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ABSTRACT
A subgroup of a population of Tursiops truncatus in southern Brazil is known
for a cooperative behavior with artisanal fishermen whereby the dolphins shoal
fish towards net-casting fishermen. Combining photo-identification data collected
between September 2007 and 2009 with mark-recapture and Pollock’s robust design models, we assessed abundance within seasons and survival and temporary
emigration rates of dolphins between seasons. We also reanalyzed a previous data
set collected during 1989–1991, and Cormack-Jolly-Seber models were applied to
estimate survival rates for each of the study periods. The abundance of marked “cooperative” dolphins varied between seasons from 18 (CI: 17–24) to 21 (CI: 20–24).
The total abundance varied from 59 in the winter of 2008 (CI: 49–72) to 50 in the
autumn of 2009 (CI: 40–62). The annual adult survival was estimated to be 0.917
(CI: 0.876–0.961), close to that estimated from data collected in the 1990s (0.941;
CI: 0.888–0.998). The emigration probability was low (0.031; CI: 0.011–0.084)
and different capture probabilities between the “cooperative” and “noncooperative”
dolphins indicated a degree of behavioral segregation. The precision of our estimates
is likely to provide sufficient power to detect population change, but we recommend a precautionary management approach to protect this vulnerable dolphin
community and its unique cooperative feeding tradition.
Key words: population parameters, mark-recapture models, abundance, survival
rates, temporary emigration, Tursiops truncatus, robust design.

Bottlenose dolphins (Tursiops truncatus) are distributed throughout tropical and
temperate seas (Connor et al. 2000, Reynolds et al. 2000) and the species is well
adapted to coastal habitats, frequently found in small and potentially isolated populations (e.g., Wilson et al. 1999, Currey et al. 2007, Urian et al. 2009, Fruet
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Figure 1. Location of the St. Antônio lagoon, the Imaruı́ lagoon, and the Mirim lagoon in
southern Brazil. The dotted line represents the predefined sampling routes.

et al. 2011). A number of studies have described unique, localized foraging strategies
in coastal populations of bottlenose dolphins around the world (e.g., Hoese 1971,
Simões-Lopes 1991, Chilvers and Corkeron 2001) that appear to be maintained by
intergenerational social learning (Simões-Lopes et al. 1998, Krützen et al. 2005). The
survival of these localized cultural behaviors depends on the maintenance of population health and habitat quality since it is extremely unlikely that these strategies
will persist or be relearned if these traditional behaviors at specific coastal sites are
interrupted or lost.
Bottlenose dolphins are often observed throughout the coastal waters of southern
Brazil (Wedekin et al. 2008), but are concentrated in a few coastally resident communities such as the one found in the lagoon system near the town of Laguna (Fig.
1; Simões-Lopes and Fabian 1999). A number of dolphins belonging to this population are known for a unique fishing interaction with local artisanal fishermen (Pryor
et al. 1990). The behavior seems to be a mutualistic cooperation and, despite occurring throughout the year, it is most frequently observed during the mullet season
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(Mugil sp.) from austral autumn to early winter. The cooperation appears to be
strongly ritualized; dolphins drive mullet schools towards a dynamic barrier of
fishermen and “signal” with stereotyped behaviors, the right moment and where
fishermen should throw their nets (see Pryor et al. 1990 or Simões-Lopes et al. 1998
for a detailed description).
The main aim of this study was to estimate the abundance, survival, and temporary
emigration rates of dolphins using the coastal lagoon system at Laguna and to examine
the numbers of animals within this population actively engaging in the cooperative
fishing behavior. Only by measuring these parameters will the vulnerability of this
population and the foraging tradition be more properly understood and protected. In
1999 the population was estimated at 51 individuals and appears to be strongly resident in the area (Simões-Lopes and Fabian 1999). Despite the occasional occurrence
of transient individuals along the adjacent coast, photo-identification data indicate
that nonmembers of this dolphin community are rarely observed within the lagoon
system. However, at least two animals known from Laguna have been reported in
Tramandaı́, about 220 km to the south, where an adjacent community of bottlenose
dolphins are resident (Simões-Lopes and Fabian 1999). Interestingly, the cooperative behavior with artisanal fishermen is also displayed at Tramandaı́, indicating
social learning and horizontal behavior transmission between adjacent communities (Simões-Lopes et al. 1998). These movements of individuals coincided with the
mullet migratory season and involved individuals from Tramandaı́ or other adjacent
areas, migrating into Laguna, at least temporarily, and vice versa (Simões-Lopes and
Fabian 1999).
Mark-recapture analysis of photographic identification data is an effective and
widely used approach to assess population parameters of various marine mammal
species (e.g., Bradford et al. 2008, Taylor et al. 2008, Silva et al. 2009, Verborgh
et al. 2009, Mansur et al. 2011, Cantor et al. 2012). However, the movement of
transient or nonresident individuals into and out of a study site may bias estimates
of survival (Pradel et al. 1997) and abundance (Clavel et al. 2008). Therefore, despite
the high site fidelity of dolphins in Laguna, this partial, seasonal migration must be
considered in any estimate of the population size and survival of bottlenose dolphins
belonging to the population in Laguna.
We selected Pollock’s robust design (RD) and modeled estimates of population
size, apparent survival probabilities, temporary emigration rates, and capture probabilities, as well as evaluating the effect of factors such as time-dependence and
particularly the cooperative behavior with fishermen on all these parameters. We also
applied Cormack-Jolly-Seber open population models (CJS) to compare the survival
probabilities of individuals during two study periods: (1) the current study (data
collected during 2007–2009) and (2) a previous study (data collected during 1989–
1991; Simões-Lopes and Fabian 1999). Finally, we evaluated our monitoring effort
to assess the amount of time needed to detect significant population trends.
METHODS
Study Area
The coastal lagoon system adjacent to the town of Laguna (28◦ 20’S–48◦ 50’W)
is comprised of three lagoons, the Mirim, Imaruı́, and St. Antônio lagoons, which
cover an area of approximately 300 km2 (Fig. 1), and is one of largest such systems
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in southern Brazil. The southern portion, the St. Antônio Lagoon, is fed by the
Tubarão River and the other two lagoons, and connects to the Atlantic Ocean. In
general, the lagoons are shallow, with an average depth of approximately 2 m, with
the exception of the deep channel connecting the lagoon system to the ocean. The
lagoon system is tidally dynamic and strongly influenced by prevailing winds (SE
and NE) and rainfall (Meurer and Netto 2007). Where not urbanized or modified,
the lagoon margins consist of wetlands and freshwater marshes, or small beaches and
rocky shores. Currently no studies have described the water or sediment quality of
the local habitat.

Data Collection and Sampling Design
From September 2007 to September 2009 we conducted photo-identification boat
surveys to catalog the presence and locations of recognizable dolphins (Hammond
et al. 1990). Field effort was planned to allow the use of robust design (RD; Pollock
1982, Kendall et al. 1997) and Cormack-Jolly-Seber (CJS; Cormack 1964, Jolly
1965, Seber 1965, Lebreton et al. 1992) models. Each calendar season was considered a primary capture period and within each primary period, six capture surveys
(photo-identification surveys) were conducted on separate days. One day was considered one sampling occasion so that each primary period (season) was comprised
of six secondary periods (sampling days), totaling 48 field days (occasions). For
CJS models the capture histories from the secondary periods (sampling days) were
pooled into the four calendar seasons with each season treated as a single capture
occasion.
A small (5 m) boat with a 15 hp engine was used to survey a 30 km predefined
route and sample the area evenly during approximately 5 h of effort. We only
included capture data from full surveys in which the predefined route was completed.
A school of dolphins was defined as all individuals encountered within a 50 m
radius of each other (Lusseau et al. 2003). When a school was encountered, the start
time and location were recorded and attempts were made to photograph all the
dolphins in the encounter, obtaining at least four pictures for each animal, preferably
from both sides, and without individual preference (Würsig and Jefferson 1990).
In order to minimize misidentification errors, individual identification was based
on long-lasting natural marks on the dorsal fin (e.g., Würsig and Jefferson 1990,
Williams et al. 1993). In addition we only included good quality photographs (from
a grading of poor, moderate, and good quality) and capture occasions with good
weather conditions (Beaufort scale ≤ 3) in our analysis. Surveys on consecutive
days were excluded to ensure the independence of capture events (Wilson et al.
1999).
Dolphins were classified as adults, subadults, and calves, according to size and
color (following Cockcroft and Ross 1990). Calves were excluded from all analyses
due to poor marking and because their movements are not independent of their
mothers. Based on our field observations, dolphins were also classified according
to their foraging strategy. Dolphins observed engaging in cooperative behavior—
driving prey schools towards fishermen and performing stereotyped behaviors associated with the interaction (as described in Simões-Lopes et al. 1998)—were classified as cooperative dolphins. Dolphins that never drove prey schools or were never
observed performing the stereotyped behaviors were classified as noncooperative
dolphins.
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CJS Modeling Procedures
The CJS models were applied to estimate apparent survival probability () between seasons and capture probabilities (p) for individuals in each season (Lebreton
et al. 1992). We used this approach to compare survival estimates of individuals between primary sampling periods during the present study with estimates from data
collected during the previous study between 1989 and 1991 (from Simões-Lopes and
Fabian 1999). It should be noted that the survey effort during 1989–1991 used a
different sampling design whereby the photo-identification procedure was conducted
during three days per month from the shore, along the channel connecting the lagoon
system to the ocean. Although this channel represents a core area where all identified
dolphins were observed at least once a month (Daura-Jorge 2011), these data are
potentially biased by heterogeneity in capture probability due to differences in the
ranging behavior of individuals throughout the study site. Although we pooled data
within each season to reduce this bias, comparisons between the two studies should
be interpreted with caution.
We built a set of models to test time-dependent effects (t) and the effect of the foraging cooperation (g) (group membership defined by cooperative and noncooperative
dolphins) on the estimated parameters. Considering the annual survival probability
( a ) as a cumulative result of the seasonal survival probabilities (), we derived ( a )
from (4 ), and the coefficient of variation (CV) was estimated by:
C V (a ) =

 

4 C V ()2

(1)

The log-normal confidence intervals were calculated following Burnham et al.
(1987) (see Eq. 3).
RD Modeling Procedures
Pollocks robust design (Pollock 1982) was used to estimate seasonal abundance
and temporary emigration probabilities. The data were organized in two hierarchical
sampling periods, eight primary periods (each season was a primary period) formed
by six secondary periods (each field day was a secondary period). For each primary
period we estimated closed capture probabilities (p), the true encounter probability
(p∗ ; which is the probability of detection, given availability) and the abundance (N̂)
of dolphins. From the intervals between the primary sampling periods, we estimated:
the apparent survival probability (); the apparent encounter probability (P); the
probability of temporary emigration (y ) — or being unavailable for capture, given
that the individual was available during the previous sampling; and the probability
that an individual emigrant remained outside the study area (y ) — or unavailable
for capture — during subsequent sampling (Kendall et al. 1995, 1997).
From the classical closed and open population models (Otis et al. 1978, Lebreton et al. 1992), we defined a set of RD models considering: the time-dependent
effect between primary periods (t); time-dependent effect within primary periods (s)
or between secondary periods; time-dependent effect between and within primary
periods (s∗ t); the cooperative group behavior effect (g); and the combination of all
these effects. The cooperative group effect was included to deal with individual heterogeneity in capture probability as a result of different foraging behavior. We also
explored Pledger’s mixture model for heterogeneity (Pledger 2000), but found that
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this model suffered from over parameterization. Behavioral response models were
not included since our photo-identification procedure was not invasive. The model
with no emigration (y = y = 0) was used as a basis to investigate time-dependence
and group effects. Then, we analyzed the temporary emigration probability using
random (classical) and Markovian emigration models (see Kendall et al. 1997). To
estimate parameters we used Huggins’ parameterization method (Huggins 1991),
which in general seems to be more stable with small sample sizes.
Model Assumptions
The assumptions for open population models (e.g., CJS), include: (1) every marked
animal present in the population at period x has the same probability of recapture,
(2) every marked animal present at period x has the same probability of surviving to
period x + 1, (3) marks are not lost during the study, (4) all migrations are permanent,
(5) individuals are immediately released after sampling and the sampling procedure
is instantaneous, and (6) the fate of marked and released animals is independent
of the fate of any individual (Williams et al. 2002). For closed populations (the
secondary periods in the RD), we should add the assumption that there is no gain or
loss of marked animals during sampling from immigration or emigration, birth or
death (Otis et al. 1978, Kendall et al. 1995). Violation of these assumptions causes
sampling heterogeneity, a common feature of cetacean data (e.g., Hammond et al.
1990, Evans and Hammond 2004), resulting in overdispersion, or extra binomial
variation (Williams et al. 2002). To measure overdispersion we used our general CJS
model to estimate the variance inflation factor (ĉ) by a parametric bootstrapping
goodness-of-fit approach, with 1,000 iterations (White et al. 2001). Where ĉ was >
1, the estimated value was used to adjust the models. Although the estimates of these
adjusted models do not change, their confidence intervals get wider (Burnham and
Anderson 2002). In addition, a goodness-of-fit test (TEST 2 and TEST 3 in program
RELEASE, Burnham et al. 1987) was applied to investigate violation of assumptions
(1) and (2). Although it was not investigated here, based on the short intervals
within primary periods (basically 2 mo) and the high residency degree previously
observed for this population, it is reasonable to assume demographic closure within
these periods. We also suppose that the influence of an eventual violation of this
assumption on our results may be negligible.
Model Selection Procedures
AICc (adjusted Akaike’s Information Criterion) values were used to select the
most parsimonious models (Anderson et al. 1994). As AICc behaves poorly in cases
of overdispersion, when the variance inflation factor (ĉ) was adjusted, we used the
QAICc (adjusted Quasi-likelihood Akaike’s Information Criterion), which favors
simpler models (Burnham and Anderson 2002). For RD models there is no goodnessof-fit (GOF) test available in program MARK (White and Burnham 1999), so again
we applied the AICc method to select models. The LRT (Likelihood Ratio Test) was
occasionally used to test specific biological hypotheses between nested models. We
used the average of the abundance estimates across all models based on the AICc
weights to take into account uncertainty in model selection (Burnham and Anderson
2002). All analyses were performed using the program MARK (White and Burnham
1999).
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Total Abundance and Power Analysis
We estimated abundance for each sampling primary period (seasons) and used the
group effect to estimate the abundance of cooperative dolphins ( N̂1 ) and noncooperative dolphins ( N̂2 ). The sum of abundance estimates per group represented the total
abundance of all marked individuals ( N̂(1+2) ). To estimate total abundance ( N̂Total )
of bottlenose dolphins in the area, the abundance of marked individuals ( N̂(1+2) ) was
corrected according to the proportion of marked individuals in the population (, see
Wilson et al. 1999) and, the final abundance estimates were inflated according to the
proportion of unmarked animals in the population (1 − ). Theta () was estimated
by dividing the number of marked individuals by the total number of individuals
in each encountered school. We used a value of  for each primary period averaging
the  of all schools in that period. Calves were considered as unmarked individuals.
The variance of total abundance ( N̂Total ) was estimated by Delta Method following
Wilson et al. (1999) as:


var( N̂) 1 − ˆ
2
Var( N̂Total ) = N̂Total
+
(2)
n ˆ
N̂ 2
where n is the total number of schools (sample size) used to estimate . Log-normal
confidence intervals for total abundance were estimated following Burnham et al.
(1987), dividing or multiplying the total abundance by a factor C calculated as:



2
␣
(3)
C = exp z 2 × ln{1 + [CV( N̂Total )] }
in which z is the normal deviate, CV is coefficient of variation and ␣ = 0.05.
We used the standard null hypothesis significance testing approach available in
the program Trends (Gerrodette 1993) to conduct a power analysis in order to
evaluate the sensitivity of various future monitoring scenarios to detect changes
in population size (for the future, more sensible statistical techniques should be
applied to assess population abundance trends; see Gerrodette 2011). These scenarios
included simulated population decline (ranging from 5% to 15% declines), different
estimate precision levels (using coefficients of variation (CV) of 0.05, 0.08, and 0.11),
and an annual or biennial interval between monitoring surveys. In all scenarios we
assumed a probability of Type I and II errors of 5% (the value routinely used
by managers), used a one-tailed test (the focus here is a decreasing trend), used
a CV proportional to the square root of abundance (as recommended for markrecapture data, Gerrodette 1987), used an exponential model, and assumed a t-student
distribution.
RESULTS
Photo-identification Data
We analyzed 10,209 photographs from 2007 to 2009, of which 66% were considered adequate for individual recognition. A total of 47 adults (or subadults) with
long-lasting natural marks and 14 calves were identified from photographs during
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the entire study (Table 1). We had high individual recapture probabilities throughout the study with an average of 82% of individuals photo-identified in one season
reidentified during the following season (Table 2). The median school size was 2.58
(mode = 2), and 80% of schools comprised just two or three individuals. The proportion of individuals considered “marked” ( = average proportion of marked animals
in all schools) ranged from 0.83 in the spring 2007 to 0.74 in the winter 2009
(Table 3). There was a slightly downward trend in the value of  over the study that
Table 1. Summary of the sampling effort per season and per period of study in Laguna,
southern Brazil. Although the sampling effort for the period 1989–1991 was slight larger
in terms of hours and days in the field, the sampling effort for the period 2007–2009 was
more effective in terms of number of photos recorded and number of dolphins identified.
Full details on the effort for the period 1989–1991 can be found in Simões-Lopes and Fabian
(1999). Seasons: spring (Sp), summer (Su), autumn (Au), winter (Wi).

Period

Effort
(d)/season

Searching Total dorsal
Dolphins
(h)/season
photos
Season identified

1989–1991 9 (surveys
from shore
station)

108

4,500
(analog
camera)

2007–2009 6 (boat route
surveys)

36

10,209
(digital
camera)

Sp89
Su90
Au90
Wi90
Sp90
Su91
Au91
Wi91
Sp07
Su08
Au08
Wi08
Sp08
Su09
Au09
Wi09

New dolphins
identified

11
9
17
13
8
9
19
19
42
38
41
41
41
37
31
36

11
3
6
1
0
1
3
0
42
4
1
0
0
0
0
0

Table 2. Summary of mark-recapture data used in the CJS models (for the period 2007—
2009). R(I) denotes the total number of individuals released at occasion i, m(i, j) the number
of individuals from released at occasion i and recaptured for the first time at occasion j, r(i)
the total number of individuals recaptured from a given cohort at occasion i. Seasons: spring
(Sp), summer (Su), autumn (Au), winter (Wi).

Occasion
Sp07
Su08
Au08
Wi08
Sp08
Su09
Au09
Wi09

R(I)

Su08

Au08

Wi08

42
38
41
41
41
37
31
36

34

5
35

2
3
36

m(i, j)
Sp08
0
0
4
37

Su09

Au09

Wi09

r(i)

0
0
1
1
35

0
0
0
0
2
29

0
0
0
1
2
6
27

41
38
41
39
39
35
27
–
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Table 3. Estimates of abundance for each period from robust design models. Shown are:
abundance estimates by group ( N̂1 , cooperative dolphins; N̂2 , noncooperative dolphins), the
sum of abundances per group ( N̂(1+2) ), and corrected CVs [CV ( N̂(1+2) )], theta () estimates,
the total population size adjusted by theta method ( N̂Total ), the CVs adjusted using the delta
method [CV ( N̂Total )], the confidence intervals ( N̂Total L and N̂Total U ). Seasons: spring (Sp),
summer (Su), autumn (Au), winter (Wi).

Sp07
Su08
Au08
Wi08
Sp08
Su09
Au09
Wi09

N̂1

N̂2

N̂(1+2)

CV
( N̂(1+2) )



N̂Total

CV
( N̂Total )

N̂Total L

N̂Total U

21
19
20
21
20
19
19
18

23
22
24
25
22
24
19
21

44
41
44
46
42
43
38
39

0.06
0.09
0.05
0.09
0.04
0.10
0.11
0.08

0.83
0.81
0.79
0.78
0.81
0.77
0.76
0.74

53
51
56
59
52
56
50
53

0.07
0.09
0.06
0.10
0.05
0.11
0.11
0.09

46
43
50
49
48
45
40
45

60
61
63
72
58
68
62
64

was clearly promoted by cumulative sightings of new calves. The number of calves
sighted was higher in the spring seasons. In total, five dolphins disappeared from our
catalog and the discovery curve of new identifiable individuals within primary periods almost stabilized after the third survey day. By comparison, surveys conducted
in 1989–1991 identified a total of 26 marked dolphins from 4,500 photographs
(Table 1; more details in Simões-Lopes and Fabian 1999).
CJS Models
Using bootstrapping, we estimated a ĉ of 1.401 for the best fitting model for the
recent data set. This value indicates a subtle overdispersion and we used it to adjust
the models. We did not adjust models derived from Simões-Lopes and Fabian (1999)
survey data since estimates of ĉ for were close to 1 (0.982) in this case. For all cases
the results of the goodness-of-fit test indicate that we did not violate the assumption
of equal capture (TEST 2) and survival (TEST 3) probabilities (TEST 2 + TEST 3 for
present data:  2 = 14.469, P = 0.271, df = 12; TEST 2 + TEST 3 for 1989–1991
data:  2 = 13.282, P = 0.208, df = 10).
By the QAICc, the most parsimonious CJS model for the present data indicates that
the estimated parameters did not vary in time and were not influenced by the group
effect ((.) p(.)). This model estimated an apparent survival probability for adults and
subadults of 0.979 (CI: 0.946–0.992) and an apparent capture probability of 0.865
(CI: 0.808–0.906). Then, the annual survival probability ( a ), derived from 4 was
0.917 (CI: 0.876–0.961). For the Simões-Lopes and Fabian (1999) data, the most
parsimonious model [(.) p(t)] indicated that the apparent capture probability was
significantly higher in autumn and winter seasons, varying from 0.701 to 0.928, than
in summer and spring seasons, varying from 0.439 to 0.545. This time-dependence
in the apparent capture probability was confirmed by the LRT [ 2 = 21.928, P =
0.001, df = 6; for model (.) p(.) vs. (.) p(t)]. This model estimated a survival
of 0.986 (CI: 0.905–0.998), projecting an annual survival probability ( a ) for the
period of 0.941 (CI: 0.888–0.998).
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RD Models
According to AICc, the most parsimonious models had constant survival probability, Markovian or random emigration probability (with no group or time-dependence)
and capture probability constant within primary periods but varying between periods and between cooperative and noncooperative groups (Table 4). This result was
confirmed by LRT tests. Models with no emigration were rejected in favor of models
with emigration (Random:  2 = 4,776, P = 0.042, df = 1; Markovian:  2 = 6,206,
P = 0.0449, df = 2) and no significant difference between the emigration models
was found ( 2 = 2,430, P = 0.119, df = 1). Time-dependence between periods
and group effect in capture probability were significant (LRT for time-dependence:
 2 = 16.318, P = 0.022, df = 7; LRT for group effect:  2 = 31.736, P = 0.001,
df = 8) and also contributed to model fitting.
Seasonal survival probability was constant and equal to 0.980 (CI: 0.947–0.992)
in the most parsimonious model (similar to the CJS estimates). The probability
of temporary emigration (y ) was equal to 0.031 (CI: 0.011–0.084), while the
probability of remaining outside the area (y ) was 0.359 (CI: 0.053–0.847). The
derived return rate of temporary emigrants (1 − y ) was 0.641, while the probability
of remaining in the area (1 − y ) was 0.969. Capture probability varied between
0.299 and 0.521, and was slightly higher for the noncooperative group. However, in
the autumn and winter 2008, this pattern was reversed and the capture probability
increased for cooperative individuals (Fig. 2).
Total Abundance and Time to Detect a Trend
The abundance of marked dolphins using the area varied slightly throughout the
study period. The highest abundance occurred in the winter 2008 (46 individuals,
Table 4. Robust design candidate models for survival probability (), capture probability
(p) and temporary emigration probability (y). Models are ranked by the AICc values. AICc
Weight indicates how much support the selected model has over the others. Deviance is
a measure of model fit. Notation: (.) constant, (t) time-dependence, (g) group effect, (y )
probability of temporary emigration, (y ) probability of remained outside the study area,
(p = c) no recapture effect, (y = y = 0) no emigration, (y = y ) random emigration, (y y )
Markovian emigration.

Id

Model

AICc

1
2
3
4
5
6
7
8
9
10
11
12
13

[(.) y (.) y (.) p(g∗ t) = c(g∗ t)]
[(.) y (.) = y (.) p(g∗ t) = c(g∗ t)]
[(.) y = y = 0 p(g∗ t) = c(g∗ t)]
[(.) y (g) y (g) p(g∗ t) = c(g∗ t)]
[(.) y (t) y (t) p(g∗ t) = c(g∗ t)]
[(.) y = y = 0 p(t) = c(t)]
[(.) y = y = 0 p(.) = c(.)]
[(.) y = y = 0 p(g) = c(g)]
[(.) y (g∗ t) y (g∗ t) p(g∗ t) = c(g∗ t)]
[(.) y = y = 0 p(g∗ t∗ s) = c(g∗ t∗ s)]
[(g) y = y = 0 p(g∗ t∗ s) = c(g∗ t∗ s)]
[(t) y = y = 0 p(g∗ t∗ s) = c(g∗ t∗ s)]
[(g∗ t) y = y = 0 p(g∗ t∗ s) = c(g∗ t∗ s)]

2,841.66
2,841.99
2,843.68
2,843.77
2,852.98
2,858.89
2,861.01
2,863.02
2,870.40
2,932.98
2,935.54
2,941.48
2,955.76

AICc
No.
AICc weight Deviance parameters
0.00
0.34
2.02
2.11
11.33
17.23
19.34
21.36
28.74
91.32
93.89
99.82
114.10

0.39
0.33
0.14
0.14
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3,875.9
3,878.3
3,882.1
3,873.8
3,863.9
3,913.9
3,930.2
3,930.2
3,852.9
3,786.6
3,786.6
3,779.7
3,775.6

19
18
17
21
30
9
2
3
43
97
98
103
110
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Figure 2. Variation of closed capture probabilities (p) in relation to group (cooperative
and noncooperative dolphins) and seasonal (between primary periods) effects. The dotted box
indicates the inversion in capture probability between groups (see text). Vertical bars represent
standard errors. Periods: spring (Sp), summer (Su), autumn (Au), winter (Wi).

CV = 0.09) and the lowest occurred in the autumn 2009 (38 individuals, CV =
0.11). The highest abundance of marked noncooperative dolphins was in the winter
2008 (25 individuals), while the lowest was in autumn 2009 (19 individuals). For
cooperative dolphins, highest estimates were from data collected during spring 2007
and winter 2008 (21 dolphins), and the lowest was in the winter 2009 (18 dolphins)
(see Table 3). The difference between estimates of abundance of cooperative and
noncooperative dolphins was higher during the summer 2009 (five individuals)
and zero in the austral autumn 2009. The total population size, including animals
without marks, ranged from a maximum of 59 in the winter 2008 (CI: 49–72) to a
minimum of 50 individuals in the autumn 2009 (CI: 40–62) (Fig. 3; Table 3).
Our abundance estimates showed a high degree of precision. Considering a statistical power of 95% and a CV value of 0.08, we used a power analysis to estimate that
it would take eight annual surveys conducted over 7 yr to detect a population decline
of 5% per year, whereas six biennial surveys conducted over 10 yr are required to
detect the same trend. With the higher CV of 0.11, 9 yr would be required from
annual surveys and 12 yr from biennial surveys. With the lowest CV of 0.05, 6 yr
would be required to detect a decline of 5% from annual surveys, and 8 yr from
biennial surveys (Fig. 4). By the time a 5% decline is detected and with estimated
CVs of 0.11, 37% of the original population size would be lost with annual surveys,
whereas 46% would be lost with biennial surveys. For estimated CVs of 0.08, the
overall decrease will be 30% by the annual effort, and 40% by the biennial effort.
Finally, for estimated CVs of 0.05, a decrease of 26% will be found by an annual
effort and 34% by a biennial effort.
DISCUSSION
This study provides the first robust estimates of demographic parameters for a
bottlenose dolphin population in Laguna, southern Brazil. As major outcomes we
highlight the small population size and the high site fidelity of these dolphins.
These findings provide the cornerstone for effective conservation management of this

304

MARINE MAMMAL SCIENCE, VOL. 29, NO. 2, 2013

Figure 3. Variation of the total population size (squares) throughout the study, and the
difference (=, triangles) between the abundance of noncooperative and cooperative dolphins.
The dotted box indicates the low estimated total abundance in autumn 2009, when the
difference between noncooperative and cooperative dolphins were null, suggesting a decreasing
for this season in the number of noncooperative dolphins in the area. Vertical bars in abundance
estimates represent standard errors. Periods: spring (Sp), summer (Su), autumn (Au), winter
(Wi).

Figure 4. Relationship between rate of population change, time to detection (yr) and three
possible CVs. Gray curves represent the biannual effort and black curves the annual effort.
A vertical line highlights the rate of 5% of population change discussed in the text. We
considered Type I and II errors at a 5% significance level and assumed exponential change.

vulnerable population, especially in the light of concerns about the preservation of a
unique dolphin/human cooperative foraging strategy with local artisanal fishermen.
Abundance of Bottlenose Dolphins in Laguna
The average abundance of dolphins using the Laguna site was estimated at
54 individuals. This estimate is similar to the previous estimate of 51 individuals reported from data collected 20 yr ago (Simões-Lopes and Fabian 1999), and
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appears to indicate population stability over this extended time interval (<0.5% per
annum change). However, this apparent stability must be interpreted with caution
due to the different sampling methods used in 1989–1991 and 2007–2009. Specifically, in the earlier study, sampling was confined to a small portion of the study
area and may have consequently underestimated the abundance of animals using the
whole site.
Although most coastal bottlenose dolphin populations are relatively small (Shane
et al. 1986, Wells and Scott 1990, Wilson et al. 1999, Haase and Schneider 2001,
Currey et al. 2007, Bearzi et al. 2008, Fury and Harrison 2008, Silva et al. 2009,
Fruet et al. 2011) the resident population in Laguna appears to be one of the smallest
(a population of around 30 individuals was also reported for the Estuary of Sado,
Portugal, by Gaspar 2003). Although there are no data available on the productivity
of the lagoon system in Laguna it is possible that the shallow waters limit prey
abundance and consequently limit the carrying capacity of dolphins foraging in the
site. This resource limitation could contribute to the development of alternative
foraging tactics, such as the cooperation with fishermen; and if the Laguna dolphin
population is small yet near carrying capacity, it may be particularly vulnerable to
natural and anthropogenic habitat damage.
In general, cetacean populations of less than 100 individuals are considered to have
a higher extinction risk (Thompson et al. 2000) and compounded by their high site fidelity these animals are particularly sensitive to local anthropogenic impacts (Sutherland 2000). Despite the apparent stability of numbers in the last 20 yr, this small and
highly resident bottlenose dolphin population may be extremely vulnerable. This is
especially relevant to the preservation of the unique cooperative foraging behavior
which is only displayed by a small portion of the community. These animals are,
potentially exposed to multiple threats such as; incidental bycatch in gill net fisheries
and the cumulative effects of chemical and biological contamination—from shrimp
and rice farming or from the adjacent coal mining operations. Effluent from local
agriculture, aquaculture, and mining activities may have direct long-term impacts
on survival and reproduction of dolphins in Laguna (Daura-Jorge and Simões-Lopes
2010) and indirect impacts through reduced habitat quality and prey abundance.
The apparent decrease in recent seasonal abundance estimates from a maximum of
59 (in the winter 2008) to a minimum of 50 (in the autumn 2009) may be related
to multiple ecological factors, such as changes in the abundance mullet, changes in
the ranging behavior of dolphins, and temporary emigration rather than an actual
population decline. Interestingly, we noticed that the decrease in abundance during
this period was mainly in the group of noncooperative dolphins, suggesting a slight
foraging advantage in the dolphin-human cooperative behavior which may sustain
the animals during periods of reduced prey availability. Anecdotal reports from local
fishermen indicate that the abundance of mullet in the lagoon system during the cold
seasons of 2008 was much higher than during the cold seasons of 2009. As the most
pronounced decrease in dolphin abundance occurred during autumn 2009, it is possible that dolphins (especially the noncooperative ones) were responding to the scarcity
of mullet in the area by foraging beyond the lagoon system. To confirm this hypothesis, however, focused prey surveys in and around the lagoon system are required.
Survival and Capture Probability Estimates Given by CJS
Adult annual survival probability (0.917) estimated by CJS was similar to those
reported by other studies of coastal bottlenose dolphin populations which range
from 0.92 to 0.97 (Wells and Scott 1990, Corkrey et al. 2008, Currey et al. 2008,
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Silva et al. 2009). Despite being based on a short-term survey effort, this is the first
attempt to estimate survival for the species in the southwestern Atlantic. Time and
group effects on survival did not improve model fit, indicating there was no seasonal
effect and only a slight difference between survival probabilities of cooperative and
noncooperative dolphins. It should be noted however, that the relative paucity of
data (seasonal estimates were based on only two years of effort) may have reduced our
sensitivity to differences in survival between seasons or between foraging strategies.
Although annual survival probability estimated for Simões-Lopes and Fabian (1999)
data was slightly higher (0.941) than the estimates for the current period, this small
difference may be an artefact of the lower number of individuals included in the
capture history of the earlier study (Table 1), and not necessarily an increase in
mortality rates; or due to differences in sampling efforts between periods. Continued
monitoring surveys are required to determine whether an actual negative trend in
survival is apparent in this population.
Apparent capture probability was also constant for the current period. Considering the cooperative behavior and its seasonality, we expected a marked difference
in capture probabilities between cooperative and noncooperative dolphins and between seasons. The reanalysis of the data set from Simões-Lopes and Fabian (1999)
showed this seasonal pattern and the capture probability was higher during periods with more observations of cooperative behavior (autumn and winter). This
variation may have resulted from the concentration of survey effort around the interaction sites during 1989–1991 and the recent sampling methods are likely to
be less sensitive to heterogeneity in capture probability resulting from foragingcooperation affects. This was especially apparent in CJS models when entire seasons
were considered as a single capture occasion whereas group effects (heterogeneity of
capture probabilities due to cooperative foraging) were significant in the closed RD
models.

Seasonal Emigration Rates and Other Estimates Given by RD
Although temporary emigration models fitted the data best, the emigration probability was low. Furthermore, the probability of individuals remaining in the area
and the probability of emigrants returning was high. These results confirm the high
site fidelity of dolphins with Laguna and the apparent geographic closure, with a low
probability of immigration from neighboring communities. Indeed, it is likely that
only a handful of animals account for the few records of migration between Laguna
and other sites as previously described by Simões-Lopes and Fabian (1999). Survival
probability given by RD models was also constant and similar to that estimated by
the CJS models. This similarity is to be expected when emigration probability is low;
reducing the confusion between death and emigration in the CJS models (Kendall
et al. 1997).
The group effect showed that the closed capture probability was higher for noncooperative dolphins, but this relationship was reversed in the autumn and winter
seasons of 2008. Considering the apparent high abundance of mullet during the cold
season of 2008, the higher capture probabilities of cooperative dolphins during this
period may be the effect of increased use of the cooperation sites to support their
foraging success, while the low capture rates of noncooperative dolphins were possibly a result of these animals expanding their foraging range or adopting different
foraging strategies while mullet were sparse.
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Conservation and Monitoring
If this population is to be protected from threats such as gill net bycatch and environmental contaminants, management strategies and mitigation measures need to
include rigorous population monitoring. Considering the lowest precision achieved
during our estimates (the highest CV of our estimates was 0.11), an annual effort
maintained over 9 yr will be sufficient to detect population changes in order of
5% with 95% of certainty. Since a concentrated effort with just six surveys generates precise estimates (CV < 0.11), we strongly suggest implementation of an
annual monitoring program (Wilson et al. 1999) which would serve as a cost effective method to detect changes in population trends, survival probabilities, and
the effect of potentially detrimental events (such as reductions in prey abundance,
increased bycatch mortality or pollution events). Reducing monitoring effort to
biennial surveys would save money but extend the time to detect a 5% population decline from 9 to 12 yr, resulting in a 9% increase in mortality before
detection.
When high capture probabilities are obtained, a census method may be an effective and cheaper option than estimating abundance (see Currey et al. 2007).
However, besides being more informative and providing a measure of precision,
mark-recapture methods are easily applied in this case and facilitate a more robust
and standardized method for future monitoring. As seasonality of foraging strategy
(cooperative behavior) seems to influence capture probability, we also suggest that if
mark-recapture methods continue to be used, survey effort should always be made
in the same season each year for comparative purposes. Further effort may also consider the use of the newly developed mark-resight method under the robust design
procedure (McClintock et al. 2006), which incorporates unmarked individuals directly into the modeling procedure. This approach was recently applied to data from
a bottlenose population in Bangladesh (Mansur et al. 2011) and, if the field protocol
is appropriate, it may be a useful method of combining mark-recapture procedures
with photo-identification data sets.
Despite the high precision of our mark-recapture estimates and compounded
by a small starting population size, our findings indicate considerable mortality
is likely to be incurred before a declining population trend is detected. Therefore, we strongly recommend that a precautionary approach be adopted (Thompson
et al. 2000), even when robust abundance estimates are reliably obtained. Population monitoring should be applied in parallel to a bycatch reduction program and
habitat quality monitoring. These measures are urgently needed in order to conserve
this bottlenose dolphin population and the localized cooperative behavior with artisanal fishermen, the mechanics and ecological significance of which are still poorly
understood.
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