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Abstract
Regional populations of bottlenose dolphins (Tursiops truncatus) around New Zealand are genetically isolated from each other and the species was recently classified as
nationally endangered based on relatively small population sizes and reports of high
calf mortality. Here, we estimate the abundance and trends in one of these regional
populations, the Bay of Islands, using a photo-identification database collected from
1997 to 1999 and from 2003 to 2006, containing a total of 3,841 records of 317
individual dolphins. Estimates of abundance obtained with the robust design fluctuated widely but showed a significant decline in the number of dolphins present in
the bay over time (7.5% annual rate of decline). Temporary emigration was random
and fluctuated considerably (c = 0.18, SE = 0.07 to c = 0.84, SE = 0.06). Apparent survival was estimated at 0.928 (CI = 0.911–0.942). Seasonal estimates (26 seasons) obtained in POPAN also showed a significant decline in abundance (5.8%
annual rate of decline). Despite the decline observed in local abundance, dolphins
continue to be found regularly in the Bay of Islands, suggesting that fewer dolphins
use the bay on regular basis. Consequently, it seems that a change in habitat use,
mortality and possibly low recruitment could underlie the apparent local decline.

1

Corresponding author (e-mail: gaby@pachamama.co.nz).
Current address: Coastal-Marine Research Group, Institute of Natural and Mathematical Sciences,
Massey University, Albany Campus, Auckland, New Zealand.
3
Current address: British Antarctic Survey, High Cross, Madingley Road, Cambridge, CB3 0ET,
England.
4
Current address: Ecology and Conservation Group, Massey University, Albany Campus, Auckland,
New Zealand.
2

E390

TEZANOS-PINTO ET AL.: LOCAL DECLINE IN DOLPHIN ABUNDANCE

E391

Key words: mark-recapture, abundance estimates, robust design, photo-identification, population decline, survival, MARK, POPAN, marine mammals, Tursiops
truncatus, bottlenose dolphin.

Bottlenose dolphins (Tursiops truncatus) in New Zealand are distributed in three
discontinuous and genetically differentiated populations; one inhabiting the northern
North Island, a second in the Marlborough Sounds and a third in Fiordland (Constantine 2002, Currey and Rowe 2008, Currey et al. 2009a, Merriman et al. 2009,
Tezanos-Pinto et al. 2009). Bottlenose dolphins in the northern North Island are
known to occur frequently along 500 km of the northeastern coast, from Doubtless
Bay to Tauranga (Constantine 2002). Infrequent sightings have been reported elsewhere, extending the range into the Manukau Harbor on the west coast of the North
Island (RC, unpublished data; Fig. 1). The Bay of Islands presents a unique opportunity to study the northern North Island population due to the year-round occurrence
of dolphins and the presence of a dolphin-watch tourism industry that provides
research platforms and facilitates locating the dolphins.
The Bay of Islands (35.14ºS, 174.06ºE; Fig. 1) is an open embayment of approximately 244 km2 containing large estuaries and including varying hydrological
conditions ranging from estuarine to oceanic (Booth 1974). The nearest distinct
coastal population of bottlenose dolphins is approximately 1,000 km south (Br€ager

Figure 1. Bay of Islands including the study area (from Ninepin Island to Cape Brett), four
inlets and major towns.
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and Schneider 1998, Merriman et al. 2009) and there is no evidence of genetic
interchange between these populations (Tezanos-Pinto et al. 2009). In the Bay of
Islands, free ranging, non-provisioned bottlenose dolphins have been exposed to
dolphin-swim/watch tours since 1991 (Constantine 2001, Constantine et al. 2004).
Unlike the United States, where regulations prohibit swimming with whales or
dolphins, New Zealand allows operators to advertise swimming with dolphins in
the wild, subject to the condition that the dolphins are not “harassed.” These tours
operate under a permitting system that restricts the number and frequency of tourboats allowing no more than three boats of any type within 300 m of a group of
dolphins.5
Long-term studies have been conducted in the Bay of Islands, resulting in a photoidentification database that contains 5,577 records of 408 unique individual dolphins
sighted in the region at least once from 1993 to 2006 (Ryding 2001, Constantine
2002, Mour~ao 2006, Tezanos-Pinto 2009). In the Bay of Islands, groups of dolphins
range in size from 1 to 60 individuals with a median of 12 dolphins per group (Tezanos-Pinto 2009). Analyses of resighting rates of photo-identified individuals from
1993 to 2006 found that there are no resident dolphins in the Bay of Islands but
rather a pattern of varying degrees of habitat use and site fidelity among individuals
(frequent users, occasional visitors and transient animals; Constantine 2002, TezanosPinto 2009). At any given time, there is generally only one group of dolphins in the
Bay of Islands (Constantine 2002, Tezanos-Pinto 2009), but such groups are seldom
stable for more than a few days, showing considerable fission-fusion or simply moving out of the bay to be replaced by others (Mour~ao 2006). Social affiliations in the
Bay of Islands are characterized by two levels of associations including short-term
casual acquaintances and long-term companions with intra- and intersexual associations (Mour~ao 2006).
Coastal populations of bottlenose dolphins around New Zealand seem to have
low abundance. The population using the Bay of Islands (ca. 244 km2) was estimated at 446 dolphins (CV = 4.2%) over the period 1994–1999 using a closed
mark-recapture model (Constantine 2002); whereas the Fiordland (minimum ca.
450 km2) was estimated at 123 dolphins from 1994 to 2006 (CV = 6.7%, Currey
et al. 2009a) and the Marlborough Sounds (ca. 890 km2) was estimated at 211 dolphins from 2003 to 2005 (CI = 195–232, Merriman et al. 2009). These low abundances are of concern given that all these populations are targeted by tourism and
other potentially invasive human activities (e.g., Constantine 2001, Lusseau 2003a,
Constantine et al. 2004, Lusseau et al. 2006, Merriman 2007, Currey et al. 2009b).
In the Bay of Islands and Fiordland, where tour operators target dolphins, some
detrimental effects on the dolphins’ behavior have been observed (Constantine
2001, Lusseau 2003a, Constantine et al. 2004, Lusseau 2005). Additionally, in
these two populations, relatively high levels of calf mortality are reported (42% in
the Bay of Islands and 62.5% in Doubtful Sound (Fiordland); Currey et al. 2009b,
Tezanos-Pinto 2009). The causes of these deaths are uncertain, but studies conducted in Doubtful Sound attributed the causes of high calf mortality to human
disturbance (environmental and behavioral) that included increased water discharge
from an hydroelectric power plant and dolphin-related tourism activities (Lusseau
2003a, Currey et al. 2009b). Because of the high calf mortality reported, the genetic
5
Marine Mammal Protection Regulations, 1992. Department of Conservation, Wellington, New
Zealand.
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isolation between populations and assumed small local population sizes, New Zealand bottlenose dolphins have been recently classified as nationally endangered according to the New Zealand Threat Classification System (Baker et al. 2010) and the
Fiordland population has been classified by the IUCN as critically endangered (Currey
et al. 2009a).
Here, we implement two approaches to estimate the abundance and apparent survival of bottlenose dolphins in the Bay of Islands using capture-recapture records of
naturally marked individuals during two periods of consistent research effort and survey methodologies (1997–1999 and 2003–2006): (1) Pollock’s Robust Design (RD;
Pollock 1982, Kendall et al. 1997) with data extracted from the complete data set to
fit a robust design sampling structure of closely adjacent secondary samples (i.e., day
surveys) within more widely separated primary samples (i.e., sampling survey bouts,
hereafter termed “sessions”). These were then used to estimate the number of dolphins present in the Bay of Islands during each session, rates of temporary emigration
and apparent survival. For the RD, we did not collapse sighting data by seasons or
years to avoid potential violations to the assumption of closure within primary samples (Pollock 1982). (2) The Schwarz and Arnason “super population” parameterization of the Jolly-Seber model (i.e., POPAN; Crosbie and Manly 1981, Schwarz and
Arnanson 1996) with data pooled by seasons to gain an understanding of the seasonal
pattern of survival rates and abundance of animals that visited the area in each season
(i.e., users and visitors; Williams et al. 2002). This approach also provides an estimate
of the “super population,” the total number of animals that used the area during the
course of the study.

Materials and Methods
Field Methods
The Bay of Islands (35.14ºS, 174.06ºE; Fig. 1) is an open embayment of approximately 244 km2, bordered by Ninepin Island and Cape Brett, containing large
estuaries and including varying hydrological conditions ranging from estuarine to
oceanic (Booth 1974). Photo-identification photographs of bottlenose dolphins were
collected during small-boat surveys or from dolphin-watch vessels during two
research periods; 1997–1999 and 2003–2006. Surveys were carried out in reasonable weather conditions (Beaufort scale  3). The area was searched extensively,
but nonsystematically by an independent research vessel and dolphin-watch vessels
(Table 1). Typically, there were several observers maintaining a constant survey for
dolphins. Stops were often made to scan the area with the naked eye and using
binoculars until a group of dolphins was sighted. Permitted dolphin-watching
boats communicated and assisted each other locating the dolphins and would
report if more than one group of dolphins were sighted. Depending on the season,
the number of permitted dolphin-watch operators ranged from one to six, providing good coverage of the study area. During surveys, boats were driven carefully to
minimize disturbance to the dolphins (Constantine et al. 2004). For each encounter, basic data were collected, including time, GPS position (using a Garmin 45XL
GPS), group size and age-class composition, behavior and individual photo-identification data. Attempts were made to collect photo-identifications of each individual
in the group without bias towards distinctively marked dolphins (W€ursig and Jefferson 1990).
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Photo-identification
All dorsal fin photographs were classified into four categories of quality (excellent,
good, fair, and poor) according to focus, size of the dorsal fin relative to the frame,
exposure (contrast between dorsal fin and background) and relative angle to the dolphin. This was consistent with studies conducted on bottlenose dolphins in other
regions (Wilson et al. 1999, Silva et al. 2009). Only excellent and good quality photographs were matched to the Bay of Islands catalog and included in the analyses.
Nicks and cuts on the trailing edge of the dorsal fin were the only feature used for
identification purposes (Wilson et al. 1999). In the bottlenose dolphin such marks
allow individual recognition equally from left and right sides (Hammond et al. 1990,
W€
ursig and Jefferson 1990).
Photographs of unique individuals were graded according to a scale including three
levels of distinctiveness ranging from one (small marks) to three (large marks). Before
adding a new individual into the catalog images were checked by three experienced
researchers and all photographs were cross-matched to the rest of the catalog. After a
match was confirmed (or a new individual identification number was assigned), data
were entered into a database.
The Bay of Islands catalog is a curated collection of photographs of individually
identified bottlenose dolphins collected since December 1993, in a single reconciled
database. The catalog contains the best image of a dorsal fin of a unique individual.
The photographic quality of the images used in the catalog and the distinctiveness of
nicks used for individual identification were evaluated using the quality scale
described above. The quality control review resulted in the exclusion of 40 individuals from the catalog that were included in some previous analyses (Ryding 2001,
Constantine 2002, Mour~ao 2006), leaving a total of 408 individually identified dolphins in the catalog used in this study.
Mark Ratio
As with other wild populations of dolphins, not all individuals bear sufficient
marks for individual recognition. To account for these unmarked dolphins in the
local Bay of Islands population, we estimated a mark ratio (Jolly 1965). High quality
photographs (only excellent and good quality) were counted including all age-classes
to estimate the ratio of individually identifiable dolphins (i.e., marked animals)
during 2003–2006. The proportion of marked dolphins (Pm) and its variance were
estimated (Gormley et al. 2005) as follows:
k
P

P^m ¼

I¼1

k

Ii
Ti

; varðP^m Þ ¼

!
k ^
X
Pmi ð1  P^mi Þ
=k2
T
i
i¼1

where Ii is the number of photographs of identifiable (i.e., marked) dolphins, Ti is the
total number of excellent and good quality photographs taken during the ith sampling day and k is the total number of sample days for which I/T was calculated
^ ¼ Ii=Ti. Abundance estimates were scaled by the mark-ratio
(k = 26); for each Pmi
^total (Williams et al. 1993) as follows:
to obtain the total abundance N
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^total ¼ N
^m =P^m
N
^m is the abundance of marked dolphins. The variance (var) and standard error
where N
^total were calculated (Wilson et al. 1999) as follows:
(SE) of N
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Log-normal confidence intervals were calculated (Burnham et al. 1987) as follows:
 rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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Nlower ¼ Ntotal =C and Nupper ¼ Ntotal C;where C ¼ exp za=2 loge 1 þ cvðNtotal Þ
^lower is the lower bound of the confidence interval, N
^upper is the upper bound
where N
of the confidence interval Za/2 is the normal deviate, a = 0.05 and cv is the coefficient of variation.
Data Organization
A “sighting” refers to an individual identification photograph obtained during an
encounter with a uniquely identified dolphin (ID) and the associated data collected
during such an encounter (e.g., date, GPS position, group composition). The complete
individual sighting record constitutes the encounter history of a dolphin. Field effort
was not originally designed to fit within a RD modeling framework (Pollock 1982,
Kendall et al. 1997), but the large number of sighting records allowed for extraction
of a subset of data with a suitable structure to implement the RD for the periods
1997–1999 and 2003–2006.
Individual photo-identification data from bottlenose dolphins in the Bay of Islands
collected during 1997–1999 and 2003–2006 were structured into two data sets: (1)
sessions for RD and (2) seasons for POPAN.
For (1) A subset of the data set 1997–1999 and 2003–2006 was selected into a
hierarchical structure (primary samples or sessions, secondary samples within primary samples) to allow implementation of the RD, gain an understanding of the
number of dolphins present in the Bay of Islands in each session, and estimate rates
of survival and temporary emigration between sessions. Sighting data were selected
in closely adjacent clusters of days with discrete breaks between clusters, to implement the selection of secondary samples (i.e., sampling days) and primary samples
(sessions). Secondary periods were composed of near-consecutive day-surveys with a
minimum of two and a maximum of nine day-surveys (median four day-surveys),
and primary samples were separated by a minimum of 22 d (0.06 decimal years)
and a maximum of 1,127 d (3.1 decimal years) between their mid dates (median
80 d or 0.22 decimal years). For the RD, we did not collapse sighting data by seasons or years to avoid violation of the assumption of closure within primary samples
(Pollock 1982).
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Table 1. Summary of photo-identification (photo-ID) effort conducted in the Bay of Islands
using similar methodologies during 1997–1999 and 2003–2006 including surveys from an
independent research vessel (IRV) and tour boats (TB).

Photo-ID surveys
Surveys IRV
Surveys TB
Hours on survey
Groups encountered
Total ID dolphins
Total sightings
Total sightings
Total ID dolphins
Total groups encountered

1997

1998

1999

2003

2004

2005

2006

59
25
34
189
47
182
531
1,711
256
198

88
16
72
318
79
166
726

99
60
39
395
72
162
454

47
10
37
194
57
110
390
2,130
159
265

91
13
78
367
103
117
860

51
44
7
320
83
85
639

16
10
6
89.1
22
69
241

For (2) the data sets for 1997–1999 and 2003–2006 were pooled by austral seasons
for analysis in POPAN to estimate survival, abundance and any trends over time of
animals by season, and to estimate the total number that used the area during the
course of the study (the “super population”).
Statistical Analysis
Pollock’s Robust Design models were fitted to the data set structured into sessions
(data set 1) and POPAN models were fitted to the seasonal data (data set 2). All models were fitted using program MARK (Vs 5.1).
Robust Design Model
The data were organized in a hierarchical sampling structure of primary samples
(sessions) and secondary samples (daily surveys within sessions). The intervals
between sessions were specified in decimal years between their mid dates to obtain
consistent, per annum estimates of survival. For each session we estimated the capture
probability (p) and abundance (N) of dolphins in the bay. From the intervals between
sessions, we estimated the apparent survival probability (ø), the probability that an
animal is outside the study area in a sampling occasion given that it was inside the
study area in the previous occasion (c′′), and the probability that an animal is outside
the study area in a sampling occasion given that it was outside the study area in the
previous occasion (c′; Kendall et al. 1995, 1997). Models were considered with temporal variation in capture probabilities between (s = sessions or primary samples),
within (t = daily surveys within a session, secondary samples) and both between
and within primary periods (s*t). Recapture probabilities were constrained to equal
capture probabilities on each occasion for all models because there was no evidence of
a behavioral effect (refer to Table 2). We initially used the “closed models” option in
MARK to fit models without heterogeneity in capture probability and subsequently
evaluated heterogeneity using the “closed captures with heterogeneity” option with
two mixtures (unidentified groups of animals with different capture probabilities,
Pledger 2000). For models assuming no heterogeneity we fitted models with no
temporary emigration (i.e., c′′ = c′ = 0), random (i.e., c′′ = c′) and Markovian tempo-
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Table 2. Data sets employed for mark-recapture estimates including type of pooling, start,
end of period, number of occasions and number of unique individual dolphins captured (ID
captured). Table 2a. Summary data for the Robust Design (RD). The CAPTURE model selection criterion (MSC, as implemented in MARK) was used to evaluate the best closed model.
Table 2b. Summary data for POPAN as implemented in MARK including the number of
unique dolphins captured (ID captured) and the number of unique dolphins captured excluding the first capture occasion (ID no first capture).
Year

Session

Start date

End date

Occasions

ID Captured

MSC

5
5
4
4
4
5
6
5
4
5
7
6
4
3
4
3
3
5
3
5
5
6
3
5
10
6
4
4

29
21
45
59
33
75
27
42
29
29
64
24
32
45
55
32
11
65
15
57
53
58
33
15
55
65
48
45

Mt
Mt
Mo
Mo
Mo
Mt
Mo
Mo
Mo
Mt
Mt
Mo
Mth
Mth
Mo
Mo
Mo
Mo
Mth
Mth
Mth
Mt
Mth
Mth
Mt
Mt
Mt
Mt

End date

Occasions

ID captured
(ID no. first
capture)

28 February 1997
25 May 1997
17 August 1997
20 November 1997
28 February 1998
30 May 1998
22 August 1998
10 October 1998
18 February 1999
3 May 1999
25 August 1999
25 November 1999
23 December 1999
22 January 2003

17
18
7
11
14
25
14
7
14
11
18
6
3
10

73 (0)
86 (34)
60 (39)
96 (62)
91 (74)
136 (118)
61 (61)
45 (43)
68 (60)
86 (72)
81 (76)
39 (37)
45 (34)
39 (34)

a. Summary table for the RD data set structured into sessions.
1997
1
22 February
27 February
2
15 April
23 April
3
6 July
20 July
4
3 October
13 October
1998
5
11 January
15 January
6
4 March
17 March
7
3 May
10 May
8
11 September
25 September
9
1 December
13 December
1999
10
4 January
18 January
11
8 March
20 March
12
18 June
30 June
13
18 August
25 August
14
9 December
23 December
2003
15
16 January
21 January
16
26 April
28 April
17
10 July
12 July
18
2 December
6 December
2004
19
7 June
9 June
20
14 October
20 October
21
15 November
21 November
22
7 December
12 December
2005
23
24 February
26 February
24
5 April
9 April
25
13 September
24 September
26
9 November
20 November
2006
27
9 February
13 February
28
21 March
24 March

Year

Season

Start date

b. Summary table for the seasonal POPAN data set.
1997
1 Summer 6 January 1997
2 Autumn 2 March 1997
3 Winter
7 June 1997
4 Spring
1 September 1997
1997–1998
5 Summer 15 December 1997
1998
6 Autumn 1 March 1998
7 Winter
4 June 1998
8 Spring
11 September 1998
1998–1999
9 Summer 1 December 1998
1999
10 Autumn 8 March 1999
11 Winter
1 June 1999
12 Spring
17 October 1999
1999–2000 13 Summer 9 December 1999
2002–2003 14 Summer 15 January 2003

(Continued)
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Table 2. (Continued)

Year
2003
2003–2004
2004
2004–2005
2005
2005–2006
2006

Season
15
16
17
18
19
20
21
22
23
24
25
26

Autumn
Winter
Spring
Summer
Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn

Start date

End date

Occasions

ID captured
(ID no. first
capture)

26 April 2003
3 June 2003
25 September 2003
1 December 2003
7June 2004
22 September 2004
7 December 2004
5 April 2005
10 June 2005
20 September 2005
8 February 2006
21 March 2006

28 April 2003
12 July 2003
30 November 2003
6 December 2003
30 August 2004
21 November 2004
26 February 2005
9 April 2005
28 July 2005
20 November 2005
13 February 2006
1 May 2006

3
9
8
6
8
24
12
5
8
24
6
7

32 (26)
31 (28)
26 (22)
66 (54)
26 (24)
93 (71)
72 (69)
15 (15)
18 (18)
75 (74)
49 (48)
64 (63)

rary emigration (i.e., c′′ 6¼ c′) (Huggins 1991, Kendall et al. 1997). We assumed no
temporary emigration for our assessment of models with heterogeneity to limit the
number of parameters estimated. To provide parameter identifiability for the
Markovian models, we either constrained survival (ø) to be constant or added a
constraint (session k = session k - 1) resulting in the last two parameters in the time
series set to equal (Kendall et al. 1997).
POPAN Model
A super population approach was applied in POPAN, as implemented in MARK,
to estimate the seasonal abundance and apparent survival rates of bottlenose dolphins
along the northern North Island that use the Bay of Islands and the total number of
animals that used the area during the course of the study. The approach is based on a
reparameterization of the Jolly-Seber (JS) model with an additional parameter Nsuper
that denotes the size of the super population. The intervals between seasons were
specified in decimal years between their mid dates to obtain consistent, per annum
estimates of apparent survival and other parameters. The model estimates the apparent
survival probability (ø) and probability of entry (ß) between seasons, the capture
probability (p), and abundance (N) of dolphins for each season, and the total number
of dolphins that used the bay through 1997–1999 and 2003–2006 (Nsuper). Models
were considered with constant (.) and temporal variation (t) in capture probabilities
between seasons. We added a constraint to the first two and the last two capture probabilities to provide parameter identifiability for all models (Cooch and White 2011).
Goodness of Fit Tests and Model Selection
The RD does not have a goodness of fit test, however because this method is a combination of open and closed models, traditional tests for open and closed models can be
applied. Consequently, each session was tested for closure using CloseTest (Stanley and
Burnham 1999) and analyzed in CAPTURE (as implemented in MARK; White and
Burnham 1999) to examine potential effects of behavioral response and heterogeneity.
Data were pooled into sessions and analyzed in a Cormack-Jolly-Seber (CJS) framework
in order to estimate the variance inflation factor (^c ) and to carry out goodness of fit
tests. Median ^c was estimated in MARK (White and Burnham 1999, Cooch and
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White 2011). Where median ^c > 1 (indicative of overdispersion in the data) we incorporated ^c into a QAICc statistic and used this instead of AICc in model selection
(Quasi-likelihood Akaike Information Criterion; Burnham and Anderson 2002).
Goodness of fit tests (TEST 2 and TEST 3) were run in U-CARE V 2.2 (Choquet
et al. 2005) to evaluate potential violations of assumptions for both data sets. A significant result in TEST 2 indicates that capture probabilities differ among individuals
(heterogeneity). TEST 2 can be further partitioned into TEST 2.CT, which examines
whether there is a behavioral response to the first capture (trap-avoidance statistic
z > 0, trap-happy statistic z < 0) and TEST 2.CL, which examines whether there is
variation in the time between re-encounters for captured and not captured (but
known to be alive) individuals. A significant result in TEST 2.CL indicates that the
trap effect lasts for more than one interval. TEST 3 evaluates the assumption that all
individually identifiable dolphins have the same probability of survival between sampling occasions. TEST 3 is partitioned into two additional tests: TEST 3.SR incorporates a statistic for transience, with a significant result (z > 0; P < 0.05) suggesting a
transience effect (i.e., dolphins sighted only once during the course of the study more
often than expected), whereas TEST 3.SM examines whether there is an effect of capture on survival (Choquet et al. 2005).

Results
Survey Effort and Data Sets
A total of 246 field surveys were conducted during 1997–1999, including 145 surveys conducted from tour boats and 101 from an independent research vessel (1.44
tour boats to 1 research vessel). During 2003–2006, a total of 205 field surveys were
conducted, including 128 conducted from tour boats and 77 from an independent
research vessel (1.66 tour boats to research vessel).
The 1997–1999 data set contained a total of 1,711 sightings records of 198
groups, representing 256 individual dolphins observed during 246 surveys. The
2003–2006 data set contained a total of 2,130 sightings records of 265 groups, representing 159 individual dolphins observed during 205 surveys. Overall, the two data
sets (1997–1999 and 2003–2006) included a total of 3,841 sighting records of 317
unique individual dolphins.
The data sets used for our analyses included: (1) 28 sessions for the RD resulting in
a total of 2,017 sighting records of 290 unique individual dolphins from a total of
133 survey days (Table 2a) and (2) 26 seasonal data for 1997–1999 and 2003–2006
for POPAN totaling 1,574 sighting records of 317 unique individuals. There were
only two records during autumn 2004 and this season was excluded from the analyses
(Table 2b).
Mark Ratio
The mark ratio was estimated from a total of 2,293 high-quality photographs collected from 26 surveys during 2003–2006. Of these, 1,640 photographs represented
identifiable individuals (I). From this, the mark ratio (Pm) was estimated at 0.720
(SE = 0.11).
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Goodness of Fit Tests
Results from CloseTest indicated that all our primary sessions for the RD were
closed (data not shown). The model selection procedure from CAPTURE selected 11
models with equal catchability for all dolphins at all times (Mo), 10 models with
catchability varying by time (Mt), 7 models with catchability varying both by time
and among dolphins (heterogeneity) (Mth), and none with behavioral responses to first
capture (trap-happiness, trap-shyness; Table 2a).
Goodness of fit tests conducted in U-CARE for both sets of data (by sessions and
seasons) indicated significant overdispersion (RD by sessions GLOBAL TEST 2 + 3:
P < 0.0001, v2 = 295, df = 104, ^c = 2.84; POPAN by seasons GLOBAL TEST
2 + 3: P < 0.0001, v2 = 320, df = 127, ^c = 2.52). There was evidence of a “traphappy” effect in both data sets (Table 3) and the effect lasted for more than one interval (significant result of TEST 2.CL). There was no evidence of an effect of capture on
survival (nonsignificant Test 3.SM, Table 3). Both data sets showed an excess of individuals sighted only once (i.e., effect of transience; Test 3.SR). To account for this, we
excluded the first encounter of every individual from the seasonal data set and reran
the goodness of fit tests and the models in POPAN (Pradel et al. 1997). For this data
set, results from the transience test (Test 3.SR) were not significant (Table 3). For the
RD analyses we did not remove sightings because we were interested in obtaining
estimates of the total number of dolphins present in the bay from session to session
despite the dolphins’ pattern of habitat use.
Robust Design Analyses
The RD data set by sessions resulted in an estimated median ^c = 2.57 (SE =
0.102); model selection therefore used QAICc calculated with this value. We
first attempted to simplify the capture probability structure but models with fully
time-varying captures (s*t) were strongly favored. We then tested models with
dependence in capture probabilities p(s*t) and constant survival probability ø (.)
(models 1, 2, 7, 9–12). The likelihood ratio test (LRT) rejected models with no
temporary emigration (models 6, 7, 10) when tested against models with random
Table 3. Results from Goodness of Fit tests run in U-CARE for the two different markrecapture data sets (sessions and seasons) of bottlenose dolphins collected during 1997–1999
and 2003–2006, including the results of the global test (Test 2 + 3).

RD data
by sessions
POPAN data
by seasons
POPAN data
by seasons
no first
capture

P-value
Statistic
df
v2
P-value
Statistic
df
v2
P-value
Statistic
df
v2

Test 3.SR

Test 3.SM

Test 2.CT

Test 2.CL

Global test

0.0001
5.85
16
70.47
0.0001
5.4
16
53.75
0.18
1.34
13
8.3

0.61

0.002
-4
25
81.2
0.0001
-9.3
23
129.6
0.0001
-6.4
22
79.9

0.05

0.0001

40
122.5
0.05

104
295
0.0001

41
81.7
0.05

107
316.2
0.001

26
59.5

81
184.5

23
20.6
0.07
22
32.8
0.07
20
37.05

0
8.280
22.090
41.666
41.828
42.276
83.172
196.688
216.331
220.917
243.617
800.823
0
13.379
24.919
39.925

1,455.734
1,469.111
1,480.653
1,495.659

Delta QAICc

1,611.220
1,619.500
1,633.310
1,652.886
1,653.047
1,653.495
1,694.391
1,807.908
1,827.550
1,832.137
1,854.837
2,412.043

QAICc

0.998
0.001
0
0

0.98431
0.01567
0.00002
0
0
0
0
0
0
0
0
0

AICc weight

1
0
0
0

1
0.0159
0
0
0
0
0
0
0
0
0
0

ML

27
51
51
75

188
214
214
238
188
188
188
321
323
322
322
531

NP

465.19
427.39
438.93
400.68

2,628.09
2,572.07
2,585.88
2,544.42
2,669.92
2,670.37
2,711.26
2,474.92
2,488.88
2,496.31
2,519.01
2,397.77

Qdev

Abbreviations: apparent survival (ø), capture (p), recapture (c) and temporary emigration (c) probabilities, Qdev = deviance. For the RD: s = sessions
or primary samples, t = daily surveys within a session and s*t = variation between and within primary periods. For POPAN: t = seasons. The lowest
QAICc value represents the model that has the most support from the data. NP denotes the number of parameters. Notation: c′′ = c′ = 0: no temporary
emigration; c′′(x) = c′(x): random temporary emigration model; c′′(x) c′(x): Markovian temporary emigration model; (pi) mixture proportion; (.) constant
parameter; p(x) = c(x) = no behavioral effect (following Kendall et al. 1997).

Robust design models; data by sessions
1
Φ(.) c(s) p(s*t)c(= p)N(s)
2
Φ(.) c′′(s)c′(s)p(s*t)c(= p)N(s)
3
Φ(s) c(s)p(s*t)c(= p)N(s)
4
Φ(s) c′′(s, k = k -1)c′(s, k = k - 1) p(s*t) c (= p) N(s)
5
Φ(s) c(.)p(s*t)c(= p)N(s)
6
Φ(s) c = c′ = 0 p(s*t)c(= p)N(s)
7
Φ(.) c = c′= 0 p(s*t)c(= p)N(s)
8
Φ(s) c(.)pi(.)p(s*t)c(= p)N(s)
9
Φ(.) c′′(.)c′(.)pi(s)p(s*t)(c = p)N(s)
10
Φ(.) c = c′ = 0 pi(s)p(s*t)(c =p)N(s)
11
Φ(.) c(.)pi(s)p(s*t)(c = p)N(s)
12
Φ(.) c′′(.)c′(.)pi(s)p(s*t) c(s*t)N(s)
Seasonal POPN data; no first capture
1
Φ(.) p(t, p1= p2 pk = pk - 1) ß (.)N
2
Φ(.) p(t, p1= p2 pk = pk - 1) ß (t)N
3
Φ(t) p(t, p1= p2 pk = pk - 1) ß (.)N
4
Φ(t) p(t, p1= p2 pk = pk - 1) ß (t)N

Model

Table 4. Model selection for 1997–1999 and 2003–2006 sighting data of bottlenose dolphins in the Bay of Islands. Model results are for Robust
Design (RD) data structured into sessions (top), and POPAN data pooled by seasons without the first capture of each individual (bottom).

TEZANOS-PINTO ET AL.: LOCAL DECLINE IN DOLPHIN ABUNDANCE

E401

E402

MARINE MAMMAL SCIENCE, VOL. 29, NO. 4, 2013

(v2= 83.2, df = 28, P < 0.0001) and Markovian (v2 = 139.2, df = 54, P < 0.0001)
temporary emigration. QAICc indicated that models with random temporary emigration (models 1, 3, 5, 8, 11) received more support from the data than models with
Markovian emigration (models 2, 4, 9, 12; Table 4). Models incorporating heterogeneity (models 8–12) did not receive much support from the data and results from the
LRT were not significant (model 1 vs. model 8, LRT: v2 = 153.2, df = 133,
P < 0.116), indicating no advantage for heterogeneity models.
The best fitting model assumed constant survival, random temporary emigration
varying by sessions and fully time-varying capture probabilities (model 1). This
model attracted 98.4% of the QAICc weight in the model set. Capture probabilities
were highly variable within and between sessions ranging from 0.11 to 0.91 (data
not shown). Estimates of abundance varied considerably from a high of 240 dolphins
(95% CI = 99–581) in October 1997 to a low of 21 (95% CI = 14–31) in October
2004 and September 2005 (95% CI = 15–28), reflecting fluctuating numbers of
dolphins present in the area from session to session (Fig. 2). Values of temporary emigration varied considerably and had low precision. The random emigration model
estimated a minimum probability of 0.182 (95% CI = 0.08–0.37) and a maximum
probability of 0.820 (95% CI = 0.71–0.94) for an individual to move out (c′′) or
remain outside of the study area (c′). The model estimated a constant apparent survival rate of 0.928 (SE = 0.008; 95% CI = 0.911–0.942). Abundance estimates by
sessions varied widely but showed a 7.5% rate of annual decline. A linear regression
fitted to the natural log (ln) of the RD estimates of abundance by sessions resulted in
a significant decline (SE = 0.609 P < 0.011.
POPAN Analyses
The POPAN models for the seasonal data set without the first capture were
adjusted for an estimated median ^c = 2.53 (SE = 0.13). The best fitting model for
this data set incorporated constant survival, time-varying capture probability (with a

Figure 2. Robust design estimates of bottlenose dolphins (marked and unmarked) found in
the Bay of Islands during survey sessions from 1997–1999 and 2003–2006, including 95%
confidence intervals and estimates of temporary emigration.
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constraint) and constant probability of entry (model 1, Table 4). This model carried
99.9% of the QAICc weight. Capture probabilities ranged from a high of 0.86 (SE =
0.05) during autumn 1998 to 0.16 (SE = 0.06) during summer 2004–2005. Seasonal
estimates of abundance excluding the first capture of each individual, varied from a

Figure 3. Seasonal abundance estimates of bottlenose dolphins (marked and unmarked) in
the Bay of Islands from 1997–1999 and 2003–2006 obtained with POPAN (excluding transients) including 95% confidence intervals. Abbreviations: Su = summer, Au = autumn, Wi =
winter, Sp = spring.

Figure 4. Natural log (ln) of abundance estimates of bottlenose dolphins (marked and
unmarked) in the Bay of Islands obtained with POPAN (seasons) and Robust design (RD by
sessions) during 1997–1999 and 2003–2006.
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high of 185 dolphins in autumn-winter 1997 (CI = 122–285) to a low of 119 dolphins (CI = 79–182) during summer 2002–2003 (Fig. 3). The probability of entry
(ß) was estimated to be constant at 0.019 (SE = 0.002, CI = 0.0015–0.025). The
probability of apparent survival excluding transient dolphins was 0.85 (SE = 0.019).
Abundance estimates by seasons varied but showed a 5.8% rate of annual decline. A
linear regression fitted to the natural log (ln) of the estimates of abundance resulted
in a significant decline (r2 = 0.87, SE = 0.186, P < 0.001; Fig. 4).
The Bay of Islands super population including transient animals (n = 84) through
1997–1999 and 2003–2006 was estimated at 348 marked dolphins (SE = 6.47, 95%
CI = 336–361). Correcting this value for the unmarked proportion of the population
(28%) the total super population (Nsuper), was estimated at 483 dolphins (SE= 74.7,
95% CI = 358–653).

Discussion
Estimates of Abundance
We have estimated the number of dolphins present in the Bay of Islands across nearly
10 yr of surveys using both the RD model for those using the bay across sessions and
with the POPAN open population models across seasons. We found consistent and significant declines in abundance between 1997 and 2006 for both models (see below).
The estimates of abundance by session from the RD varied considerably but
showed a significant 7.5% annual rate of decline from a high of 240 dolphins (95%
CI = 99–581) in October 1997 to a low of 21 (95% CI = 14–31) in October 2004
and September 2005 (95% CI = 15–28). The estimates of temporary emigration were
highly variable and sometimes large. Such large fluctuations in abundance and
temporary emigration rates indicate highly variable use of the area through time.
POPAN estimates by season were consistent within periods but differed between
periods showing a 5.8% annual rate of decline in the number of dolphins that visited
the bay more than once during each season.
Estimates of abundance of bottlenose dolphins in the Bay of Islands were variable
per session and season, suggesting differing patterns of habitat use among individuals. The Bay of Islands is only a part of the range of a larger population of bottlenose
dolphins. The super population estimates from POPAN suggested that 483 (SE =
74.7, 95% CI = 358–653) dolphins used the area at least once, during the course of
the study (1997–2006). This estimate includes those animals that may have died or
permanently emigrated.
Behavioral response to capture was observed between sessions and seasons but not
within sessions. The behavioral response identified was “trap-happy,” which could
result from individuals displaying a preferential response to the research boat or from
preferential habitat use by a small subset of the population (Constantine 2002,
Tezanos-Pinto 2009). Dolphin groups stay in the bay over varying periods of time
(e.g., during a session); however group membership fluctuates considerably given the
fission-fusion nature of their associations including dolphins’ preferred and avoided
companions (Mour~ao 2006). This resulted in some individuals being encountered
more often than others. We suggest that it was the group structure that was detected
in the goodness of fit test as overdispersion (nonindependence of capture probabilities) and preferential use of the habitat by some dolphins. Unmodeled trap-happiness
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biases estimates of abundance downwards causing underestimation of this parameter,
and this effect may be present in our results.
Apparent Survival Rates
Apparent annual survival rates between sessions obtained with the RD (0.928,
SE = 0.008) were higher than the values estimated with POPAN by seasons (0.850,
SE = 0.019, data set POPAN by seasons without first capture). In POPAN,
permanent emigration is confounded with apparent survival (i.e., death + emigration)
and temporary emigration (not estimable in POPAN) can affect capture probability
with a knock-on effect on survival probability. The RD estimate of survival takes
temporary emigration into account, resulting in a higher and perhaps, less biased
estimate. The RD estimate of apparent survival is comparable with the range reported
for other bottlenose dolphin populations, such as Sarasota Bay, Florida (0.962, SD =
0.0076, Wells and Scott 1990) and Doubtful Sound, New Zealand (0.937, CI =
0.917–0.953, Currey et al. 2009b), or dolphins in captivity (0.93, CI = 0.92–0.94,
DeMaster and Drevenak 1988). RD estimates of survival over time did not show a
trend; however, confidence intervals were large (data not shown). Analyses conducted
here do not exclude the possibility that increased mortality might have caused the
decline in abundance in the local Bay of Islands bottlenose dolphin population. Evidence of mortality however, is scarce and relies on beach-cast carcasses, observation of
predation events or reports of bycaught dolphins. Analysis of the New Zealand
stranding database6 did not suggest an increase in mortality events throughout the
course of the study (Tezanos-Pinto 2009). Similarly, reports of by-catch and predation events on bottlenose dolphins are rare and infrequent (Constantine 2002,
Tezanos-Pinto 2009). This information suggests multiple causes of bottlenose
dolphin mortality, but is not sufficiently detailed to allow accurate estimates of true
mortality.
Decline in Local Abundance in the Bay of Islands
While there was a considerable variation in the abundance estimates, especially
from the RD model, both approaches showed a declining trend. However, the
encounter ratio (i.e., the number of days with dolphin encounters over the total
number of days surveyed) increased from 0.69 in 1997–1999 to 0.87 in 2003–2006
(Tezanos-Pinto 2009) suggesting that fewer dolphins were sighted more frequently.
Recent research conducted in the area indicates that dolphins are still sighted in the
Bay of Islands on a regular basis (encounter ratio = 0.80; Hartel 2010).
We consider two nonexclusive scenarios to explain the decline in local abundance
in the Bay of Islands: (1) A “true” population decline in the larger northern North
Island population as a result of increased mortality and/or lowered recruitment
through reproduction or (2) an “apparent” decline in the local abundance caused by a
shift in habitat use (i.e., increased emigration, less frequent use of the bay).
Scenario 1: A true population decline in the larger northern North Island population resulting from increased mortality and/or lowered recruitment through reproduction—The survival
6
Unpublished data from the New Zealand Marine Mammal Stranding Database, Museum of New
Zealand Te Papa Tongarewa and the Department of Conservation. Database available upon request from
www.doc.govt.nz, Aquatic and Threats Unit, Marine Conservation Team, PO Box 10-420, New Zealand.
Version: April 2009.
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rate estimate obtained here with the RD lies within the lower boundaries of estimates
published for this species in other populations (Wells and Scott 1990, Currey et al.
2009b). Analysis of a stranding database did not suggest an increase in mortality
events throughout the course of the study (Tezanos-Pinto 2009). However, 14 known
dolphins classified as “frequent users” (or core users) during 1997–1999 in the Bay of
Islands were entirely absent in the area during 2002–2006; five of these dolphins
have died (Tezanos-Pinto 2009). Analysis of photo-identification data sets suggested
that these frequent users were also absent in the Hauraki Gulf (240 km south), indicating that they permanently emigrated or died.
In Doubtful Sound, a reduction in calf survival is reported to have caused a decline
in bottlenose dolphin abundance. The decline was attributed to anthropogenic disturbance (environmental and behavioral) that included increased water discharge from a
hydroelectric power plant and dolphin-related tourism activities (Lusseau 2003a, b;
Currey et al. 2009b). In the Bay of Islands, 42% of bottlenose dolphin calves die
before reaching one year of age (Tezanos-Pinto 2009). This value is considerably
higher than those reported in other bottlenose dolphin populations using similar
methods to estimate calf mortality, such as Sarasota Bay (first year mortality = 19%,
Wells and Scott 1990), Shark Bay, Western Australia (first year mortality of calves
born to non-provisioned females = 24%; Mann et al. 2000) and are equivalent to that
for bottlenose dolphins kept in captivity (first year mortality = 39%, DeMaster and
Drevenak 1988).
In Shark Bay, female bottlenose dolphins (Tursiops spp.) showed a negative correlation between cumulative dolphin-watching boat exposure, their reproductive success
and their ability to raise offspring to weaning age (Bejder 2005). In the Bay of
Islands, bottlenose dolphins changed their behavior in response to dolphin swim/
watch tours over a relatively short period of time, increasing their avoidance of swimmers and spending less time resting (Constantine 2001, Constantine et al. 2004).
Whether these behavioral changes have had any effect on recruitment in the Bay of
Islands is currently unknown. However, the causes of low recruitment (i.e., high calf
mortality) observed in the Bay of Islands are of concern and require further investigation (Tezanos-Pinto 2009).
Scenario 2: The decline in local abundance observed in the Bay of Islands is a consequence of
dolphins changing their pattern of use of the area (i.e., an apparent decline in the regional population)—Comparison of individual identification catalogs between the Bay of Islands
and the Hauraki Gulf (240 km south) showed that 65% (n = 136, Tezanos-Pinto
2011) of dolphins sighted in the Hauraki Gulf were observed in the Bay of Islands
during 2000–2006 suggesting that a large number of dolphins range widely along
this coastline. Analysis of resighting rates and residency patterns of bottlenose dolphins in the Bay of Islands suggested a change in use of the area over time, with fewer
dolphins sighted more frequently (Tezanos-Pinto 2009). A recent study indicates that
there has been a change in habitat use within the bay between 1996 and 2010 (Hartel
2010). Foraging locations appeared to have changed over time and this spatial change
may be due to potential shifts in prey type, prey distribution or foraging strategies. If
the quantity or quality of prey has changed inside or outside the Bay of Islands, this
may influence the distribution of dolphins along the northern North Island. Sightings of bottlenose dolphins in other regions however, are currently sporadic and no
formal study has been conducted to properly address this question.
Apparent declines in bottlenose dolphin abundance due to shifts in habitat have
been reported in other populations around the world. Potential causes identified to
date consist of environmental (e.g., prey availability inside and outside the study site,
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changes in SST) or anthropogenic factors that resulted in shifts in home range (e.g.,
Wells and Scott 1990, Bejder et al. 2006, Lusseau et al. 2006). Vessel traffic displaced
bottlenose dolphins during periods of heavy traffic in Milford Sound, New Zealand
(Lusseau 2005) and Clearwater, Florida (Allen and Read 2000). In Shark Bay the relative abundance of a bottlenose dolphin population declined 14.9% when the number
of dolphin-watching tour boats increased from one to two, as some dolphins in the
population shifted their home range to avoid the tour boats (Bejder et al. 2006).
Environmental factors are known to affect bottlenose dolphin distribution, for
example fluctuations in SST due to the warm-water incursion of El Ni~no event of
1982–1983 in California (Wells et al. 1990). Along the coast of California, 5%–12%
of the resident population of coastal bottlenose dolphins undertook a 670 km migration to the north, shifting their home range (Wells et al. 1990). This migration
seemed to be in response to patchy, unstable and scarcely distributed prey within the
open waters of the California coast (Defran and Weller 1999). In the present study, it
seems that dolphins shifted their home-range or used it differently but apparently
underwent no general increase in mortality (i.e., true population decline) that would
have affected the larger population. In the Moray Firth, bottlenose dolphins underwent a shift in home range that resulted in an overall range expansion (Wilson et al.
2004). Along the northern North Island however, no study has been conducted to
analyze the effect of environmental variables on bottlenose dolphin distribution, or
that of their prey.
With the available records from the Bay of Islands, it is not possible to conclude
with certainty, whether the observed decline in abundance is due to a shift in habitat
use, low recruitment due to reduced calf survival, episodic adult mortality, or some
combination of the three factors. Continued monitoring of the Bay of Islands could
help distinguish between these scenarios, especially if there is a reversal of the shift in
habitat use (e.g., the dolphins previously sighted in the Bay of Islands return). However, larger scale surveys of dolphins around the north eastern North Island are also
needed to better understand the demographic parameters and habitat use of the regional population, especially the potential for shifts in local habitat use.
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