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Abstract

Estimates of population parameters for the short-finned pilot whale, Globicephala
macrorhynchus, are scarce in literature, contributing to an International Union for
Conservation of Nature (IUCN) status of Data Deficient. In this study, photo-identi-
fication data collected over 7 yr from Madeira were used to estimate for the first time
survivorship, capture probability, and abundance in this species using mark-recap-
ture methodology. The Cormack-Jolly-Seber model estimated that the adult island-
associated (i.e., resident and regular visitor) whales had a constant survival rate of
0.960 (95% CI: 0.853–0.990) and an annual capture probability varying between
0.372 (CI: 0.178–0.619) and 0.843 (CI: 0.619–0.947). A parameterization of the
Jolly-Seber model estimated that 140 island-associated whales (CI: 131–151) used
the area throughout the course of the study. Based on a closed population model, the
most precise (lower CV) annual estimate of the total number of pilot whales using
the southern and eastern waters of Madeira (~900 km2) in a 3 mo period covering
summer/autumn was 334 animals (CI: 260–437). No trend was observed. Despite
including biases, the approach used in this study provided plausible estimates of
population parameters, which can contribute to the regional conservation strategies.

Key words: Globicephala macrorhynchus, heterogeneity, island-associated, mark-recap-
ture, photo-identification, population models, population parameters, transience.

Population parameters are essential for health assessments and management deci-
sions on a stock (Tyne et al. 2014). Little is known about the population parameters
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of the short-finned pilot whale, Globicephala macrorhynchus, which has a wide distribu-
tion from tropical to warm temperate waters (Olson 2009). The literature available
describes estimates of mortality, growth, and reproductive rates from stranded and
hunted whales in Japan (Kasuya and Marsh 1984), and reports estimates of abundance
from line-transects (reviewed by Olson 2009). On a global scale, the conservation sta-
tus of the short-finned pilot whale is described as Data Deficient and its population
trend is unknown (IUCN 2012).
This is the first study presenting estimates of survival and abundance for short-

finned pilot whales using a noninvasive mark-recapture methodology based on
photo-identification of naturally marked animals (Seber 1982, Hammond et al.
1990). Mark-recapture models have been applied to estimate population parameters
in several taxa (e.g., P�eron et al. 2013) including cetaceans (e.g., Speakman et al.
2010, Cantor et al. 2012). The reliability of estimates depends on the underlying
assumptions of the model used, and these are not always easy to fulfill (Hammond
1986). To minimize bias in the present study, the model assumptions were carefully
addressed according to each estimated parameter.
A photo-identification study of short-finned pilot whales in the archipelago of

Madeira, Portugal, suggests varying patterns of occurrence with resident (up to 14
yr), transient, and regular visitor whales occupying the study area (Alves et al. 2013).
In that study, several entire pods (72% of the 364 cataloged individuals) were cap-
tured only once during the study period (2003–2011), while other individuals were
recaptured up to 33 times in multiple years. The transience and the emigration and
re-immigration into the study area indicate wide ranging movement of these whales,
causing unequal capture probabilities and consequently introducing problems for the
analysis. It further demonstrates that the population under study uses a more exten-
sive area than that surveyed.
Genetic analyses suggest that individuals of the different residency patterns

encountered in Madeira may not be genetically isolated and that they may engage in
mating (Alves et al. 2013). Additionally, the genetic information suggests that small
groups are made up of related individuals with long-lasting relationships and that
large groups are probably temporary associations of smaller groups. No other infor-
mation related to stock boundaries or movements of short-finned pilot whales, from
satellite tags or acoustics, is known to be available for the sampled population.
Estimating abundances of the island-associated whales, defined as residents or reg-

ular visitors (i.e., individuals with >1 capture, according to Alves et al. 2013) could
be more relevant for addressing the impacts of localized disturbances (Conn et al.
2011). However, estimating the total number of animals that uses the area annually
is also important for conservation management. Therefore, the aim of this study is to
estimate population parameters of short-finned pilot whales in Madeira, namely, (1)
survivorship, (2) abundance of the island-associated whales, and (3) abundance of all
whales using the area (which includes transients).

Material and Methods

Data Collection

Individual identification photographs were obtained through systematic boat sur-
veys conducted around the islands of Madeira, Desertas, and Porto Santo (~4,500
km2), and through nonsystematic and opportunistic surveys from a smaller area
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(~900 km2) (Fig. 1). The systematic surveys followed predefined equal spaced
zig-zag line-transects and were carried out from a research yacht. During the nonsys-
tematic surveys an attempt was made to cover all distances and depths within the
smaller area using a rigid inflatable boat (see details in Alves et al. 2013). The oppor-
tunistic surveys were carried out in tourist boats that operate bidaily trips to search
for cetaceans, not pilot whales in particular, in the whole smaller selected area
(Fig. 1). These opportunities allowed observers of our research team to collect addi-
tional digital photographs. All types of survey were performed year-round from 2003
to 2011, although only a subset was used in the analysis (see Data Set and Analysis).
The survey effort varied according to the type of survey and among years, with a gen-
eral increase in the number of surveys during the two latest years (Table 1).
Photographs of encountered short-finned pilot whales were made from a close dis-

tance, both on the left- and right-side, independently of age/sex class and dorsal fin
distinctiveness. During all types of survey, sighting data included location, time of
encounter, best estimate of group size and composition. While Nikon D2H cameras
and lenses were used during the entire study period, Nikon D700 cameras were used
only during 2010–2011. Time constraints limited full photographic coverage of
some encounters during the systematic and opportunistic surveys.

Figure 1. Surveyed area (in gray on the larger picture) in the archipelago of Madeira,
Portugal, showing the smaller selected area used for the analysis of survival and abundances (in
diagonal stripes).
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Photo-identification

A photo-identification catalog was compiled according to W€ursig and Jefferson
(1990) and photo processing and matching was done as described in Alves et al.
(2013). Individuals were identified based only on unique notches on the trailing edge
(Auger-M�eth�e and Whitehead 2007). A four-level photo quality was assigned to each
photograph according to Friday et al. (2000) and a four-level independent distinc-
tiveness category was given to each individual based on the number of notches in the
dorsal fin. This study used only high-quality (HQ) images and well-marked (WM)
whales. Photographs of HQ-images and WM-whales, as well as the definition of su-
badults and immatures are given in Alves et al. (2013).

Data Set and Analysis

Only data collected in the smaller selected area (Fig. 1) were used in the analysis as
this area was more intensively researched and preferred by the whales (Alves 2013).
Moreover, in order to minimize violation of model assumptions (see DISCUSSION), data
were restricted to 3 mo periods with more captures (summers/autumns) during
2005–2011 (Table 1). Analysis limited to data from a single survey type was less
robust, with lower number of captures, lower precision, and higher overdispersion,
than when using data from the three types of survey (Table S1). Therefore, every
analysis in this study used the combined data from all types. Different approaches
were used to estimate survival of adult whales (φad), abundance of island-associated
whales of all ages (Nasso) and abundance of all whales using the area in each year
(Ntot). A summary of the data sets, models, and programs used is provided in
Table 2.
The Cormack-Jolly-Seber (CJS) model (Cormack 1964, Jolly 1965, Seber 1965),

which is based on the sighting histories of known individuals, was used to estimate
survival (φ) between years and capture probability (p) for each year (Lebreton et al.
1992). Since mortality in mammals can vary according to age class (Reilly 1984,
Gabriele et al. 2001, Silva et al. 2009), survival estimate was restricted to adults as
this is the most representative category. Since recent findings discouraged distin-
guishing sex in pilot whales based on photographs (Augusto et al. 2013), the sex
of animals was not taken into account. Moreover, survivorship was restricted to

Table 1. Sampling effort and number of captures from photo-identification (of well-marked
whales based on high-quality images) per period (start-end) used for the data analysis in this
study. See text for details on each type of survey.

Year Period

Number of surveys/number of captures

Systematic Nonsystematic Opportunistic Total

2005 28 July–22 October 0 11/52 7/8 18/60
2006 19 July–27 September 0 7/36 6/1 13/37
2007 25 July–19 October 2/9 7/27 26/40 35/76
2008 11 September–21 October 1/12 0 10/15 11/27
2009 22 July–24 October 0 0 11/46 11/46
2010 26 July–28 October 3/14 8/35 67/153 78/202
2011 17 July–19 October 2/8 11/21 81/131 94/160
Total 8/43 44/171 208/394 260/608
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island-associated whales since the inclusion of transients and temporary emigrants, as
in the case of this study (Alves et al. 2013), would violate the assumption of equal
probability of capture (Cubaynes et al. 2010, Madon et al. 2013), resulting in a lower
survival rate estimate. An ad hoc method presented by Pradel et al. (1997) was chosen
to overcome the transience problem, excluding the first capture of each individual
(e.g., Ramp et al. 2006). The ad hocmethod was applied to all captured whales, result-
ing in the island-associated whales. This left truncation of the data set suppresses the
influence of the lower survival estimate of individuals with null recapture probability,
which corresponded to individuals captured only once, i.e., permanent emigration
(Pradel et al. 1997). For this analysis, captures of individual whales made during the
same year were pooled and each year was treated as a sampling occasion (Table 3).
The left truncation and the exclusion of nonadults reduced the data set to 60 whales.
A parameterization of the Jolly-Seber model (Schwarz and Arnason 1996) was used

to obtain an estimate of the number of island-associated whales that used the area
throughout the course of the study. Here, whales of all ages could be estimated since
the total abundance was based on the ratio between marked and unmarked animals
(see Total Abundance). As in the previous open population model, the data set to esti-
mate Nasso was left truncated (e.g., Conn et al. 2011), captures of individual whales
made during the same year were pooled and each year was treated as a sampling occa-
sion (Table 3). The left truncation reduced the data set to 64 whales of all ages and
sexes. Although the model used to estimate Nasso could provide a survival estimate,
this was not considered due to the inclusion of nonadult whales in this data set.

Table 2. Summary of the models used in this study.

ID To estimate Target whales Period
Population
model

Model/
estimatora Software

φad Survival Island-associated
adults

All years Open CJS MARK

Nasso Abundance Island-associated
all-age

All years Open JS POPAN

Ntot Abundance All Each year Closed Chao CAPTURE

aSee MATERIAL AND METHODS for Model/estimator specifications.

Table 3. Summary of the pooled data per period (see Table 1) in each year, with number of
all photo-identified well-marked whales (of all age classes and before left truncation).

Year Marked New In catalog

2005 47 47 47
2006 29 20 67
2007 46 25 92
2008 24 7 99
2009 34 16 115
2010 84 39 154
2011 58 17 171

Note: The table summarizes the data used to estimate survival (before left truncating and
excluding nonadults), abundance of island-associate whales (before left truncating), and abun-
dance of all whales from Chapman’s.
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Given that unequal capture probabilities between individuals are difficult to model
in the open population framework, closed population models were chosen to estimate
abundance of all whales using the area in each year since these can handle such type of
heterogeneity (Chao 1989). To model each year independently in the software pro-
gram CAPTURE, each 3 mo period contained multiple sampling occasions (between
three and nine, Table 4), each comprising pooled data from close surveys (median =
1 d apart, range: 0–5 d) and separated by large intervals (median = 11 d apart, range:
5–52 d) according to Conn et al. (2011).
To estimate abundance of all whales an additional procedure was used in order to

assess consistency. The Chapman’s modification of the Petersen estimator (Hammond
2009) estimated abundance between every 2 yr using pooled data of individuals cap-
tured per three month period (Table 3). The data sets used to estimate Ntot (either
with CAPTURE or with the Chapman’s) included all whales (i.e., of all age classes
and not left truncated).

Modeling φad

A goodness-of-fit (GOF) test was used to check if the chosen general model fitted
the data adequately, using the program U-CARE (Choquet et al. 2009). GOF tests
provided overall test statistics and four different tests, based on the comparison of
observed vs. expected frequencies. In each test different aspects of the data were
considered to evaluate potential violations of assumptions (Burnham et al. 1987,
Choquet et al. 2009). The clearest tests are the TEST 2.CT, which is known to exam-
ine heterogeneity in capture probability and the TEST 3.SR, which is known to
examine whether there is a transience effect (Choquet et al. 2005). The GOF test
failed to reject the general model (P = 0.22) with only one of the components being
slightly significant (TEST 3.SR, P = 0.04) (Table S2). Furthermore, overdispersion is
an important aspect to consider in mark–recapture data (Anderson et al. 1994). An
estimation of the overdispersion factor (Lebreton et al. 1992), also called variance
inflation factor (̂c), was obtained by dividing the v2 statistics of GOF tests by the
number of degrees of freedom (Choquet et al. 2009). Whereas 1 < ĉ < 3 is indicative
of overdispersion in the data, a ĉ > 3 may represent more fundamental problems
(Lebreton et al. 1992). Given that the GOF test showed that model structures were
correct and that the ĉ was 1.298 we proceeded with the analysis.

Table 4. Number of sampling occasions, captures, and individuals marked per period (see
Table 1) in each year, used to estimate abundances in program CAPTURE (see Table 2).

Year Sampling occasions Captures Individuals marked

2005 4 57 47
2006 4 36 28
2007 6 66 40
2008 3 21 21
2009 5 37 32
2010 9 151 78
2011 8 105 53

Note: Some individual captures fell in the intervals between the defined sampling occasions
within years and were thus excluded from this analysis. As a consequence, in most years the
number of individuals per year is less than given in the Marked column in Table 3.
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Two candidate models were used to estimate survival and capture probabilities.
One included a more parameterized general model considering the full time-variation
(t), and the other considered constant (.) survival rates. The estimated ĉ was incorpo-
rated in the model, allowing the overdispersion to be included in the computation of
the standard error (SE) and confidence interval (CI, 95%) of the parameter estimates
φ and p. For model selection, instead of the Akaike Information Criterion (AICc), the
Quasi-likelihood AICc (QAICc) was used given that models were adjusted for overdi-
spersion (Anderson et al. 1994). Model selection was based on the lowest QAICc

value, and the strength of evidence of a specific model was measured using the nor-
malized QAICc weights.

ModelingNasso

Given that the data set used to estimate Nasso had only four more (nonadult)
whales than the data set used to estimate φad, and that only a fraction (the propor-
tion of marked animals) of the total estimate of Nasso would be tested, GOF tests
were not applied. Two candidate models were used, one considering full time-varia-
tion (t) and another considering constant (.) survival rates. The link functions were
specified according to Cooch and White (2008). Model selection was based on the
lowest AICc value. The “Deviance” could not be directly computed (Cooch and
White 2008).

ModelingNtot

For the closed population models, model selection procedure for each year was per-
formed from the “Appropriate” option that uses maximum value criteria. Yet, behav-
ioral response to “capture” was not considered given that it is generally agreed that
photo-identification of cetaceans should not lead to changes in capture probabilities
(Wilson et al. 1999, Fortuna 2006). Therefore, heterogeneity in capture probabilities
was taken into account in models considering the temporal variability (t) and the
individual heterogeneity (h), as well as their combination (th) and the null model (o).
Moreover, estimates were restricted to the Chao estimator (Chao 1989) given it is
suggested to be less biased than others (Brittain and B€ohning 2009) and is likely
more appropriate when sampling effort is not equal on each sampling occasion (as in
this case) or when probabilities of capture are small (Fortuna 2006). Given that there
is no GOF test available for closed population models, these were not adjusted for
overdispersion.
Heterogeneity was also modeled with mixture models (Pledger 2000) using two

mixtures of capture probabilities but these were discarded due to causing over-param-
eterization (not shown). Additionally, we attempted to address emigration with the
Pollock’s robust design (Pollock 1982; Kendall et al. 1995, 1997) but with no suc-
cess due to requiring a larger number of captures (not shown). All mark-recapture
modeling procedures were run in MARK (White and Burnham 1999). Trends were
assessed through linear regressions using the R 2.14.2 statistical package (R Develop-
ment Core Team 2012).

Total abundance

Given that estimates of abundance (N̂) from models do not pertain to the whole
population, total pilot whale abundance (N̂T) occurring in the study area was
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calculated by dividing N̂ by the mean proportion of WM-individuals (ĥ). This pro-
portion was estimated as the number of WM-individuals divided by the number of
all photographed individuals, using HQ-images from 32 groups of various sizes (3–
33 individuals) where all individuals were captured (total = 348 individuals). This
was estimated for each year since a binomial GLM of the proportion of WM-individ-
uals per year showed that most years were significant (P < 0.05). The variance of N̂T

was estimated using the delta method as N̂2
T � ½ðvarN̂=N̂2Þ þ ðvarĥ=ĥ2Þ� (Urian

et al., in press). Lower and upper log-normal CIs for N̂T were calculated as
MNAþ ðN̂T �MNAÞ=CR Þ, respectively, where MNA is the minimum number of

animals known to be alive in the population (i.e., the number of animals that were

captured) and CR ¼ exp 1:96
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln½1þ varN̂T=ðN̂T �MNAÞ2�

q� �
(Thompson et al.

1998).

Model Assumptions

Assumptions of open population models include: (1) marks are not lost or
missed, (2) individuals are immediately released after being sampled, and the dura-
tion of each sampling event is small in relation to the total duration of the sam-
pling period, (3) all marked individuals in the population that are alive on a given
sampling occasion have the same probability of surviving to the next sampling
occasion, (4) all animals have the same capture probability, (5) captures are assumed
independent of one another, (6) all emigration is permanent, and (7) marking does
not affect catchability (Hammond 1986, Hammond et al. 1990, Kendall et al.
1995).
Closed models require the additional assumption that the population is closed to

births, deaths, and permanent immigration and emigration (Hammond 1986, 2009).
Potential violations of model assumptions are addressed in the DISCUSSION.

Results

Estimates of φad

The full time-variation model fitted the data poorly, and the model with constant
survival represented the best model (Table S3). After applying the ĉ, the estimated
constant survival rate was 0.960 (SE = 0.028, 95% CI: 0.853–0.990). Capture proba-
bilities from the best model fluctuated between 0.372 (SE = 0.120, CI: 0.178–0.619)
in 2008 and 0.843 (SE = 0.081, CI: 0.619–0.947) in 2010 (Fig. 2). A linear regres-
sion fitted to the capture probabilities showed no significant trend (adjusted r2 =
–0.04, P = 0.43).

Estimates ofNasso

The model with constant survival represented the best model (Table S4). The esti-
mated number of marked island-associated whales using the selected area throughout
the course of the study was 69 animals (CV = 0.05, CI: 66–80). Correcting for the
unmarked proportion of the population (51%) the total Nasso was estimated at 140
animals (CI: 131–151).
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Estimates ofNtot

After correcting for the proportion of unmarked whales, total abundance estimates
varied from a low of 105 whales (CI: 83–136) in 2006 according to M(o) to a high of
334 (CI: 260–437) in 2010 according to M(t) (Table 5). Parameters for 2008 could
not be estimated. A linear regression fitted to the abundances showed no significant
trend (adjusted r2 = 0.33, P = 0.14).

Figure 2. Estimates of capture probability for island-associated adult whales with 95% CI
(vertical bars).

Table 5. Estimates of the proportion of well-marked individuals (h) and abundance (N)
from the closed population models that were used to estimate total abundance (Ntot) of whales
using the selected area (see Fig. 1) per period (see Table 1) in each year.

Year h SE n

Model Total

Selected N CV Ntot 95% CI

2005 0.80 0.07 30 M(t) 115 0.31 144 109–198
2006 0.49a 0.10 0 M(o) 52 0.26 105 83–136
2007 0.52 0.08 27 M(th) 93 0.26 179 134–247
2008 0.57 0.09 44 – – – – –
2009 0.63 0.08 27 M(o) 98 0.38 156 109–231
2010 0.37 0.04 35 M(t) 124 0.16 334 260–437
2011 0.43 0.03 185 M(h) 91 0.20 213 174-265

Note: Appropriate model given in CAPTURE was used for model selection, and Chao was used
as estimator (see MATERIAL AND METHODS). See text for definition of M(t), M(h), M(th) and M
(o).

aGiven there were no completely captured groups in 2006 (n = 0), the overall mean was
used for that year.
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Estimates from the Chapman’s modification are shown only for the pair of years
2010–2011 as this was considered the most reliable and representative one, because
of the higher sampling effort in those periods. As a result, this pair of years presented
the lowest CV and used the largest number of captures. The estimated number of
marked whales was 142 animals (CV = 0.08). Correcting for the unmarked propor-
tion of the population for those years (58%) the total number of all whales using the
selected area in 2010 and 2011 was 340 animals (CI: 306–381).

Discussion

Model Assumptions

A major contribution to avoid violation of the first two assumptions (that marks
are not lost or missed, and that the duration of each sampling event is small) was
made by (1) using only WM-individuals and HQ-images, (2) taking into account
that those whales have a low rate of mark change in the dorsal fin (every 6.6-8.0 yr,
Alves et al. 2013), and (3) collecting captures from short-term photo-identification
events (Wilson et al. 1999, Stevick et al. 2001).
The third and fourth assumptions (that all animals have equal survival and capture

probability) can be easily violated when using heterogeneous data as in this case.
Equal capture probability is more likely to be achieved if animals mix between sam-
pling periods. The observation that a group of pilot whales traveled ~600 km
between Madeira and the Canary Islands in 20 d (AS, FA, AD, LF and V M, unpub-
lished data) suggests that mixing is likely to have occurred between sampling periods
in the present study, especially if we consider that these were on average 11 d apart
(range: 5–52 d) and that the study area was relatively small. However, the fact that a
high percentage of new individuals was identified each year, including the last year of
the study (see Table 3), and that about two thirds of the individuals were captured
only once (see Fig. S1), strongly suggests temporary immigration into the study area
and transiency. The high number of recaptures observed for a subset of the catalogued
individuals and the low rate of mark change in the dorsal fin (Alves et al. 2013) cor-
roborates that the continuous addition of new individuals cannot be explained by the
acquisition of new marks. Therefore, the population is assumed to be open, leading
to heterogeneous data. The first capture of each individual was censored to reduce
transience, and this was addressed through GOF tests. Despite still indicating tran-
sience, the tests show that model structures are correct. Moreover, the ĉ-value indi-
cates that the excess variation was within acceptable limits. Nonetheless, the
assumption that all animals have the same capture probability can rarely be met in a
real study (Evans and Hammond 2004).
The assumption that captures are assumed independent of one another is likely to

be violated in most studies estimating population parameters in cetaceans due to
their social structure, and a gregarious species such as the short-finned pilot whale
(Heimlich-Boran 1993) is no exception. Yet, to the best of our knowledge this issue
has not been properly addressed in cetaceans’ studies (Choquet et al. 2013). Although
the population used in this study is socially structured, not all pairs of individuals are
expected to have been seen closely associated the entire time (Alves et al. 2013).
Moreover, by pooling different days into one session, which joined data of many dif-
ferent social groups, the violation of this assumption was greatly minimized. In all
cases, this may have caused only an underestimation of the model-conditioned
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standard errors and did not lead to biased estimates (Williams et al. 2002, Conn et al.
2011).
While the assumption that marking does not affect the catchability of an animal

is assumed to be met through the use of photo-identification in cetaceans (Ham-
mond et al. 1990, Wilson et al. 1999), possible violations to the assumption of
closure should not be discarded. Nevertheless, analyzing a data set restricted to a
three month period likely contributed to ensure, or at least minimize the violation
of, closure.

Survival

Excluding the first capture of each individual appears to be a useful approach to
address the heterogeneity arising from transience. The same procedure was used in
Ramp et al. (2006) to deal with transience in estimating survival rates of blue
whales (Balaenoptera musculus). Yet, even after truncation, there was still heterogene-
ity in our data set. Since permanent emigration was no longer a problem, it is
assumed that this heterogeneity was caused by the presence of temporary emigrant
whales (Alves et al. 2013), which unfortunately could not be addressed with the
Pollock’s robust design. Additionally, incorporating a variance inflation factor
increased the SE and the CI of the estimates but reflected the extra amount of vari-
ance in the data.
Silva et al. (2009) used CJS and robust design models to estimate survivorship,

but only the former provided reliable results when dealing with transience, and
Ramp et al. (2006) estimated survivorship using only open CJS models, as in the case
of the present study. The best estimate presented here considers only the island-asso-
ciated adult pilot whales. Nevertheless, the survival rate should not vary greatly
among residency-type due to being a long-lived mammal species.
The analysis excluded nonadult individuals, which eliminated possible heterogene-

ity arising from differences in age class, but included whales of both sexes. Kasuya
and Marsh (1984) described that in Japan male short-finned pilot whales have a
higher mortality rate than females at any given age. As so, further photo-identifica-
tion studies on this population should combine genetic sampling for sex determina-
tion in order to address this possible source of heterogeneity.
The high survival rate of 0.960 presented here is in accordance with estimates for

other long-lived cetaceans (Barlow and Clapham 1997, Currey et al. 2009), and
agrees with the mortality rates of 4.5% for females and 8.3% for males of this species
(Kasuya and Marsh 1984; noting they considered all age classes). Nonetheless, the
survival rate described here is lower than the estimate reported for adult long-finned
pilot whales, G. melas, in the Strait of Gibraltar (0.982, CI: 0.955–0.993; Verborgh
et al. 2009).

Capture Probability

Capture probabilities showed no trend but varied during the study period,
suggesting time-dependency, as expected in the majority of mark-recapture studies
in cetaceans (Hammond 2009). Although any annual fluctuation in whale abundance
or environmental factors such as distribution and availability of prey might have con-
tributed to variations in capture probabilities, most variations could likely be
explained by differences in sampling effort. This could include differences in the sur-
vey effort, type of survey, type of vessels, or even type of cameras.
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Abundance

This study estimated that 140 island-associated whales (CI: 131–151) used the
southern and eastern waters of Madeira during the three month periods covering
summers/autumns of 2005–2011. Based on individuals captured on ≥4 encounters
with high coverage during all year, Alves et al. (2013) described at least eight pods of
resident and regular visitor pilot whales in Madeira, each with an estimated mean of
15 individuals (SD = 9, range: 4–29). The number of island-associated whales based
on pods is likely to include others than those ~120 animals (8 pods of 15 individuals)
if accounting for the individuals captured on <4 occasions. Therefore, and not dis-
counting potential bias due to heterogeneity of capture probability, this corroborates
that the estimated number of island-associated whales found in this study may be
representative of the animals using the area throughout the year.
On the other hand, total abundances are difficult to model with open population

models due to the presence of transients that induces unequal capture probabilities
(Hammond 1986). Instead, closed models were used, which allowed accounting for
heterogeneity since robust estimators have been developed to obtain less biased popu-
lation estimates (Otis et al. 1978, Chao 1989). In general, abundance estimates varied
between years, although no significant trend was observed. The most precise estimate
(based on the lower CV, e.g., Silva et al. 2009) corresponds to 2010, the year with
greater sampling effort and higher estimate of abundance. Thus, the most precise
estimate of short-finned pilot whales using the southern and eastern waters of
Madeira in a 3 mo period covering summer/autumn is 334 animals (CI: 260–437).
Although, it should be noted that the annual estimates can be overestimated since
they do not incorporate temporary emigration (i.e., some animals may be available in
some years but not in others). The Chapman’s modification estimated that the total
number of all whales using the same area during the period 2010–2011 was 340
animals (CI: 306–381). This estimate, that may include biases associated with the
violation of closure between periods, suggests that the estimates obtained from Chao
models may be overestimated.
The approximately 213 long-finned pilot whales reported every summer in the

central part of the Strait of Gibraltar (Verborgh et al. 2009) are within the range of
our annual estimates, notwithstanding that these studies covered different methodo-
logical approaches, species, and areas. No other estimates of abundance using mark-
recapture data on pilot whales are known to have been reported to date.

Conclusions

Analyzing free-ranging animals in an open pelagic environment induce limitations
in the data set that consequently challenge the analysis. Yet, the approach used in this
study provided plausible estimates for survival of adult whales (within the range of
other long-lived cetacean species) as well as for abundance of island-associated whales
and of individuals using the area seasonally. The estimates presented here should be
taken in consideration by managers as a baseline for conservation strategies. The area
used for the analyses coincides with the main area of marine traffic in the island of
Madeira and with the main area of operation of whale-watching vessels. Similarly,
the period of year used in the analyses covers the main season of that industry. Given
that the whale-watching industry is increasing in Madeira, it can become a potential
pressure to the island-associated pilot whales. Therefore, we stress the need for long-
term monitoring, especially of the animals that use the area regularly, since it could
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help to assess the health of the population. As a future consideration, a larger data set
covering a higher number of years would likely improve the issue of temporary emi-
gration since it would increase the chances of recapturing those whales which visit
the area sporadically.
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