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Abstract Hector’s dolphin (Cephalorhynchus hectori) is
a small New Zealand delphinid with a coastal distri-
bution. Within a strip of 1 km from shore, the present
study quantified the habitat used by the dolphins
(n=461 groups) over a 19-month period (216 field days
with 966 survey hours) by recording the abiotic factors
sea surface temperature (SST), water depth and water
clarity. Resource selection functions were used to dis-
tinguish the properties of 461 ‘‘used’’ sites (dolphins
present) from 425 ‘‘unused’’ sites (no dolphins present)
in six different study areas. Most dolphins were
encountered in waters <39 m depth, with <4 m Secchi
disk visibility and >14�C temperature. The preference
of Hector’s dolphins for warm and turbid waters was
tested using eight models. Water depth, water clarity,
SST and the study area explained dolphin presence to a
very significant degree (p<0.001), and the model al-
lowed the creation of probability plots for a variety of
combinations of the variables. Habitat selection by
dolphins differed between study areas, particularly
between east and west coasts, in summer (December–
February) and winter (June–August). Dolphin abun-
dance appeared to change seasonally in some study
areas, possibly due to a more offshore distribution of
their prey in the winter, with its lower SSTs. This was
so especially in summer (the main reproductive season),
when dolphins (frequently with calves) occupied

shallow and turbid waters, whereas in winter less use
was made of this habitat.

Introduction

Cetaceans live in a complex, three-dimensional habitat
with a dynamic regime of physical and chemical prop-
erties. Habitat selection by delphinids generally has been
studied by relating their distribution to environmental
factors. Such selected factors often describe the habitat
used either as some measure of space (e.g. water depth,
bottom topography, distance to shore, or thermocline
depth) or according to physical and/or chemical prop-
erties of the water (e.g. temperature, current velocity,
water clarity, salinity). These abiotic factors may be di-
rect determinants of cetacean distribution, or may act
indirectly by influencing prey distribution (Jaquet and
Whitehead 1996; Fiedler et al. 1998).

One factor correlating with the distribution of a
number of different cetacean species is sea surface tem-
perature (SST). It has been shown to correlate with
seasonal and interannual variation in harbour porpoise
(Phocoena phocoena) distribution (Watts and Gaskin
1985) as well as short-finned pilot whale (Globicephala
macrorhynchus) occurrence (Montero and Arechavaleta
1996). The seasonal distribution of four pelagic dolphin
species off New Zealand correlated with SST (Gaskin
1968). Similarly, Atlantic white-sided dolphins (Lagen-
orhynchus acutus) in the Northwest Atlantic occurred in
areas where SSTs in combination with different salinities
were low, whereas common dolphins (Delphinus delphis)
were found in warmer, more saline waters (Selzer and
Payne 1988). In some seas, cetacean abundance corre-
lated with SSTs indicative of nutrient-rich upwelling
(Croll et al. 1998), or the confluence of cyclone–anticy-
clone eddy pairs (Davis et al. 2002), both providing good
feeding opportunities for cetaceans.

Seasonal changes of cetacean distribution are well
documented. For example, several populations are either
observed only in warmer waters (Goodall et al. 1995), or
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S. Bräger Æ J. A. Harraway Æ B. F. J. Manly

Communicated by G.F. Humphrey, Sydney
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are known to leave the studied area when the water
becomes colder in winter (Maze and Würsig 1999).
Generally, SSTs display a high annual variation in
shallow, near-shore waters, which is where frequently a
strong correlation between SSTs and seasonal dolphin
distribution is found (Heithaus and Dill 2002). A second
abiotic factor widely studied is water depth.

The effect of water clarity on habitat use by dolphins
is more difficult to measure and no studies have detected
a clear preference for turbid waters (Maze and Würsig
1999; Karczmarski et al. 2000). This suggests that an
apparent preference for turbid waters by humpback
dolphins (Sousa chinensis) in some areas may simply
reflect a preference for inshore waters where prey is
found.

A weakness of many studies is that they examined
only a single factor when attempting to describe habitat
selection. Furthermore, measurements were obtained
only from sites where dolphins were actually observed,
but not from neighbouring unused sites. Only the com-
parison of measurements from used and unused sites
within the available habitat allows testing and prediction
of the animal’s choice using a resource selection function
(Manly et al. 1993).

Hector’s dolphin (Cephalorhynchus hectori), endemic
to New Zealand, is one of the smallest cetacean species.
Both anecdotal reports (Baker 1978; Cawthorn 1988)
and systematic boat surveys (Dawson and Slooten 1988;
Bräger and Schneider 1998) show that the species
inhabits shallow, turbid, coastal waters. However, al-
though the studies confirmed the presence of dolphins in
such waters, they were not able to confirm a preference
for the conditions found there. Furthermore, not all
authors agree on the relative importance of the various
habitat parameters, and the apparent influence of dif-
ferent physical factors on distribution has never been
formally studied.

The abundance of Hector’s dolphins in coastal waters
that display a range in abiotic factors makes this species
a very good candidate for the application of a resource
selection function. This study examines the importance
of water depth, water clarity and SST for the habitat
selection of this species. Six different study areas were
chosen to incorporate a wide variety of habitat selection
behaviours and to reduce the constraints of local hy-
drographical conditions. This study thus represents the
first comprehensive assessment of habitat selection in
dolphins and, in addition, is the first use of modelling by
the habitat selection function to address distribution in
any odontocete species.

Materials and methods

Fieldwork

Inshore surveys were carried out between October 1995 and April
1997 and simultaneously recorded three abiotic factors: SST, water
depth and water clarity. Six study areas were chosen, spread along
both the west and the east coast of the South Island of New Zealand,

covering awide range of geographical and environmental variability.
On the east coast, ‘‘Kaikoura’’, ‘‘Banks Peninsula’’ and ‘‘Moeraki’’
covered coastal waters between the Clarence River mouth (42�9¢S;
174�0¢E) and Karitane (45�39¢S; 170�41¢E). On the west coast,
‘‘Westport’’, ‘‘Greymouth’’ and ‘‘Jackson Bay’’ covered coastal
waters as far apart as Karamea (41�16¢S; 172�5¢E) and Big Bay
(44�19¢S; 167�59¢E) (Bräger and Schneider 1998). Each area was
visited on at least three different occasions, for several days to weeks
at a time (Table. 1). The actual level of sampling, however, relied on
favourable weather, as these coasts are very exposed at times. The
locations of a total of 461 dolphin groups out of 1,060 observed were
sampled during 966 survey hours over 216 field days (Table 1).

A 4.5 m aluminium vessel was used to conduct surveys at a
speed of 10–15 knots under good weather conditions, i.e. sea states
of 3 Beaufort (Bft.) or less. This speed prevented dolphins from
following the vessel over extended periods and prevented repeated
sightings of the same individuals. Care was taken to ensure that
sighting conditions at sampling did not consistently deteriorate
with distance from shore. Average (±SD) sea state was
1.8±1.22 Bft. (n=886) and did not differ (z=0.299, p=NS)
between winter (mean=1.7±1.11 Bft., n=137) and summer
(mean=1.7±1.23 Bft., n=474). Depth was measured with a depth
sounder up to 183 m. One case where depth was greater was re-
corded conservatively as 183 m. Clarity was measured with a 30 cm
diameter Secchi disk to the nearest 0.1 m, and SST was measured
with a digital thermometer to the nearest 0.1�C.

The following sampling protocol was used. Two observers
surveyed a strip of 4–500 m on either side of the vessel, aiming to
cover completely a strip of up to 1 km off the shore. Dolphins were
always first sighted above the water and were identified by their
unique round dorsal fin as the animals surfaced to breathe. The
turbidity of the water, therefore, did not influence the probability
of detection. The magnitude of the overall probability of detection
remained unknown, but a similar survey in 1984/1985 estimated it
to be 0.78 (Dawson and Slooten 1988). Only one set of measure-
ments was taken per group of dolphins, usually in close proximity
to the animals (<15 m). Within the survey strip, the sighting dis-
tance of the dolphins was not measured (as, e.g., in line-transect
sampling) because of complete coverage of the strip. To avoid
observer bias, surveys were restricted to good sighting conditions.

Conditions at sites used and not used by Hector’s dolphins were
compared with a resource selection function (Manly et al. 1993:
p 70), to assess habitat selection by dolphins. For this purpose,
about half of all measurements were taken whenever Hector’s
dolphins were encountered and as close as possible to the location
where they were first sighted. These measurements are assumed to
be a random sample of used sites. The other half of the measure-
ments were taken at frequent intervals to cover a wide range of
potential dolphin habitat (in near-shore waters often between sites
with dolphins) at sites where no dolphins were present at the time.
These measurements are assumed to be equivalent to a random
sample of unused sites. This approach allows the comparison
between conditions at used sites and those at available sites, in
order to quantify the extent to which the habitat utilisation of
dolphins may be related to the three abiotic factors.

All sampling sites with and without dolphins were at least 5 min
and, in most cases, 10–30 min of boating time apart. This translates
into varying distances (minimum of 1,000 m) depending on the
speed of the vessel, but provided sufficient physical distance to
ensure that repeated measurements of the same group were avoi-
ded. A site was defined as a geographic location within 15 m, or
about ten body lengths, from the nearest dolphin. The population
for all sites is defined as all such points along the track within
500 m of each side of the vessel. There is clearly a very large
number of these, but only a few used by dolphins at any one time.

It is unknown how quickly and over what distances dolphins
react to environmental changes in their habitat. Around Banks
Peninsula, however, individual Hector’s dolphins usually range
(±SE) over a stretch of 31±2.4 km of coastline (n=32; Bräger
et al. 2002), and short-term movements in the west coast study
areas extended along and up to a maximum of 61.4 km of coastline
(Bräger 1998).
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Data analysis procedures

The data were analysed using a logistic regression model (Harr-
away 1995) of the form:

Y

i

¼
expðb0 þ b1xi1 þ b2xi2 þ :::þ bpxipÞ

1þ expðb0 þ b1xi1 þ b2xi2 þ :::þ bpxipÞ
ð1Þ

to compare the characteristics of ‘‘used’’ sites, at which dolphins
were present, and ‘‘unused’’ sites, at which dolphins were not
present when the site data were collected. The ‘‘response’’ variable
was binary, taking the value of 1 if a site was ‘‘used’’ and 0 if a site
was ‘‘unused’’. The probability Pi of a site i being ‘‘used’’ depended
on variables x1, x2, ..., xp, which consist of one or more of the
abiotic variables water depth, water clarity and SST, measured at
each of the 886 sites sampled in six areas over 19 months, plus
variables made up of the powers and products of these variables.
The probability of site i being ‘‘unused’’ was 1)Pi.

The logistic regression function with separate sampling of used
and unused sites is a resource selection probability function, except
that the constant term b0 is modified in an unknown way (Manly
et al. 1993: p 128). It must be recognised, therefore, that the esti-
mated logistic function does not give a true probability of use for
different sites. Indeed, the true probability of inhabiting a given site
at any moment in time is very low. The function that is estimated
does, however, serve as an index of selection in the sense that, if
sites are placed in order on the basis of the probabilities from the
logistic function, then this would be the same order as for proba-
bilities of use (Manly et al. 1993: p 129).

The logistic regression routine of the statistical package by
SPSS (1999) was used to obtain maximum-likelihood estimates of
the parameters b0 to bp in the equation for Pi. Besides providing
estimates of the b parameters, their standard errors and the sig-
nificance level of each parameter, the program produced values
for an analysis of deviance table (Harraway 1995: p 157) and
values of Akaike’s information criterion (AIC) for each model.
The analysis of deviance and the AIC values were used to test

how successful the models, which included different combinations
of the abiotic variables water depth, water clarity (underwater
visibility) and SST, were at explaining the observed pattern in site
usage. The assessed models included further X variables: namely
area (six categories: Kaikoura, Banks Peninsula, Moeraki, West-
port, Greymouth and Jackson Bay), season (spring, summer,
autumn and winter), and coast (east coast and west coast). To
include ‘‘study area’’ in these models, five dummy X variables
were set up as follows:

– Xkk=1, if site at Kaikoura, 0 otherwise

– Xbp=1, if site at Banks Peninsula, 0 otherwise

– Xmo=1, if site at Moeraki, 0 otherwise

– Xwp=1, if site at Westport, 0 otherwise

– Xgm=1, if site at Greymouth, 0 otherwise.

Here, Jackson Bay is the reference area, and the parameters
associated with the variables Xkk to Xgm give a comparison of each
area with Jackson Bay.

To include ‘‘season’’ in the models, three further dummy X
variables were set up as follows:

– Xsp=1, if site sampled in spring, 0 otherwise

– Xsu=1, if site sampled in summer, 0 otherwise

– Xau=1, if site sampled in autumn, 0 otherwise.

Here, winter is the reference season, and the parameters asso-
ciated with the variables Xsp to Xau give a comparison of each
season with winter.

The introduction of these eight dummy variables allowed
pooling of the data from the six areas around the South Island in
the different seasons. The null model in the subsequent analysis
included the area and season effects and the area by season
interaction, thus taking account of these effects on the estimated
probabilities. The alternative was to estimate the logistic function

Table 1 Sampling periods in the six study areas and mean measurements of the three environmental parameters (coefficients of variation
in parentheses)

Study area Sampling periods
(number of survey days)

Mean
depth [m]

Mean
visiblility [m]

Mean sea surface
temperature [�C]

Sites without
dolphins

Sites with
dolphins present

Kaikoura Oct 1995 (4) 13.4 (10%) 1.2 (44%) 9.4 (3%) 1 2
Dec 1995–Jan 1996 (13) 16.6 (102%) 2.4 (82%) 12.8 (11%) 23 5
Aug 1996 (8) 12.9 (41%) 1.8 (81%) 8.5 (5%) 16 13
Nov 1996 (3) 13.3 (52%) 4.2 (135%) 11.9 (5%) 9 2
Jan 1997 (10) 12.2 (32%) 2.1 (85%) 15.2 (5%) 15 9
Mar–Apr 1997 (7) 20.3 (159%) 2.8 (77%) 14.6 (6%) 17 11

Banks Peninsula Nov 1995 (15) 20.2 (44%) 2.9 (50%) 12.1 (10%) 32 15
Dec 1995 (10) 16.9 (38%) 4.5 (47%) 14.8 (8%) 16 12
Mar–May 1996 (16) 20.6 (45%) 2.5 (48%) 14.0 (5%) 35 17
Jun+Aug 1996 (7) 20.8 (46%) 1.3 (57%) 8.5 (13%) 24 9
Sep–Nov 1996 (15) 19.3 (41%) 2.9 (56%) 11.4 (13%) 50 35
Dec 1996 (8) 17.3 (40%) 2.7 (48%) 14.9 (7%) 13 28
Mar 1997 (10) 22.9 (41%) 3.1 (50%) 15.1 (5%) 21 28

Moeraki Feb 1996 (8) 7.5 (45%) 1.9 (68%) 14.4 (3%) 14 11
Jun 1996 (6) 7.4 (59%) 2.3 (59%) 7.6 (6%) 8 10
Dec 1996 (8) 8.2 (47%) 2.7 (75%) 13.4 (4%) 17 14

Westport Jan 1996 (7) 10.1 (83%) 3.1 (37%) 17.3 (4%) 9 14
Jul–Aug 1996 (7) 9.9 (76%) 3.0 (42%) 11.2 (4%) 13 8
Jan 1997 (10) 8.0 (86%) 2.9 (34%) 15.6 (7%) 20 68

Greymouth Jan 1996 (8) 8.6 (26%) 2.6 (61%) 17.7 (6%) 9 17
Jul 1996 (5) 8.6 (36%) 3.1 (38%) 10.6 (7%) 7 8
Jan–Feb 1997 (8) 6.4 (39%) 2.6 (36%) 16.8 (5%) 13 76

Jackson Bay Jan–Feb 1996 (6) 7.9 (88%) 2.6 (78%) 16.6 (10%) 12 10
Jul 1996 (8) 13.5 (106%) 4.2 (53%) 9.8 (9%) 13 8
Feb 1997 (9) 8.2 (101%) 2.9 (59%) 16.4 (6%) 18 31

Total Oct 1995–Apr 1997 13.6 (81%) 2.7 (62%) 13.8 (21%) 425 461
Range (216) 1.2–182.9 0.2–19.5 7.1–19.8
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separately for each area, using the same basic function of depth,
clarity and SST as the model in each area.

Three approaches were adopted to address the problem of
selection of the best model to fit to the observed proportions of sites
used. The first two were based on li, the maximised log-likelihood
for model i (calculated automatically by SPSS), and the deviance,
Di=)2li, for model i, while the third calculated the percentage of
all 886 sites with usage correctly classified by a model as either a
‘‘dolphin present’’ site or a ‘‘dolphin absent’’ site (based on an
estimated probability from the logistic regression greater than, or
less than 0.5).

The first approach used the deviance difference between
model i and model i+1, Di)Di+1, where model i+1 included all
the parameters contained in model i plus some additional
parameters; that is, model i was nested in model i+1. If
Di)Di+1 is significantly large in comparison with a chi-squared
distribution with degrees of freedom equal to the number of
additional parameters included in model i+1 but not in model i,
then the extra parameters in model i+1 are considered to be
necessary to describe the data (Harraway 1995: p 156). This
procedure was used to test for improvement in model build-up
when adding additional parameters. The best model is the one
for which there is no significant improvement by fitting more
parameters.

The second approach, which produced the same best model as
the analysis of deviance, involved the use of the deviance to cal-
culate AIC, which, for model i, is defined to be AICi=Di+2(i+1),
where the second term on the right-hand side is twice the number of
estimated parameters in model i (Manly et al. 1996). The model
with the smallest AIC value is preferred; the penalty for an in-
creased number of parameters has to be compensated for by a
smaller deviance, Di, or, equivalently, an increase in the log-like-
lihood, li, before a model is preferred over an alternative with fewer
parameters.

Preliminary assessment of variables for inclusion in the model

An initial inspection of the observed proportions of used sites as a
function of the three variables, water depth (see Fig. 2), water
clarity (see Fig. 3) and SST (see Fig. 4) indicated that powers up to
at least the cube of these variables should be investigated for
inclusion in any model (Table 2). These powers should give curves
that fit the shape of the observed proportions.

Secondly, the data show that water depth, water clarity and
SST vary with each area (see Fig. 1). The interactions measured by
the products of study area dummy variables with each of the abi-
otic variables allow for the effects of depth, clarity and temperature
on the probabilities to differ in each area. These interactions, along
with interactions between clarity with season and temperature with
season, were therefore included in the range of models assessed by
AIC (Table 2). Any interaction between season and clarity and
between season and temperature were not needed in the models
chosen, as inclusion of these effects always increased AIC when
‘‘SST’’ was in a model.

Results

In the course of the study a range of different combi-
nations of the selected environmental factors was
encountered, depending in part on weather, study area
and season (Table 1). Each study area had its environ-
mental peculiarities, which were reflected in habitat
selection by the dolphins. For example, water depths
>84 m were only encountered near the southern ter-
mination of the Hikurangi Trench, south of Kaikoura,
where the sea is >1,000 m deep in some areas. For

comparison, all measurements of the three factors (with
or without dolphins) are summarised for each of the six
study areas in Fig. 1.

Fig. 1 Medians, quartiles and ranges of encountered water depths
(A), water clarities (B) and sea surface temperatures (C) in the six
study areas over 3 years (circles and dots mark outlying values)

Table 2 Akaike’s information criterion (AIC) for models involving
study area, season, study area by season interaction, linear, qua-
dratic and cubic terms in depth, clarity, SST, interactions between
study area and each of depth and clarity (model descriptions, see
‘‘Results—Parameters of the final model’’)

Model Correctly
assigned

Deviance Number of
parameters
(inc. constant)

AIC

Model 1
(null model)

64.79% 1,116.038 16 1,148.038

Model 2 64.90% 1,081.527 19 1,119.527
Model 3 69.75% 1,006.629 29 1,064.629
Model 4 70.43% 996.468 32 1,060.468
Model 5 70.43% 974.100 42 1,058.100
Model 6 71.22% 963.715 45 1,053.715
Model 7 72.57% 938.988 50 1,038.988
Model 8 72.23% 929.866 55 1,039.866
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Parameters of the final model

In addition to the categorical variables in the null model
reflecting the different effects in each study area in each
season, the best habitat selection models should include
the continuous variables water depth, water clarity and
SST, as well as their quadratic and cubic effects and the
interactions study area with depth, study area with water
clarity and study area with SST. The following eight
nested models were assessed by deviance differences
(Table 3). In addition, at each step, the values of AIC
(Table 2) were calculated for models involving deletion
or addition of other variables.

Model 1: (null model): the observed probability of
use varies by study area and season, which
is allowed for by including terms for the
study area, season and study area by season
interaction.

Model 2: habitat selection based on all variables in
the null model plus linear terms of depth,
clarity and SST.

Model 3: habitat selection based on all variables in
model 2 plus interactions of depth by study
area and clarity by study area.

Model 4: habitat selection based on all variables in
model 3 plus quadratic terms of depth,
clarity and SST.

Model 5: habitat selection based on all variables in
model 4 plus interactions of study area with
the quadratic terms of depth and clarity.

Fig. 3 Proportion of ‘‘used’’ water clarities (measured as under-
water visibility) compared to the proportion predicted by the
resource selection function

Fig. 4 Proportion of ‘‘used’’ sea surface temperatures compared to
the proportion predicted by the resource selection function

Table 3 Analysis of deviance for habitat selection models (deviance
values themselves are not chi-squared for binary responses) [*,
significantly large at the 5% level when compared with critical
values of the chi-squared distribution (chi-squared distribution is
reliable); **, significantly large at the 1% level when compared with
critical values of the chi-squared distribution; NS, not significant]

Model Deviance Degrees
of freedom

Model chi-
squared
(Deviance
difference)

Degrees of
freedom

No selection
(constant)

1,226.794 885

110.756** 15
Model 1
(null)

1,116.038 870

34.511** 3
Model 2 1,081.527 867

74.898** 10
Model 3 1,006.629 857

10.161* 3
Model 4 996.468 854

22.368* 10
Model 5 974.100 844

10.385* 3
Model 6 963.715 841

24.727** 5
Model 7 938.988 836

9.122 NS 5
Model 8 929.866 831

Fig. 2 Proportion of ‘‘used’’ water depths compared to the
proportion predicted by the resource selection function
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Model 6: habitat selection based on all variables in
model 5 plus cubic terms of depth, clarity
and SST.

Model 7: habitat selection based on all variables in
model 6 plus interaction of study area with
the cubic term of depth.

Model 8: habitat selection based on all variables in
model 7 plus interaction of study area with
the cubic term of clarity.

The analysis of deviance table (Table 3) lists models
from the simplest (‘‘no selection’’) and null models to the
most complicated (model 8, with all cubic powers of
depth, clarity, SST, and their two- and three-way inter-
actions, different parameters estimated for each study
area taking one study area, Jackson Bay, as reference,
and different parameters estimated for each study area
interacting with depth, clarity and SST). At no stage was
the interaction of study area with SST significant.

The analysis of deviance table shows that the null
model, model 1, improves on the ‘‘no selection’’ model

(p=0.0000 for deviance difference 110.756), and model 2
improves on the null model (p=0.0000 for 34.511).
Models 3, 4, 5, 6 and 7 improve on models 2, 3, 4, 5 and
6, respectively, but the more complicated model 8 is no
better than model 7 (p=0.1043 for deviance difference
9.122). The values of AIC (Table 2) confirm the best
model to be model 7. This model increased the predic-
tive power of 64.79% for the null model to 72.57% by
introducing 34 additional parameters (Table 4).

The significance levels listed show that depth, SST,
clarity, and the higher powers (square and cube) of SST
and clarity affect the probabilities of habitat usage after
allowing for depth and clarity to vary with the study area.
The effects of depth on the probability of habitat selec-
tion by dolphins at Kaikoura, Banks Peninsula and, to a
lesser extent, Westport differ significantly from the effect
at the reference study area, Jackson Bay. In addition, the
effect of water clarity on the probability of finding dol-
phins at Westport differs significantly from the effect at
Jackson Bay. Although parameters involving the cube
of depth are not significant individually, the removal of

Table 4 Variables in the final
resource selection function Variable Beta value Standard error Significance

Water depth )2.3800 0.8870 0.0073
Depth·Depth 0.1525 0.0803 0.0577
Depth·Depth·Depth )0.0027 0.0020 0.1670
Study area·Depth interaction: (Reference area: Jackson Bay)
Kaikoura 2.4997 0.9333 0.0074
Banks Peninsula 2.6689 0.9017 0.0031
Moeraki )1.4825 4.3083 0.7308
Westport 2.0428 0.9268 0.0275
Greymouth 0.6512 2.3958 0.7858

Study area·(Depth)2 interaction: (Reference area: Jackson Bay)
Kaikoura )0.1515 0.0813 0.0624
Banks Peninsula )0.1622 0.0807 0.0444
Moeraki 0.3254 0.5980 0.5863
Westport )0.1378 0.0820 0.0927
Greymouth )0.0116 0.2865 0.9677

Study area·(Depth)3 interaction: (Reference area: Jackson Bay)
Kaikoura 0.0027 0.0020 0.1709
Banks Peninsula 0.0029 0.0020 0.1495
Moeraki )0.0187 0.0266 0.4832
Westport 0.0025 0.0020 0.2073
Greymouth 0.0004 0.0109 0.9677

Water clarity 2.8123 1.1425 0.0138
Clarity·Clarity )0.5869 0.2016 0.0036
Clarity·Clarity·Clarity 0.0168 0.0072 0.0190
Study area·Clarity interaction: (Reference area: Jackson Bay)
Kaikoura )1.8332 1.2269 0.1351
Banks Peninsula )1.9805 1.1735 0.0915
Moeraki )1.9689 1.6895 0.2439
Westport )4.2903 1.7239 0.0128
Greymouth )1.1773 1.3397 0.3795

Study area·(Clarity)2 interaction: (Reference area: Jackson Bay)
Kaikoura 0.1920 0.2164 0.3750
Banks Peninsula 0.3436 0.1954 0.0786
Moeraki 0.3098 0.3001 0.3091
Westport 0.6238 0.2699 0.0208
Greymouth 0.1777 0.2204 0.4201

SST )4.8587 2.0858 0.0198
SST·SST 0.4122 0.1590 0.0095
SST·SST·SST )0.0110 0.0039 0.0052
Constant 24.7027 9.4588 0.0090
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these terms resulted in substantially higher values of AIC,
and for this reason these terms were retained in the final
model. Inclusion of the SST by site interaction increased
the values of AIC and these interactions were omitted.
The estimated parameters, the standard errors and the
significance levels are presented in Table 4.

Fit of the model

The general fit of the resource selection probability
function was checked by comparing the predicted pro-
portions of usage for the three parameters, water depth
(Fig. 2), water clarity (Fig. 3) and SST (Fig. 4) with the
observed proportions of used sites (i.e. dolphins present).

To test the two distributions against each other the
following approximate chi-squared statistic was used:

v2N ¼
XN

i¼1

ð�ppi � p̂piÞ2

�ppið1� �ppiÞ=ni
ð2Þ

where N is the number of groups used in the plot for
which frequencies are five or more, p̂pi is the probability
of ‘‘used’’ sites predicted by the model in Table 4, �ppi is
the observed proportion of used sites and ni is the
number of sites.

Both the observed and predicted proportions of sites
used by Hector’s dolphins decreased with water clarity.
The distributions showed a major peak at 2–4 m Secchi
disk visibility. There were three used sites at 8–10 m visi-
bility, but site usage was zero just before and beyond this
range. The usage predicted by the model matched the
observed usage closely (v26 ¼ 11:46 with p=0.1770;
Fig. 3). The observed and predicted proportions of sites
used also decreased with water depth almost continuously
from 3 to 45 m, but the fit was not good over the range of
depths from 12 to 21 m (v210 ¼ 18:04 with p=0.0050;
Fig. 2). For SST, both the observed and predicted pro-
portions were relatively small for the lower winter tem-
peratures, but increased with the warmer summer
temperatures, the distributions both showing a minimum
at 12.1–13.0�C and a maximum at 16.1–17.0�C. In other
respects these proportions agreed only for 8 of the 13
temperature intervals (Fig. 4), although the agreement
was good for intervals with the largest frequencies.

Habitat utilisation probabilities for different
study areas

With the fitted resource selection function it was possible
to estimate habitat usage probabilities for various
combinations of water depth, water clarity and SST in
the six study areas after allowing for different functional
relationships within each study area involving depth and
clarity (SST did not interact significantly with study
area). Contour plots of constant probabilities at differ-
ent water depth and water clarity values are presented
for five of the six study areas (with n>100 sites sampled)
for summer and for winter (Figs. 5, 6, 7, 8, 9). In the

other study area (Moeraki), no data were collected in
deep water.

The single variable graphs in Figs. 2, 3 and 4 display
the abiotic variables individually, whereas the contour
plots (Figs. 5, 6, 7, 8, 9) allow for the effects of the three
abiotic variables together by producing a convenient
graphical representation of the final model (Table 4).
These plots demonstrate the impact that water depth
and water clarity have on the probability of encounter-
ing dolphins and how the occurrence of the dolphins
changes between summer and winter. To investigate the
effect of temperature, values of SST were fixed to the
summer and winter seasonal mean values: 13.9�C and
8.5�C for Kaikoura, 14.9�C and 8.5�C for Banks Pen-
insula, 15.9�C and 11.2�C for Westport, 17.0�C and
10.6�C for Greymouth, and 16.5�C and 9.8�C for
Jackson Bay. Furthermore, they give probability esti-
mates for certain combinations of factors. These esti-
mates must be treated with caution, however, if they are
for values of the abiotic variables which have not been
encountered at a particular study area, or which are far
from values associated with sampled sites.

The habitat selection function surfaces for different
depth-clarity combinations (Figs. 5, 6, 7, 8, 9) show

Fig. 5 Selection function surface for usage probabilities of depth–
clarity combinations in summer (A) and in winter (B) in Kaikoura
(with average sea surface temperatures: 13.93�C and 8.52�C for
summer and winter, respectively)
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distinct differences in usage probabilities between the
areas and, to a lesser degree, between seasons within
areas. At the two east coast areas, the model predicts
that Hector’s dolphins prefer deeper, more-or-less turbid
waters (Figs. 5, 6), whereas two different patterns
emerge on the west coast. In Westport, dolphins prefer
very turbid and mostly shallow waters (Fig. 7). Further
south, in Greymouth and Jackson Bay, the model pro-
duces a bimodal pattern with greater predicted use of
both very shallow and deep waters at low to medium
clarities in summer as well as in winter (Figs. 8, 9). An
overall bimodal pattern of depth use agrees with the field
observations (Fig. 2).

Usage probabilities for Banks Peninsula, Westport
and Greymouth show differences between summer and
winter (Figs. 6, 7, 8). There is a general trend towards
higher predicted usage probabilities over any observed
range of depth–clarity combinations in summer com-
pared to winter. In summer, the dolphins are also likely
to use a wider depth–clarity range than in winter. This
pattern does not hold for all areas, however. At Kai-
koura (Fig. 5), the reverse is predicted, i.e. in winter
there is a higher probability of occurrence within the

range of depth–clarity combinations used in summer.
Furthermore, at Jackson Bay (Fig. 9), there is no dif-
ference detectable between seasons.

In all cases the plots show that for both summer and
winter the dolphins appear to concentrate in the turbid
waters across the range of depths that occur in each
area. In the three west coast areas, the dolphins used
habitats with shallow, turbid water when available: no
areas had clarities <1 m. At Kaikoura and Banks
Peninsula, the probability surfaces confirm the different
influences of depth on the probability of finding dol-
phins (compared with the reference area Jackson Bay);
deeper water is used at Kaikoura and Banks Peninsula,
whereas at Jackson Bay and the other west coast areas
deeper turbid water is not encountered.

Discussion

Output of the habitat selection model

Singly, as well as in combination, all three parameters
water depth, water clarity, and SST significantly influ-
ence the habitat selection of Hector’s dolphins (Cepha-

Fig. 6 Selection function surface for usage probabilities of depth–
clarity combinations in summer (A) and in winter (B) in Banks
Peninsula (with average sea surface temperatures: 14.87�C and
8.49�C for summer and winter, respectively)

Fig. 7 Selection function surface for usage probabilities of depth–
clarity combinations in summer (A) and in winter (B) in Westport
(with average sea surface temperatures: 15.91�C and 11.19�C for
summer and winter, respectively)
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lorhynchus hectori). Most dolphins were encountered in
waters <39 m depth, with <4 m Secchi disk visibility
and >14�C surface temperature (Figs. 2, 3, 4). Habitat
selection by dolphins varied between study areas, par-
ticularly between east and west coasts, and between
summer (December–February; panel A in Figs. 5, 6, 7,
8, 9) and winter (June–August; panel B in Figs. 5, 6, 7,
8, 9). As confirmed by the model, the probabilities of
observing dolphins in shallow and turbid waters tended
to be greater in summer than in winter.

We provide an inclusive analysis of dolphin habitat
selection based on a number of environmental parame-
ters both in used and unused sites. This approach using a
habitat selection function has not been tried previously
for any species of cetacean, but see Manly et al. (1993)
for successful examples of use on terrestrial species. Such
modelling of habitat selection allows a more holistic
approach, by incorporation of any measured variable as
well as interactions and powers of variables, though
there is also a danger of over-parameterisation. Fur-
thermore, employing a habitat selection function with
dummy variables to identify different areas allows the
use of data from different populations and can be used
to highlight differences between them.

The three variables we used here (i.e. depth, clarity
and SST) are not likely to be the only factors deter-
mining habitat selection in Hector’s dolphin. Other
factors such as spatial differences in environmental
structure, e.g. river mouths, underwater reefs and
prominent headlands, appear to contribute to small-
scale variability in site usage and distribution unrelated
to water depth, water clarity, or SST (e.g. Cawthorn
1988; Bräger and Schneider 1998). The inclusion of
additional relevant variables into the habitat selection
model will strengthen its predictive power still more.

Factors affecting habitat selection in dolphins

Environmental factors such as the three investigated
in this study are omnipresent and, thus, play a
fundamental role in determining the distribution of any
cetacean species. Theymay influence the animals directly,
e.g. thermoregulatory and energetic demands, or indi-
rectly, by acting upon other biotic factors such as prey
availability, predator avoidance, or the facilitation of
social interactions (e.g. Wells et al. 1980; Scott et al.
1990). For example, water depth and certain features of

Fig. 8 Selection function surface for usage probabilities of depth–
clarity combinations in summer (A) and in winter (B) in
Greymouth (with average sea surface temperatures: 17.02�C and
10.57�C for summer and winter, respectively)

Fig. 9 Selection function surface for usage probabilities of depth–
clarity combinations in summer (A) and in winter (B) in Jackson
Bay (with average sea surface temperatures: 16.48�C and 9.83�C for
summer and winter, respectively)
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bottom topography (e.g. underwater rocks) are known to
correlate with patch dynamics in fish and dolphin dis-
tributions (Würsig andWürsig 1979; Gelwick et al. 1997).

The geographical distribution of dolphins reflects a
choice for specific habitats with transit places in between
them. Contrary to some expectations, individuals do not
regularly migrate along the coast on a semi-annual basis
beyond their home range (Bräger et al. 2002). There are,
however, strong indications that Hector’s dolphins shift
their home range from inshore to offshore areas on a
seasonal basis (Dawson and Slooten 1988; Bräger and
Schneider 1998). Since the areas of this study included
only nearshore waters, the sighting probabilities for
colder (winter) SSTs were reduced (Fig. 2). However, it
is doubtful whether winter offshore SSTs are any higher
than inshore ones.

The seasonal shift in distribution is almost certainly
related to changes in food supply. Most potential prey
species (fish and squid: Slooten and Dawson 1988,
1994) show some inshore migration in spring and
summer (Ayling and Cox 1982; McDowall 1990).
Furthermore, inshore waters and surf environments
provide a wide variety of fish species that peak in
abundance and diversity in spring and summer (Lasiak
1984; Jellyman et al. 1997). Consequently, seasonal
movements of harbour porpoise (Watts and Gaskin
1985), killer whale (Orcinus orca; Condy et al. 1978;
Nichol and Shackleton 1996), bottlenose dolphin
(Tursiops truncatus; Wells et al. 1990; Bräger 1993;
Maze and Würsig 1999), Atlantic white-sided dolphin
(Selzer and Payne 1988; Gowans and Whitehead 1995),
Peale’s dolphin (Lagenorhynchus australis; Lescrauwaet
1997), common dolphin (Cockcroft and Peddemors
1990; Bräger and Schneider 1998), and mixed groups of
three Stenella species (Reilly 1990) are frequently ex-
plained as following the availability of prey. Prey
movements, however, have seldom been studied con-
currently with cetacean distribution (for examples see
Nichol and Shackleton 1996; Heithaus and Dill 2002).

Shark predation has been suggested to be a major
factor for the selection of resting habitats (Corkeron
1990; Wells and Norris 1994; Heithaus and Dill 2002)
and calving habitats (Wells et al. 1980; Mann et al. 2000)
in various dolphin species. Some dolphins might avoid
shark predation by moving into shallow waters, e.g.
Hawaiian spinner dolphins (Wells and Norris 1994),
dusky dolphins (Würsig and Würsig 1980), bottlenose
dolphins in Florida (Wells et al. 1980) and Australia
(Mann et al. 2000). South African and Australian bot-
tlenose dolphins also appear to rest in deeper waters
when sharks invade shallow waters (Cockcroft et al.
1989; Heithaus and Dill 2002). It is unknown to what
degree inshore waters provide shelter for dolphins from
predators such as seven-gill sharks (Notorhynchus ce-
pidianus), a species known to prey on Hector’s dolphins
(Cawthorn 1988) and other coastal dolphin species
(Heithaus 2001a). Dusky dolphins, for example, seek
shelter from killer whales by hiding in the surf zone
(Constantine et al. 1998). There are, however, no records

of killer whale predation on Hector’s dolphins (Jefferson
et al. 1991). In various bottlenose dolphin populations in
Australia and Florida, 31–74% of the individuals bear
bite scars indicating high predation pressures by sharks
(Corkeron et al. 1987; Urian et al. 1998; Heithaus
2001b). However, only very few living Hector’s dolphins
(<1%) bear obvious scars, from shark attacks (authors’
personal observations). Prey availability is hence likely
to be the major factor in habitat selection.

For prey with an optical primary sense, high turbidity
will render most anti-predator behaviour ineffective
(Abrahams and Kattenfeld 1997). Being predominantly
acoustically oriented, low underwater visibility may not
reduce the ability of dolphins to detect prey. Therefore,
low visibility may increase the hunting efficiency of
dolphin in turbid inshore waters, especially since the
abundance of some fish species is also positively corre-
lated with turbidity and temperature (Cyrus and Blaber
1987; Levin et al. 1997). Prey availability and hunting
success may also determine dolphin group size, which
again is a critical variable as it influences most aspects of
social organisation. Most social interactions take place
with more-or-less closely associated members of the so-
cial group (Bräger 1999). Group size can thus be
understood as an equilibrium state of attracting and
dispersing forces, i.e. the maximum available food
supply and minimum functional group size, e.g. for
vigilance or co-operative foraging (Würsig 1986;
Acevedo-Gutierrez 1997).

Application of the model for conservation

This habitat selection model is an important tool for use
in conservation as it allows the identification of critical
habitat. The Hector’s dolphin is an uncommon endemic
to New Zealand waters, where at least three genetically
distinct populations have been identified (Pichler et al.
1998). All populations are either potentially or critically
endangered due to unsustainable gillnet mortality
(Martien et al. 1999; Pichler and Baker 2000). The spe-
cies’ survival is likely to depend on gillnet-free sanctu-
aries covering the areas of critical habitat (Bräger et al.
2002). Habitat requirements can vary among popula-
tions, however, as our results have shown. Therefore, it
is critical to carry out detailed analysis of habitat
requirements for individual populations and areas,
incorporating biotic parameters such as prey and pred-
ator distributions whenever possible.
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