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ABSTRACT: The largest aggregation of the highly endangered Mediterranean monk seals Monachus
monachus is located on the Cap Blanc Peninsula on the coast of the western Sahara. Photographic iden-
tification of individuals was used in a capture-recapture analysis to estimate the abundance and com-
position of the colony during 1993 to 1998. Results of the application of these techniques to Mediter-
ranean monk seals were satisfactory, and allowed independent annual population estimates. No
significant trends in abundance over the period 1993 to 1996 were detected, and the mean estimate for
the period was 317 seals (CV = 0.16; 95% CI. 237 to 447). Environmental changes affecting suitability
of habitat, particularly food availability, are suggested as major factors for limited population recovery
during this period. In spring 1997, a mass mortality event reduced the population size to 109 individu-
als (CV =0.14; 95% CI: 86 to 145). Mortality was age-specific and resulted in a severe change in the
stage composition of the population. Adults were the most affected, and therefore the proportion of
juveniles increased from an initial 12% before the event to about 29% after. As a result of both the
decrease in seal numbers and the change in population composition, the number of individuals poten-
tially contributing to reproduction fell to about 77 or fewer. This number may not be enough to main-
tain genetic variability and overcome the effect of demographic stochasticity. The demographic
changes caused by the die-off are expected to have both positive and negative effects on the repro-
ductive success of the colony. However, they are undoubtedly factors which potentially threaten the
stability and survival of the colony in the near future.
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INTRODUCTION

The Mediterranean monk seal Monachus monachus
is a critically endangered species (red list, IUCN 1996)
with a highly fragmented distribution. The world pop-
ulation has been estimated at 415 to 615 individuals,
but the status of most sub-populations has not been
consistently or adequately evaluated (Brasseur et al.
1997). Conservation efforts have been hampered by
the absence of accurate population data.
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- Monachus monachus - Photo-identification - Population status -

Two populations are currently accepted, one in the
Mediterranean and the other in the Atlantic. In the
Mediterranean, the species is distributed into local
sub-populations, most of which appear to be non-
viable in the long term or to have a high risk of extinc-
tion (Durant & Harwood 1992). Apart from some
notable examples in Greece, where the situation has
improved and seals and their habitat seem reasonably
secure, conflict between seals and humans continues
to occur. Deliberate killing by fishermen or owners of
fish farms trying to protect their nets from damage or
who just want to eliminate a potential competitor, is
still a major problem for most sub-populations. In addi-
tion, fragmentation has become an important problem.
(see Aguilar 1998 for an extensive review). The size of
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some of the sub-populations is so small and they are
located so far from other seal aggregations that genetic
drift, consanguinity and environmental and demo-
graphic stochasticity are likely to cause their complete
extinction in the short term (Harwood et al. 1998).

In the Atlantic there are 2 sub-populations: one near
the Madeira Islands, and the other on the Cap Blanc
Peninsula (see Fig. 1), on the coast of the western
Sahara. This latter sub-population constitutes the
largest aggregation of the species and is the only
group which still preserves the structure of a colony
(Marchessaux 1989a, Gonzélez et al. 1997). This sub-
population was studied during the late 1980s until mil-
itary activities and the deployment of land mines
around the seal distribution range prevented the con-
tinuation of field research. At that point, the size of the
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colony had been estimated at about 130 seals (Fran-
cour et al. 1990). In 1990, 2 independent shipboard sur-
veys gave seal counts of 81 and 91, respectively (El
Amrani et al. 1992). In 1992, research activities were
resumed on land and new counts of between 113 and
165 seals were produced for the period 1993 to 1994
(Gonzalez et al. 1997). However, all these figures
underestimate the true population size because the
assessment methods used only accounted for the frac-
tion of the colony present at the haul-out sites and sur-
rounding waters. Additionally, the different methods
used were not consistent, and any estimates of trends
in abundance of the colony during this period are
unlikely to be reliable.

No major threats to the colony have been identified
in recent years, and until 1997 it was generally consid-
ered to be the only long-term viable sub-
population of the species. However, in May
to June of that same year a severe event of

Zone 4

mass mortality occurred. In only 2 mo seal
numbers were greatly reduced, but defini-
tive conclusions on the cause of mortality
could be drawn (Harwood et al. 1998). The 2
likely causes were the intoxication through
the consumption of fish contaminated with
paralytic shellfish poison (PSP) saxitoxins
{(Hernandez et al. 1998), and a morbilivirus
outbreak (Osterhaus et al. 1997). Conse-
quently, concerns for the viability and con-
servation of the colony have been expressed,
reemphasizing the need for an updated and
accurate evaluation of its status.

In this paper we report the results of a pop-

ulation analysis based on 6 yr of photo-iden-
tification data which was collected as part of
a long-term capture-recapture study. The
study was initiated in 1992 and aimed at
estimating the main biological and popula-
tion parameters of the Cap Blanc colony, and
it also investigated the use of photo-identifi-
cation in behavioural and monitoring studies
(Grau et al. 1994). The period considered
herein is from 1993 to 1998, when systematic
surveys were conducted on a regular basis at
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the main distribution areas of the colony.
Composition and abundance of the colony
for each year and trends in abundance over
the study period were estimated from these
surveys. The effects of mass mortality in
1997 were also investigated by the analysis
of changes in composition and seal numbers
in the colony immediately before and after
the event. From the results of this analysis

Fig. 1 The peninsula of Cap Blanc, Western Sahara, showing the sit-
uation of caves, beaches and hauling out areas used by monk seals

we provide an updated population assess-
ment and a basis from which to evaluate the
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long-term viability of the colony. Moreover, our assess-
ment outlines the difficulties to detect significant pop-
ulation trends with survey methods and the implica-
tions of mass mortality for the persistence of a small
population.

METHODS

Seal colony and study area. The seal colony is dis-
tributed along the west coast of the Cap Blanc Penin-
sula, in the southern part of the western Sahara,
between 20°40' and 21°20' N and 17°00' and 17°20'W
(Fig 1). The western coastline, stretching from Cap
Barbas in the north to the tip of Cap Blanc in the south,
consists of a succession of high cliffs which are con-
stantly beaten by the Atlantic swell and are inter-
spersed with sandy beaches. The largest concentration
of the colony is at Costa de las Focas, where seals are
found all year round. In this area seals haul-out and
breed in narrow beaches inside 2 main caves, named
Caves 1 and 3 by Marchessaux (1989a). Several soli-
tary bulls defend individual aquatic areas, and some
haul-out on open beaches at the tip of Cap Blanc, south
of Caves 1 and 3, and also in an area called Zone 4
(Fig. 1) to the north of the main breeding caves. These
bulls can also be observed with the rest of the colony at
the haul-out sites in Caves 1 and 3. Gonzaélez et al.
(1997) provide a detailed description of the species dis-
tribution at Cap Blanc.

Photographic identification of seals. Natural marks,
scars, wounds and disruptive coloration patterns were
used to identify seals from photographs. Colour slides
(ISO® 100-200) of the different views of the most reli-
able identifying features were obtained from swim-
ming seals. Among these views, the right side of the
head was preferentially selected, because this was suf-
ficient for unequivocal recognition. All adult, subadult
and juvenile seals were photographed regardless of
their markings.

Slides were objectively graded for photographic
quality and distinctiveness (Forcada & Aguilar 1996),
and included in a catalogue of identified individuals

Table 1 Details of the photo-identification sampling surveys
conducted in the field during the study period

Year Annual Days Mean sampling
sampling period of effort efficiency
1993 May - Jun 16 1.47
1994 Mar - May 30 1.82
1995 Apr —Jun 32 223
1996 Apr—Jul 34 2.16
1997 Jul - Oct 36 1.29
1998 May - Aug 29 1.22

(Cantos et al. 1998). Captured individuals were consid-
ered those with good quality slides of the right side of
the head. According to this, in this photo-identification
survey an individual effectively photographed was
considered captured. Slides of identified seals from dif-
ferent surveys were matched with minimum error rates
by experienced researchers. Natural marks were con-
sidered stable during the study period, as shown by the
results of the reliability tests conducted (Forcada &
Aguilar 1996).

Capture-recapture surveys. Photo-identification slides
were taken in systematic surveys throughout the
known distributional range of the colony, but a higher
sampling effort was made in Caves 1 and 3. Annual
sampling periods consisted of 1 to 3 consecutive sur-
veys and comprised between 16 and 36 effective field
days (Table 1). An effective field day was a day in
which at least 6 to 8 h of good weather and sea state
conditions allowed us to obtain good slides of seals.
Sea state, measured according to the Beaufort scale,
was considered good in conditions between 0 and 4.
Identification histories of seals, organized into capture
occasions, were extracted from the data collected in
annual periods. Each occasion comprised data from 2
to 4 consecutive field days, and 5 to 8 d separated occa-
sions to allow for the random mixing of seals at the
haul-out site. The optimum number of days between
occasions was assumed equal to the interval in days at
which mean capture probabilities {p) began to level-
off (Fig. 2). Capture probabilities were estimated as the
proportion of identified seals that were recaptured on a
certain day of the interval, as in Pollock et al. (1990).
The mean probability was obtained from 15 replicated
estimations of capture probabilities. In each replicate,
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Fig. 2. Relationship between mean capture probabilities, with

95 % confidence limits, and interval length in days. Capture

probabilities are estimated as the proportion of identified

seals recaptured on the last day of the interval. The mean

probability at cumulative intervals of 1 to 15 d is obtained
from 15 replicated sets of identification histories
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capture probabilities were estimated at intervals of 1 to
15 d between the capture and recapture. Capture pro-
babilities at each interval were averaged over the 15
replicates.

Annual sampling periods were consistent in dates
from 1993 to 1996, but the pattern and variable num-
ber of effective field days gave a different number of
capture occasions in each year. After the 1997 mass
mortality there was a reduced number of seals at the
usual distribution range, and a higher number of field
days for each capture occasion was required to attain a
reasonable sample size.

Each photographed seal was assigned to a morpho-
logical group: juvenile, medium-sized seal, large grey
seal, or black male, following the classification by
Gonzélez et al. (1997). The number of captured seals in
each annual period was considered representative
when the proportions of morphological groups did not
differ significantly from those in counts at the haul-out
sites (Forcada & Aguilar 1996). Systematic counts, con-
ducted throughout each year, also provided an estimate
of the relative sampling efficiency (Ef) with the index

Ef =-

Znu
l;l. .; ] = — ( 1)
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i-1
where n,;is the number of individuals of morphological
group i captured in survey j, 1, is the maximum num-
ber of counted seals from group J, ¢; is the proportion of
individuals from group i with poor quality slides, and
d; the proportion of distinctive seals (with reliable
marks) from group i. The sampling efficiency of an
annual period was estimated as the mean efficiency
over capture occasions. Surveys in Table 1 with a mean
sampling efficiency close to or above 1 were consid-
ered representative.

All data sets included the subadult and adult stages
of the colony, which correspond to medium-sized seals,
and black males and large grey seals, respectively.
Juveniles were less well-marked and identifiable and
had very low recapture rates compared to the other
age stages, and therefore they were not included in the
capture-recapture analysis. Nevertheless, their pro-
portions were taken into account to correct abundance
estimates for non-distinctive seals and also to analyze
the composition of the colony using photo-identifica-
tion data.

The proportion of identifiable seals from the total
population size (d) was estimated for each annual sam-
pling period by the ratio of seals caught to those that
were distinctive. From each period we derived a ran-
dom sample of captured seals, with each individual
represented by 1 good or excellent quality slide.
Because the capture probabilities were initially esti-

mated to be lower for black males (i.e. black males had
a lower proportion of good quality slidesj, a propor-
tionally larger amount of time was spent photograph-
ing seals from that group.

Analysis. Composition of the colony: The stage
composition of the colony was estimated from the
probability (g) of captured individuals belonging to
each morphological group: juveniles, medium-sized
seals, large grey seals and black males. Given v,, the
number of photographed seals of group j from a sam-
ple of n seals, the probability of a seal belonging to
group j was

g, =2 (2)

Simultaneous 90 % confidence intervals (CI) for each g;
were obtained following Scheffé (cf. Miller 1981),

1r-

. rg,1-g)H1-
q, = (XQg—l,OIO)Z M)} (3)

L n

where g is the number of different morphological
groups considered. The composition of the colony was
analyzed independently for each year, and differences
among years were tested using Pearson’s x? goodness-
of-fit test.

The bias arising from differences in the identifiabil-
ity of individuals was assessed according to Forcada &
Aguilar (1996). Thus, a larger proportion of time was
spent approaching black males, which were less easy
to be photographed. Therefore, a fixed number of 15
effective field days from each annual sampling period
was chosen to derive a random sample for each year.
While black males could be photographed in any day,
at least 5 of the 15 d were especially dedicated to
obtain slides from individuals of this group. With less-
marked seals, like juveniles, a larger number of photo-
graphs was taken in order to obtain a well-detailed
record of even the more subtle marks.

Abundance: The size of the Cap Blanc colony was
estimated for each year from 1993 to 1998. Annual
sampling periods were assumed demographically
closed, with no migration of individuals. Each set of
annual identification histories was analyzed by multi-
sample capture-recapture models for closed popula-
tions. The models taken into account were M,, M,, and
My, following the notation by Otis et al. (1978). These
models allow for variation in capture probabilities over
time or capture occasions (M,), individual seals known
as heterogeneity (M)) and time and individual seals
(My,). Heterogeneity in capture probabilities appears
to always be present in studies of natural populations
(Eberhardt 1969, Carothers 1973, Hammond 1986).
Thus, models accounting for such variability were
preferentially selected, particularly model My;,. Estima-
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tors associated with these models and considered in
the analysis were: Darroch’'s maximum likelihood esti-
mate (MLE) (Darroch 1958) for M,, Jackknife (Burn-
ham & Overton 1978, 1979) for M;, and Chao's non-
parametric estimator (Chao et al. 1992) for My,
Goodness-of-fit tests (Otis et al. 1978) and the model
selection algorithm in the program CAPTURE (Rexstad
& Burnham 1992) were used to test departures from
the assumption of equal capture probabilities among
seals and capture occasions. The best model and ap-
propriateness of each estimator were selected accor-
ding to sample size, sample coverage, the coefficient of
variation (CV) of the mean capture probability and the
robustness under different sources of variation in cap-
ture probabilities. The sample coverage (C) Is defined
as the proportion of the total individual effects (p,) on
the first capture probability. Chao et al. (1992) provide
unbiased estimators, which have been used in this
analysis. The coefficient of variation of the mean cap-
ture probability, CV(p), was
m I'
Z(pf—ﬁ)z ?
N
CV(p) = ——— (4)
D

where p is the mean capture probability. When CV(p)
= 0, all p; were assumed equal; otherwise there was
individual variation or heterogeneity in capture proba-
bility. Chao et al. (1992) provide unbiased estimators of
CV(p), which are also implemented in the program
CAPTURE and used in this analysis. The best abun-
dance estimator was then selected following the rec-
ommendations of Lee & Chao (1994).

Estimation methods assumed that seals did not lose
their marks during the sampling period and that all
marked seals were correctly identified on each capture
occasion. These assumptions appear to be fulfilled in
the present study (Forcada & Aguilar 1996). However,
capture-recapture abundance estimates only referred
to the proportion of the colony with distinctive natural
marks. In order to account for non-distinctive seals,
including all juveniles, abundance estimates were
scaled up with the mean proportion of seals with reli-
able marks in the colony (d). Thus, abundance was
obtained as R

N = e 5)
where N, is the estimated size of the distinctive pro-
portion of the colony, and variance of N was estimated
using the delta method (e.g. Seber 1982), as

o l:vér(Nd)Jr Lér(&)} 6
N3 d>

var(N)=N?

where, from Thompson (1992},

Vér(&):[ﬁ;n]d(l—d)
N

and n is a random sample of captured seals (i.e. the
number of seals captured in an annual sampling
period). A 95% CI was constructed for each estimate
assuming that log(N -m,,;) is an approximately nor-
mal random variable (Burnham et al. 1987, Chao 1989),
where m,,, is the number of distinctive seals captured
during the sampling period. Following Chao (1989) the
log-normal 95 % CI was estimated as

(7)

n-1

F (}Q—mfl])

My + v SRR +(I\Af—m[+1 )V (8)
where
r - 1)
' N ‘
V =exp| 1.96, ln[1+hva_r(-)-2}':-z (9)
(Nf mHl) J )

Estimates of N’d and var(Nd) were computed with the
program CAPTURE (Rexstad & Burnham 1992).

Trends in abundance: Changes in abundance of Me-
diterranean monk seals on Cap Blanc were investiga-
ted for the period 1993 to 1998. For the period 1993 to
1996, the rate of change, assumed exponential, was
computed with a weighted least-squares regression of
point capture-recapture estimates against time. Abun-
dances were log-transformed before fitting the regres-
sion model. Following Barlow et al. (1997), each point
estimate was welighted by the inverse of its variance to
account for differences in precision. Variance of N was
estimated as In[1 + CV(N)].

We assessed the variability of the rate of change (the
back-transformed slope) using a Monte Carlo simula-
tion for measuring a slope using linear regression. We
assumed the initial slope equal to the estimated rate of
change, and the variance of abundance determined
from the estimated CVs. We obtained a 95% CI from
the percentiles of 10 000 replicates.

RESULTS
Composition of the colony

From 1993 to 1998, 52 juveniles, 173 medium-sized
and large grey seals, and 31 black males were individ-
ually identified. Table 2 details the composition of the
population by year during the study period. From the
24 females that were seen nursing, 12 were catalogued
by observers as being medium-sized grey seals and 12
as large grey seals; given that large grey seals are
indeed more abundant in the population than medium-
sized seals, it is reasonable to assume that the latter are
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Table 2. Monachus monachus. Composition of the colony, expressed in both absolute numbers (v) and as a proportion of the total

(with simultaneous 90 % confidence limits as derived from multinomial theory in parentheses) by morphologic group in each

year, estimated from a sample of identified seals (n). Proportions of each group were estimated assuming independence between
groups. Data for 1997 correspond to the population that survived mass mortality

Year Juveniles Medium-sized seals Large grey seals Black males
v Proportion v Proportion \ Proportion Y Proportion

1993 5 0.10(0.01-0.20) 21 0.41(0.24-0.58) 20 0.39(0.22-0.56) 5 0.10 (0.01-0.20)
1994 16 0.13(0.06-0.21}) 32 0.27(0.17-0.37) 48 0.40(0.29-0.51) 24  0.20(0.11-0.29)
1995 18 0.14 (0.07-0.22) 36 0.29(0.19-0.39) 46 0.37 (0.26-0.47) 26 0.21(0.12-0.30)
1996 13 0.10(0.03-0.17) 37 0.29(0.19-0.38) 57 0.44 (0.33-0.55) 23 0.18{0.09-0.26)
1997 20 0.29(0.15-0.43) 24 0.35(0.20-0.49) 18 0.26 {0.13-0.39) 7 0.10(0.01-0.19)
1998 19  0.31(0.16-0.46) 18 0.30 (0.15-0.44) 17 0.28 (0.14-0.42) 7 0.12(0.01-0.22)

all adult and involved in reproduction. The composi-
tion of the colony by morphological group showed little
variation between 1993 to 1996. Proportions of seals sig-
nificantly changed only from 1993 to 1994 (x° = 43,3 df;
p < 0.001) due to an increase in observations of black
males in 1994. However, the number of field days in
1993 was too low to obtain a representative sample of
identified black males. Therefore, the estimated com-
position of 1993 may not be reliable or comparable to
that of subsequent years.

Highly significant changes (x* = 131, 3 df; p < 0.001)
were observed after July 1997 (Table 2). The mass
mortality had a major impact on the adult population.
The proportion of juveniles increased from 10 to 29 %,
and that of medium-sized seals from 29 to 35%. In con-
trast, the proportions of large grey seals decreased
from 44 to 26 % and those of black males from 18 to
10%.

Abundance

The relatively low number of photographed seals from
each stage in each year (Table 2) ruled out a capture-
recapture analysis stratified by morphological group.
Despite this was a problem under low photographic ef-
fort conditions (e.g. surveys
of less than 10 effective field
days), extending the sam-
pling period up to at least
20 d ensured that capture

When plotted against time, mean capture probabili-
ties stabilized in values which were not significantly
lower than 0.05 by the end of the first week of the sur-
vey (Fig. 2). This indicates that seals were mixed at
random, and the probability of resighting seals which
had already been identified was not higher than that of
sighting those which had not been seen before. Conse-
quently, the choice of an interval length of 5 to 8 d
between capture occasions allowed some turnover of
seals at the haul-out sites, thus minimizing hetero-
geneity in capture probabilities. In addition, if this
period was greater than 8 d, the probability of pho-
tographing seals which had not been seen previously
was higher. However, an interval of 8 d would have
expanded the total sampling period, thus reducing the
number of different capture occasions. Therefore, we
chose to consider intervals of about 5 to 6 d.

Sampling conditions varied between years, and this
resulted in different types of variation in capture prob-
abilities. With this in mind, we selected different cap-
ture-recapture models for different years in order to
obtain the best fit to the data and therefore the most
accurate abundance estimate for each year.

In 1993 and 1994 sampling efficiency was lower
than in subsequent years (Table 1), data were sparse
(low p), and the CV of the capture probabilities was

Table 3. Monachus monachus. Results of the photo-identification sampling to estimate abun-

dance, with statistics and parameters computed for best model selection. Models with aster-

isks were also selected by the goodness-of-fit tests in CAPTURE (Rexstad & Burnham 1992).
(Models and parameters defined in ‘Method: Analysis’)

probabilities did not differ

significantly among adult Year Sampling Distinctive Sample Mean capture CV{p) Estimator

seal groups. Thus, identi- occasions seals coverage probability

fication histories from all (0 (my.1) () (P) -

stages except juveniles were 1993 10 44 0.28 0.02 0.33  Chao's My, (M,

pooled in a common data set. 1994 14 126 0.68 0.06 0.30 Chao's My, (M)

Independent sets were then 1995 14 154 0.65 0.06 0.01 Darroch's MLE {(M,}*

created for each year to pro- 1986 15 107 043 0.03 0.01 Darroch’'s MLE (M,)*
1997 6 49 0.89 0.30 0.35 Chao's My, (M) *

duce annual abundance 1998 6 42 0.82 025 037  Chao's My, (My,)"

estimates of the colony.
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above 30% (Table 3). In addition, goodness-of-fit tests
indicated heterogeneity in capture probabilities.
Therefore, model M, was selected as the most appro-
priate. Under this model, Chao's estimator is prefer-
able when sample coverage is about 50%, or there
are enough data to generate a stable estimator of
CV(p) (Chao et al. 1992, Lee & Chao 1994). Sample
coverage was high in 1994 but went down to 30% in
1993 (Table 3), when data were more sparse. Because
other estimators which are robust to heterogeneity are
not very efficient under these conditions and the num-
ber of capture occasions was high in both years,
Chao's M,, was used to compute abundance in 1993
and 1994.

In 1995 and 1996, mean capture probabilities were
low but their CVs were estimated below 0.01 by CAP-
TURE (Table 3), indicating no heterogeneity. Good-
ness-of-fit tests showed highly significant (p < 0.001)
time variation in capture probabilities in both years.
Sample coverage was 65% in 1995 and 43 % in 1996.
Since heterogeneity did not need to be taken into
account, Darroch's MLE (Darroch 1958) was used to
compute abundance in 1995 and 1996. In these cases
Chao's model M, consistently overestimates abun-
dance (Chao et al. 1992).

In 1997 and 1998, the reduced number of seals at the
haul-out sites required a mean number of 6 consecu-
tive field days per capture occasion in order to obtain a
p of 0.3 in 1997 and of 0.25 in 1998. As a result of
changes in the seal occupation of caves after the mass
mortality (J. Forcada unpubl. data), the sampling effi-
ciency was not high despite the high number of effec-
tive field days (36 in 1997 and 29 in 1998). Goodness-
of-fit tests indicated individual variation and time
specificity in capture probabilities. Heterogeneity was
high, with an estimated CV(p) of 0.35 in 1997 and 0.37
in 1998, and sample coverage was 89% in 1997 and
82% in 1998. Therefore Chao's M,;, was used to com-
pute abundance in both years.

Correction factors for non-distinc-
tive seals varied from 0.58 to 0.78,
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Fig. 3. Monachus monachus. Abundance estimates of Medi-
terranean monk seals in Cap Blanc from 1993 to 1998, with
log-normal 95% confidence intervals. The exponential re-
gression line corresponds to the fitted least-squares model to
the natural logarithm of the point estimates from 1993 to 1996,
weighed by the inverse of their log-transformed variances

of 317 seals (CV = 0.16; 95% CI: 237 to 447). After the
1997 mass mortality, the colony was reduced by 66 %
to a surviving population estimated at 109 seals. Coef-
ticients of variation of estimates ranged from 0.10 to
0.17, except for 1993 when the sample size was low
and the CV was estimated to be 0.46.

Trends in abundance

The least-squares regression line, fitted to the 4
independent abundance estimates from 1993 to 1996,
had a slope of —0.0073 (Fig. 3) after the back-transfor-
mation, but was not significantly different from 0 (p =
0.381). The low and high limits of the estimated 95%
Cl were -2.0185 and 1.9739, respectively.

The probability of obtaining significant declines for
small populations in short time series is usually low

Table 4. Monachus monachus. Estimates of abundance of Mediterranean monk

depending on the number of juveniles
and medium-sized seals present in
each year (Table 4). The lowest pro-
portion of distinctive seals was

seals at the colony of Cap Blanc from 1993 to 1998, estimated from independent
capture-recapture experiments. Also detailed are the proportions of identifiable
seals (d, with standard error in parentheses), the estimated coefficients of varia-
tion of the abundance estimate and its log-normal 95% confidence intervals

observed in 1997 and 1998 when the
reduction in adult numbers from the Year Proportion  Abundance Coefficient Log-normal 95 %
mass mortality increased the propor- identifiable (d) (N) of variation confidence interval
tion of juveniles by 20%. Table 4 con- - - Liw limit High limit
tains the corrected abundance esti- 1993 0.61(0.17) 322 0.46 149 783
mates for each year, with coefficients 1994 0.68 (0.09) 311 0.15 240 426
of variation and log-normal 95% con- 1995 0.76 (0.07) 316 0.10 263 394
fidence intervals 1996 0.78 (0.06) 317 0.16 237 447
Abund L t imil 1997 0.58 (0.06) 109 0.14 86 145
Abundance estlma_es were similar 1998 0.58 (0.04) 103 017 77 148
from 1993 to 1996, with a mean value
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(Taylor & Gerrodette 1993). In our study, the high vari-
ability in the 1993 abundance estimate makes the
detection of a decline even more difficult. A power
analysis with the program TRENDS (Gerrodette 1993)
indicated that, assuming an exponential change over
4 yr, an average CV of 0.15, and high statistical power
(B = 0.05), the minimum detectable annual decline
would be of -0.50. Thus, no trends before 1997 could
be detected. However, owing to the low slope of our
trend analysis, it is believed that if there was any
annual rate of change in the population, it was likely to
be low.

DISCUSSION
Reliability of methods and accuracy of estimates

Capture-recapture experiments based on photo-
identification have a number of advantages for esti-
mating the abundance of Mediterranean monk seals
at Cap Blanc: the unique natural markings in a high
proportion of the population, the small size but high
density of the colony and the non-disruptive way in
which these data were collected. A disadvantage,
however, is that sampling techniques based upon
small populations often result in high variances and
the asymptotic properties of the estimators are lost
(Otis et al. 1978, Hiby & Jeffery 1987). In the following
paragraphs we address the validity of the analysis in
relation to the underlying assumptions of capture-
recapture models.

We selected our data sets for analysis to be able to
assume geographic and demographic closure. This is
important because closed population models are more
robust to variation in capture probabilities than those
designed for open populations, therefore permitting
greater accuracy in population estimates (Otis et al.
1978, Pollock et al. 1990). In addition, abundance esti-
mates calculated on the assumption of demographic
closure can be computed independently for each year
and thus be used to establish time trends.

However, all the estimates herein reported may be
negatively biased for at least 2 reasons. Firstly,
Mediterranean monk seals are undoubtedly found out-
side the surveyed areas. Secondly, because annual
sampling periods were reduced in time to allow demo-
graphic closure, the turnover of migrating seals may be
incomplete. But in both cases, bilases are not likely to
be significant because the surveys covered most of the
known range of the species on Cap Blanc (Gonzalez et
al. 1997) and mean residency times of seals around the
haul-out sites were longer than the duration of the
sampling periods, thus indicating low migration rates
(J. Forcada unpubl. data). Therefore, annual samples

of identified seals were likely to be representative of
the total population.

The surveys were designed to minimize variation in
capture probabilities, but this was not entirely elimi-
nated. The most common sources of variation were the
sampling conditions on each occasion and the inherent
differences in capture probabilities between individu-
als (heterogeneity). These differences were related to
the variable haul-out patterns between groups of seals;
for instance, near-term pregnant or lactating females
were more likely to be found at haul-out sites than
other seals, but black males, which not only hauled out
in the caves but also in other areas not frequented by
the other seals, were less likely to be captured. Under
these conditions, and because no behavioral response
to capture (reactions of seals to the photographer) was
observed after the first capture, variation in p was dealt
with by focusing on model My, from Otis et al. (1978).
The robustness of available estimators under model
My, 1s limited in extreme cases, such as when high het-
erogeneity exists, which tends to bias the results low
(Chao et al. 1992). However, in this study, heterogene-
ity as estimated by CV(p) was 37 % at the most. Thus,
estimators selected according to this parameter in each
sampling period were considered to give robust esti-
mates.

Capture probabilities could also vary through the
use of poor quality slides to determine recaptures and
the variable distinctiveness among seals. In that
respect, the objective grading and further selection of
good or excellent slides made in this study prevented
false new identifications in each sampling period.
Although the probability of photographing a seal for its
distinctiveness could not be estimated, it is unlikely
that photographers in the field preferentially selected
well-marked individuals. Therefore, provided that
slides were of good quality, any marked seal could be
captured. Forcada & Aguilar (1996) found no correla-
tion between recapture rates and different distinctive-
ness for different morphological groups, and con-
cluded that distinctiveness is unlikely to significantly
bias capture-recapture abundance estimates. Despite
the identified limitations underlying both the data and
the capture-recapture models, we consider that the
results presented in this paper are unlikely to be sig-
nificantly biased.

Demographic trajectory and status of the population

The CVs of all abundance estimates, except the one
corresponding to 1993, fall within the range of accept-
able values for management purposes as defined by
White et al. (1982} and Pollock et al. (1990). Although
the confidence limits are broader than desired for a
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rare species, they indicate that the number of seals on
Cap Blanc before the spring 1997 die-off was around
only 300, a number which is vulnerable to catastrophes
and mass mortalities.

In the past, Mediterranean monk seals appeared to
have been abundant in the western Sahara. Neolithic
deposits contained burnt seal bones, indicating human
consumption of seals at that time. However, during the
middle ages, and probably until the 16th century,
Spanish and Portuguese sealing expeditions deci-
mated the local colonies for fur and oil (Aguilar 1998).
Some of these colonies, like the one which inhabited
the sand bank in Dakhla Bay ({le des Hérons), appear
to have been composed of several hundred individuals
(Monod 1923). Apart from the sealing episode, the
area has been sparsely populated by humans for sev-
eral centuries, thus limiting possible adverse interac-
tions with seals.

During the first half of the present century the pres-
ence of monk seals along the coast was recorded by a
number of researchers (Monod 1923, Gruvel 1924, Mo-
rales-Agacino 1945, 1950, Valverde 1957). They were
relatively abundant around Cap Bojador, near Dakhla
Bay, between Cap Barbas and Cap Corbeiro and par-
ticularly on the Cap Blanc Peninsula. At present the
species appears to have completely disappeared north
of Cap Bojador. Some occasional sightings during the
last 20 yr have been made in the section of coastline
between Cap Bojador and Cap Barbas, but recent sur-
veys in that region show that there is no permanent
colony there; therefore, reports are probably of strays
from populations located further south. The political
instability in the region has prevented detailed surveys
of the shore between Cap Barbas and the Aguerguer
(Guerguerat), but sightings in open waters off the area
as well as reports from fishermen and seafarers indi-
cate that some individuals are found in the region
(Marchessaux 1989b, Bayed 1994, Aguilar 1998, Uni-
versity of Barcelona unpubl. data). The largest seal
aggregation in the area is undoubtedly the one inhab-
iting the Cap Blanc Peninsula.

Population numbers in this colony were thought to
remain stable during the late 1980s (Francour et al.
1990), but this cannot be ascertained because of the
lack of effective assessment methods. According to the
results of the present study, numbers are likely to have
been stationary from 1993 to April 1997. Some seal
populations depleted by sealing have shown dramatic
recoveries from extremely low numbers. For example,
Antarctic fur seals in South Georgia increased from a
few dozen individuals in the 1930s to about 369000 in
1976 (Payne 1979). In 1890, northern elephant seals
were reduced to perhaps as few as 20 individuals on
Guadalupe Island (Bartholomew & Hubbs 1960), but
numbers built up to an estimation of 127 000 in 1991

(Stewart et al. 1994). These recoveries were accompa-
nied by rapid recolonization of former distribution
ranges. Other seal species, particularly of the genus
Monachus, have followed different trajectories. The
Caribbean monk seal is now considered extinct, after a
progressive decline in the first half of the present cen-
tury, and a high fragmentation of its original distribu-
tion range (Boyd & Stanfield 1998). The Hawaiian
monk seal population has been severely reduced in the
last decades. Numbers at different distribution areas
have followed different trends, according to various
problems, such as anthropogenic pressure, biased sex
ratios or significant decreases in survival of the young
individuals. In consequence, recovery to former num-
bers in the short term is considered to be very unlikely
{Gilmartin & Eberhardt 1995). The reasons for the
absence of demographic recovery of Mediterranean
monk seals in the western Sahara population, despite
the apparent absence of threats and availability of
example habitat to recolonize, are unknown.

This colony has been closely monitored since the
1980s, and the existence of human-related direct
threats to seals has not been apparent. Pollutant levels,
as expected by the remoteness of the location from
agricultural or industrial activities, are extremely low
(Borrell et al. 1997), and kills or disturbances caused by
fishing or other human activities are non-existent or
negligible, at least in the area around the caves
(Marchessaux 1989a, University of Barcelona 1997).
Nevertheless, the effect of pelagic fisheries needs to be
assessed, since its effect cannot be detected in the
breeding areas.

A number of natural factors may limit growth in
pinniped populations. Despite the presence of sharks
and killer whales in the area, no attacks on seals have
been observed nor have seal corpses been found with
signs of predator action. Incidence of disease has not
been properly surveyed in this population, but a virus
closely related to the dolphin morbillivirus (DMV) was
isolated from tissues of 3 individuals that died during
the spring 1997 die-off. Serum antibodies to canine
distemper virus (CDV)} were also detected in 4 of the
17 blood samples collected during the event (Oster-
haus et al. 1997). While research on the role of the
morbillivirus in the die-off has been inconclusive
(Harwood et al. 1998), there are no indications that
this agent, if it occurred before the event, was a sig-
nificant cause of mortality for the seal population.
Intoxication by PSP saxitoxins produced by dinofla-
gellates has been identified as another likely cause of
mass mortality (Hernandez et al. 1998), and it is likely
that events of this type sporadically afflict the region,
causing massive marine mammal mortalities (Maigret
1979). However, during the last 2 decades, when
monitoring of the colony has been most comprehen-
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sive and population numbers are likely to have
remained stable, no mass mortalities were detected
until 1997.

Environmental changes affecting suitability of habi-
tat appear to be major limiting factors. Cap Blanc is at
the southern limit of the Saharan bank, a rich
upwelling area considered to be one of the most impor-
tant fishing areas in the world (Tilot 1993). This would,
in principle, ensure food availability to seals. However,
in recent years the whole region has been extensively
overexploited by fishing, and this has been suggested
as the reason for the currently low local population of
cetaceans (Notarbartolo di Sciara et al. 1997). In partic-
ular, lobster, which was an important component of the
diet of the Mediterranean monk seals in the 1980s,
(Marchessaux 1989a) is no longer abundant and cur-
rently the composition of seal stomach contents is
mostly restricted to fish and octopus (University of Las
Palmas unpubl. data). Nevertheless, fish was consid-
ered the main prey item by Marchessaux (1989a), and
there is no conclusive evidence that the lack of food is
a limiting factor. Therefore, updated evidence of the
state of these stocks is required for a sound analysis on
the carrying capacity of the habitat. Because of the
lack of clear evidence on whether the environment is
actually limiting the growth of the colony, these and
other additional aspects such as measures of reproduc-
tive success and the levels of pup mortality should be
investigated further.

Whatever the reason, the low numbers of seals sur-
viving the 1997 mass mortality event and the persis-
tence of possible limiting factors are likely to adversely
affect the viability of the colony. From a demographic
standpoint alone, small populations cannot persist long
at a small size (Goodman 1987). Small populations are
sensitive to changes in essential parameters; small dif-
ferences in survival or reproductive success can cause
changes in population growth rate from increases to
declines (Eberhardt 1985). This is aggravated by the
Allee effect, which is the sharp decrease in per capita
survival and reproduction as population abundance
decreases beyond a critical threshold level (Fretwell
1972); this effect is widely documented in extremely
reduced populations of large mammals (Fowler &
Baker 1991). Moreover, range-fragmented populations
with average positive growth may not persist because
stochastic variation renders the risk of extinction high
(Mangel & Tier 1994).

The decrease of the Mediterranean monk seal
colony at Cap Blanc by 66% in just 2 mo is a case in
point. The risk of extinction of the colony after the
mass mortality episode could be moderate provided
that it is stable or expanding {Harwood et al. 1998),
but the trajectory of the population before the event
needs to be further assessed. A main threat is loss of

genetic variability, which may be lost through
genetic drift after the population decrease. Our
analyses indicate that the number of adult seals, that
1s, those potentially contributing to reproduction,
probably does not exceed about 77 individuals at
present. This number may be even smaller because
some degree of polygyny may exist in the species, as
suggested by the sexual dimorphism in coloration
and the territorial behavior of adult males (Marches-
saux 1989a, University of Barcelona unpubl. data).
While the minimum number of breeding individuals
necessary to maintain genetic variability and over-
come the effect of demographic stochasticity 1is
unclear, a figure of around 50 has been suggested for
many populations of large mammals (e.g. Franklin
1980, Gilpin & Soule 1986, Primack 1993). The ge-
netic variability of Cap Blanc monk seals before the
mass mortality event occurred was found to already
be extremely low (Pastor et al. 1997), and it may
decrease further in the near future as a result of pop-
ulation decrease. Preliminary modelling suggests that
the decrease in allele diversity may be in the order of
12.5% (Harwood et al. 1998).

Moreover, our analysis shows that the change in the
age composition of the colony was severe, resulting in
a dramatic decrease in the number of adults. This
change is likely to reduce the reproductive potential
of the colony for at least 2 reasons. First, as a conse-
quence of the rarefaction of adults in the coming
years, the absolute number of reproductively active
individuals will be even lower than overall population
numbers would suggest. Second, the overall success
of the reproductive segment is likely to decrease due
to the increased contribution of young, recently
matured individuals to reproductive tasks. In many
pinniped species, it has been shown that older moth-
ers have a higher weaning success than younger
ones. This difference is attributed to an increase in
size, previous mothering experience and social status
with age (e.g. Payne 1979, Doidge et al. 1986, Syde-
man et al. 1991, Lunn et al. 1994). However, some
positive effects on reproduction are also expected
from the decrease in population numbers produced by
the die-off. In pinnipeds, pup mortality often has a
density-dependent component (Doidge et al. 1986).
The decrease in the density of hauled out individuals
inside the caves is likely to permit use of optimal sec-
tors of the relatively empty beaches by the mother-
pup pairs. Taking into account that the effect of
storms appears to be the main cause of pup mortality
in the colony (Gazo et al. 2000), this effect may be sig-
nificant in permitting mothers to maximize the sur-
vival probability of their pups. Furthermore, the
decrease in seal abundance 1is likely to lessen
intraspecific competition for food.
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The resulting combination of these effects remains
unclear, but the alteration in the age composition of the
population is a further potential factor threatening
colony stability in the near future. A study period of
6 yr, as the one carried out herein, is not long enough
to properly understand the dynamics of the colony
Moreover, the high variance of the abundance esti-
mate for the year in which the period initiates is a fur-
ther difficulty and hampers the assessment of the pop-
ulation trajectory. While a rapid population change
fe.g. a case of mass mortality) would be easily de-
tected, this would be more difficult if a decline is
slower over time. Other analyses of small marine mam-
mal populations have shown similar limitations {e.g.
Taylor & Gerrodette 1993, Barlow et al. 1997, Wilson et
al. 1999). Therefore, determining whether the colony
at Cap Blanc is declining requires different assessment
approaches, such as demographic analyses or the
implementation of statistical methods with higher
power to detect changes in abundance. Nevertheless,
abundance estimates are still necessary for the imple-
mentation of management strategies, and as the basic
input of demographic analyses.

Given the critical status of the colony after the mass
mortality event in the spring of 1997 and the difficul-
ties in the detection of population trends, further mon-
itoring and reliable estimation of population parame-
ters in the next few years are still required as an
integral part of the effective management and conser-
vation of the species. These parameters are required as
an essential baseline for the development of further
assessment of the viability of the colony, and a com-
prehensive evaluation of eventual mortalities. In this
regard, our population analysis based on photo-identi-
fication can be valuable to produce such parameters,
and of wider use for other small populations.
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