marked population

(ANODEV test: F1,11 = 11.43, p = .006; slope = �0.170 ± 0.045 with 95% CI [�0.258, �0.082]. However, the popu-

lation seemed to have declined from 2001 to 2007 and stabilized since.

4 | DISCUSSION

In this study, capture-recapture estimates of the annual survival rate of resident female and immature sperm whales

in Guadeloupe and of the population growth rate over the period 2001–2013 suggest that this population is

declining.

TABLE 6 Estimated apparent survival
(s), temporary emigration (γ0 and γ00),
sighting probability (p), and population
size for sperm whales in Guadeloupe,
2001–2013, obtained from the best
model.

Parameter Mean (SE) 95% CI

s 0.945 (0.026) 0.864, 0.979

γ0 0.773 (0.108) 0.503, 0.919

γ00 0.163 (0.037) 0.103, 0.249

p2001 .077 (0.032) 0.033, 0.166

p2002 .067 (0.019) 0.038, 0.117

p2003 .077 (0.019) 0.047, 0.123

p2004 .181 (0.024) 0.138, 0.233

p2005 .064 (0.016) 0.039, 0.103

p2006 .224 (0.029) 0.173, 0.285

p2007 .077 (0.021) 0.045, 0.130

p2008 .167 (0.032) 0.086, 0.211

p2009 .062 (0.022) 0.030, 0.122

p2010 .225 (0.031) 0.171, 0.291

p2011 .185 (0.029) 0.135, 0.249

p2012 .175 (0.025) 0.130, 0.230

p2013 .278 (0.032) 0.219, 0.346

N2001 65 (24) 38, 144

N2002 51 (15) 32, 96

N2003 43 (11) 29, 77

N2004 48 (4) 42, 62

N2005 43 (11) 28, 77

N2006 35 (2) 32, 44

N2007 27 (8) 17, 53

N2008 28 (6) 21, 48

N2009 36 (15) 19, 85

N2010 30 (2) 27, 39

N2011 33 (4) 28, 46

N2012 39 (4) 34, 52

N2013 30 (1) 29, 38
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4.1 | Demographic estimates

Mean annual survival rate of residents, 0.945 (0.864–0.979), is relatively low compared with the high (but imprecise)

estimate of 0.979 (SE = 0.066) provided by Whitehead (2001) in the eastern tropical Pacific population of females

and immature sperm whales. It is similar to the estimate of 0.956 (0.935–0.972) recently reported by Whitehead and

Gero (2014) in the eastern Caribbean (Dominica and Guadeloupe), and higher than other estimates of 0.905 (0.856–

0.986) for female sperm whales in the southern Australian waters (Evans & Hindell, 2004) and 0.885 (0.859–0.970)

for female sperm whales in Japanese waters (Evans & Hindell, 2004). Although the survival rate of our studied popu-

lation is intermediate compared to those estimated in other populations, the Guadeloupe population remains at risk

if we consider that it is probably an isolated population (Gero et al., 2007) having no interference with the population

from Bermuda and other waters. However, data must be collected regionally in other eastern Caribbean islands to

verify if other individuals are identified. If so, the size of the Caribbean population would be higher than our

estimate.

The geometric growth rate estimated over the period 2001–2013 suggests a population decline with a negative

rate of increase (�6.2%/year). In comparison, Whitehead and Gero (2015) estimated both observed (+3.4%/year)

and projected (�2.7%/year) rates of increase of the eastern Caribbean sperm whale population. Their calculated

observed rate of increase, based on a mark-recapture analysis, was positive, while the projected rate of increase,

based on a two-stage matrix population model, was negative. This discrepancy was explained by four population

parameters included in the projected rate of increase: (1) a relatively high annual adult mortality (3.3%), (2) high calf

mortality (first-year mortality was estimated at 29% excluding perinatal mortality, and mortality between 1 and

5 years old was 31%), (3) low recruitment, and (4) low fecundity rates (respectively 10% and 6%). Therefore, the pop-

ulation decline observed in our study population is consistent with our annual adult survival estimate, which was

lower than the one found by Whitehead and Gero (2015), but also consistent with the decline of the eastern Carib-

bean sperm whale population documented by Gero and Whitehead (2016).

4.2 | Temporary/Permanent emigration

Some individuals and social units have been resighted in neighboring waters of Dominica and Martinique, demon-

strating that they move in and out of the study area. These observations are consistent with the relatively high rate

F IGURE 2 Variation in
abundance of female and
immature sperm whales in
Guadeloupe across years.
Filled circles indicate the
estimated abundance and
error bars are 95%
confidence intervals.
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of temporary emigration estimated for Guadeloupe sperm whales (0.163). Movements of female and immature

sperm whales along the tropical Pacific Ocean have been documented over relatively short time scales (Whitehead

et al., 2008). Our long-term study of a sperm whale population over a 13-year period analyzed with a robust design

capture-recapture approach has allowed us to quantify movement patterns outside of the study area across years.

Although temporary emigration can occur during short time periods (weeks or months), our estimates suggest

that once an individual emigrates from the study area, there is a high probability of staying outside the study area

(.773) from one year to the next. The likelihood for a sperm whale to return to the study area after a 10-year period

of absence from the study area is 92% (given survival). Overall, these estimates suggest that female and immature

sperm whales seemed faithful to the study area from one year to the next (probability of being faithful = .837), but

once they emigrated, they tended to stay outside the study area.

4.3 | Model assumptions

As explained by Arnbom (1987), it is desirable to photograph whales at random when using individual identification

for population estimates based on mark-recapture techniques. That condition was validated in our case as each

sperm whale was approached to be identified when blows were detected, independently from its identity. If several

sperm whales blew at the same time, the one nearest to the boat was approached.

Our data set consisted of a large proportion of good quality photographs (Q ≥ 3); 90% of the pictures could be

analyzed. Individuals were well marked, with 75% of the individuals having a good marking level (M ≥ 3). Changes

with time in the patterns of characteristic fluke marking may have occurred but were unlikely to severely affect their

identification. Only 11.9% of caudal fins changed within a period of 13 years in this studied sperm whale population.

Furthermore, the changes in markings did not impede the identification as the additional marks were distinct and

contributed to identifying the individual. Therefore, we are confident that the identification of individuals was

certain.

The conditions of application for the robust design model were validated. The closure assumption for primary

periods was supported most of the time; there was no trap-dependence effect; and we did not detect strong hetero-

geneity in capture probabilities (Table 6). However, there were some biases concerning our study sample. The data

set only includes observations from January to April because most of the population was sighted during this period,

but also because of the lack of homogeneity of sighting data during the other months of the year. This lack of homo-

geneity was mainly due to poor weather conditions (cyclonic period from June to November) with data collection

not homogenous from one year to the next at that period, opportunities for high sighting effort from whale-watching

boats from January to April corresponding with the high tourism season, high level of presence of sperm whales from

January to April, and especially high diversity of groups, probably related to the main mating period. Identification of

individuals was possible with photographs of Q < 3. Even if only 10% of the photo identification data had Q < 3, our

population estimates should be regarded as minimum estimates, since these data were not taken into account in the

model analysis.

4.4 | Conclusion

Our demographic parameter estimates are the first obtained for the Guadeloupe population and suggest a popula-

tion decline. However, our study and another (Gero et al., 2007) suggest that Dominica and Guadeloupe populations

have to be considered as a single population. To improve our knowledge about this species in the eastern Caribbean,

data collection has to be undertaken at a larger spatial scale, including Saba, Martinique, south of the Lesser Antilles,

and the Greater Antilles. Combining data at this larger spatial scale will allow for obtaining more robust demographic

parameter estimates and population trends and to quantify movements between sites. Furthermore, the sperm
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whale population studied in Guadeloupe has to face growing threats. Ship strikes and excessive disturbance due to

whale watching are important potential threats due to increasing marine traffic (Halpern et al., 2019) and tourist

activities (Hoyt & Hvenegaard, 2002). Pollution resulting from floating debris can be harmful to sperm whales

(Jacobsen et al., 2010), and contamination of some aquatic species by pesticides also constitutes a threat (Coat

et al., 2006). Entanglements of sperm whales in fishing gear such as fish attraction devices and gill nets have also

been reported (Rinaldi & Rinaldi, 2014, 2018). Therefore, quantitative data on potential threats to sperm whales have

to be recorded and whales monitored in the eastern Caribbeans, as they may vary spatially, so that their impacts on

demography and population dynamics of sperm whales and other marine mammals can be explicitly assessed in

future studies.
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