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INTRODUCTION

Passive acoustics are increasingly used for detecting
cetaceans, complementing visual survey methods. They
can be operated continuously and autonomously for long
periods of time and are less reliant on good weather con-
ditions (Mellinger et al. 2007). Acoustic methods often
have higher detection rates than visual surveys, particu-
larly when the target species is cryptic (e.g. finless por-
poise Neophocaena phocaenaoides, Akamatsu et al.
2008) or occurs at low densities (e.g. northern right
whale Eubalaena glacialis, Clark et al. 2010). Further-
more, in areas of very low density, visual surveys are
likely to have very high variance, resulting in low power
to detect population trends or effects of impacts (Taylor
& Gerrodette 1993, Carstensen et al. 2006). For these
reasons, researchers working with the Critically Endan-

gered vaquita Phocoena sinus (Rojas-Bracho et al. 2008)
are using passive acoustic methods to monitor the effec-
tiveness of the species’ recovery plan (Rojas-Bracho et al.
2010).

With a range restricted to the west coast of New
Zealand’s North Island, and with a population estimate
of 111 individuals (CV = 44%), the Critically Endan-
gered Maui’s dolphin Cepha lorhynchus hectori maui
(Reeves et al. 2008) is one of the rarest marine mam-
mals in the world (Slooten et al. 2006). Current abun-
dance is estimated to be about 7% of that in 1970, prin-
cipally due to bycatch in gillnet fisheries (Slooten 2007,
Slooten & Dawson 2010). Although most frequently
sighted on the open coast, Maui’s dolphins have been
seen in at least 3 North Island harbours (Kaipara,
Manukau and Raglan, Slooten et al. 2005; Fig. 1).
Quantifying their use of this habitat is critical for con-
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servation reasons because despite a gillnet ban up to 7
nautical miles from the coast, gillnetting is still permit-
ted inside these harbours (Ministry of Fisheries 2008;
Fig. 1). Low densities mean that the level of effort
required to detect Maui’s dolphins by visual surveys of

the harbours is not feasible. We therefore
chose acoustic methods for this study.

The T-POD (Chelonia) is a commer-
cially available acoustic data logger,
which has been employed extensively in
studies of habitat use by small cetaceans
(e.g. Carstensen et al. 2006, Verfuß et al.
2007, Bailey et al. 2010). It has already
been shown that T-PODs work well with
Hector’s dolphins Cephalorhynchus hec-
tori hectori. They have been used to mon-
itor temporal and spatial variation in
habitat use (Rayment et al. 2009a), al-
though the detection range (effective de-
tection radius = 198 m, maximum detec-
tion range = 431 m) results in relatively
limited spatial coverage (Rayment et
al. 2009b). The echolocation signals of
Maui’s dolphins and Hector’s dolphins
are very similar (S. Dawson unpubl. data),
as are the echolocation signals of the dif-
ferent species in the genus Cephalo -
rhynchus (Morisaka et al. 2011). Hence,
T-PODs were an obvious choice for
acoustic monitoring. We deployed T-
PODs in 4 North Island harbours, fo-
cussing on 4 questions: (1) Were harbours
part of the normal habitat of Maui’s dol-
phins, as suggested by opportunistic vi-
sual sightings? (2) Did Maui’s dolphins
range beyond the areas currently pro-
tected? (3) Was the number of detections
at each site similar across the 3 yr of the
study? (4) What could be concluded about
habitat use from a lack of detections?

MATERIALS AND METHODS

T-POD deployments. T-PODs were
deployed at 7 locations in Manukau Har-
bour, 3 in Kaipara Harbour, 3 in Raglan
Harbour and 1 location in Kawhia Har-
bour (Fig. 1). In total, 110 successful
deployments between October 2005 and
August 2008 resulted in 3211 ‘T-POD
days’ of acoustic monitoring. The major-
ity of effort was in Manukau Harbour
(Table 1, Fig. 2), where the highest num-
ber of Maui’s dolphin sightings have

been reported (Slooten et al. 2005). Effort was parti-
tioned into austral summer (October to March) and
austral winter (April to September) as there is evidence
of seasonal differences in distribution for other Hec-
tor’s dolphin populations (Dawson & Slooten 1988,

Endang Species Res 14: 149–156, 2011150

Fig. 1. Locations of the 4 North Island (New Zealand) harbours included in the
passive acoustic monitoring study. Insets show locations of acoustic data log-
ger (T-POD) deployments. The area shaded dark grey depicts the protected 

area where gillnetting is now prohibited
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Rayment et al. 2010). In total, 23 T-PODs were used
during the course of the study; 4 version 3, 6 version 4
and 13 version 5 T-PODs. Data were processed with
TPOD.exe v8.24. Seven T-PODs were lost during the
course of the study.

Other cetacean species known to use the habitat are
bottlenose dolphins Tursiops spp., common dolphins
Delphinus delphis and orca Orcinus orca. These spe-
cies use echolocation signals which are broadband,
with a variable, and typically lower, peak frequency
than those of Cephalorhynchus dolphins (Au 1993, Au
et al. 2004, Morisaka et al. 2011). In all T-POD deploy-

ments, 5 scans were optimised for the detection of
Maui’s dolphins (target filter frequency = 130 kHz;
 reference frequency = 92 kHz; bandwidth = 5; noise
adaptation = ++; sensitivity = 10; scan limit = 240), and
1 scan was set at a lower frequency to discriminate
between Maui’s dolphins and other delphinids (target
filter frequency = 50 kHz; reference frequency =
70 kHz; sensitivity = 6). A similar strategy has been
employed to discriminate between detections of har-
bour porpoises and bottlenose dolphins in other studies
using T-PODs (e.g. Philpott et al. 2007, Bailey et al.
2010).

The T-POD software classifies detections of click
trains according to how likely they are to be of
cetacean origin. The classification algorithm is not doc-
umented and therefore the process is not transparent.
Using theodolite observations of Hector’s dolphins in
the vicinity of a moored T-POD, Rayment et al. (2009b)
found that all ‘Cet All’ detections (includes the 2 cate-
gories deemed to be most likely of cetacean origin)
were highly likely to be from Hector’s dolphins (none
were made when dolphins were not present in the bay)
and that the majority of ‘Doubtful’ detections were also
from Hector’s  dolphins. However, in the present study,
close examination of T-POD records revealed that
many detections classified as ‘Cet All’ were likely to
have been noise of non-cetacean origin. We therefore
developed a set of decision rules (Table 2), based on
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Harbour Effort No. of No. of Maui’s No. of non-
(d) ‘Cet All’ dolphin Maui’s cetacean

detections detections detections

Kaipara 632 108 1 14
Kawhia 186 3 0 0
Manukau 1883 300 38 3
Raglan 510 100 0 0

Table 1. Monitoring effort (in number of deployment days)
and numbers of ‘Cet All’ click train detections in the 4 North
Island harbours. Detections  satisfying Decision Rules 1 to 5
(see Table 2) were deemed to have originated from Maui’s
dolphins, while additional detections satisfying Rules 1 to 4
were deemed to be of cetacean origin but not from Maui’s 

dolphins

Fig. 2. Temporal distribution of T-POD deployments at the 14 North Island harbour locations. Dates are dd/mm/yy and locations
are coded as in Fig. 1
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T-POD detections with concurrent visual sightings of
Hector’s dolphins (Rayment et al. 2009b). All click
trains classified as ‘Cet All’ detections were viewed
graphically in the T-POD software and their train
details exported. A click train was only accepted as a
Maui’s dolphin detection if it was categorised by
TPOD.exe as ‘Cet All’ and satisfied all of our decision
rules. Additionally, we checked if any click trains
apparently arising from boat sonar were detected
within 10 min of each ‘Cet All’ detection. If so, click
trains with slow pulse repetition frequencies (PRFs;
<20 clicks s–1) and long click durations (>200 µs) were
treated with additional caution. The characteristics
(number of clicks per train, mean PRF and mean click
duration) of click trains accepted as originating from
Maui’s dolphins were compared with those rejected
using Mann-Whitney U-tests.

Data analysis. Despite the high level of acoustic
monitoring effort, detections which satisfied our deci-
sion rules were made at only 2 locations during 3 
T-POD deployments. With so few detections, it was dif-
ficult to make detailed spatial and temporal compar-
isons. We therefore modelled the distribution of detec-
tions at Cornwallis Point (M1 in Fig. 1) in summer
2005/6, the only location and time period with suffi-
cient detections, in order to make inferences about the
lack of detections in the subsequent seasons. During
the 2005/6 summer, there were 37 detections of Maui’s
dolphins from 5 separate days during 38 d of acoustic
monitoring. The data were sparse and highly overdis-
persed (mean ± SD = 0.97 ± 3.24 detections d–1), so it
was not clear which was the most appropriate model to
fit. We therefore trialled 3 different models and
 compared the results:

(1) A binomial model with presence (1) or absence (0)
of acoustic detections scored on each monitoring day.

(2) A 0-inflated binomial model (Hall 2000), with
presence or absence of detections scored for (a) each
monitoring day and (b) 1 h duration sub-units (n = 24)
within each day.

(3) A negative binomial model (Ludwig & Reynolds
1988) with monitoring day as the sampling unit.

Using the parameters of these distributions, the
probability of obtaining the observed number of
acoustic detections of Maui’s dolphins could be calcu-
lated for all deployments of T-PODs at Cornwallis
Point. This essentially tests the hypothesis that the
level of detections at Cornwallis Point was equal across
all seasons.

Our last question was what level of use of the har-
bours by Maui’s dolphins could go undetected by the
acoustic monitoring effort we employed? To address
this, we calculated the probability of observing 0
acoustic detections in 153 d (our longest T-POD
deployment) for distributions with a varying number of
days on which dolphins were theoretically detected.
The critical level of use was defined as the maximum
number of days dolphins could theoretically have been
present, which resulted in a probability of observing 0
detections greater than or equal to the critical alpha
level (0.05). The critical level of use was calculated for
the 3 distributions trialled: binomial, 0-inflated bino-
mial and negative binomial.

Finally, we calculated the proportion of Manukau
Harbour available to Maui’s dolphins which was effec-
tively monitored by the T-PODs. The area deeper than
the 2 m isobath on a digitised nautical chart (NZ 4314)
was measured using the software Image J. The area
monitored was estimated using the effective detection
radius for T-PODs with Hector’s dolphins (198 m;
 Rayment et al. 2009b) and the number of monitoring
locations.

RESULTS

Over the 3211 T-POD days of acoustic monitoring in
the 4 harbours, 511 click trains classified as ‘Cet All’
were detected by the T-PODs (Table 1). Of these, only
39 trains satisfied all of our decision rules and were
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Rule Justification

(1) ≥8 clicks in train Longer trains less likely to arise by chance (97.3% of 714 ‘Cet All’ trains in
Rayment et al. 2009b had ≥8 clicks)

(2) Mean click duration <300 µs Long clicks likely to be of non-cetacean origin (all 714 ‘Cet All’ trains in
Rayment et al. 2009b had mean click duration <300 µs)

(3) Smooth trend in PRFs, but PRFs not PRFs in click trains from cetaceans can change rapidly but have a smooth
constant trend. Trains with very constant PRFs likely to arise from boat sonar

(4) No accompanying noise around focal click TPOD.exe can occasionally select a plausible click train from random noise
train (by viewing all clicks in TPOD.exe)

(5) No trains on Scan 6 detected within 10 min Trains likely to be of cetacean origin but not Maui’s dolphin
of focal train

Table 2. Decision rules employed in determining whether ‘Cet All’ detections should be classified as Maui’s dolphins
Cephalorhynchus hectori maui. PRF: pulse repetition frequency
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deemed to have originated from Maui’s dolphins. The
detections of Maui’s dolphins came from Cornwallis
Point (M1; Fig. 1) in Manukau Harbour in November
2005 (37 detections on 5 different days, 4 of which were
consecutive) and November 2007 (1 detection), and K1
in Kaipara Harbour (Fig. 1) in December 2006 (1 detec-
tion). The detections from Manukau Harbour were in-
side the area where gillnetting is now prohibited, while
the detection from Kaipara Harbour was outside the
protected area (Fig. 1). No ‘Cet All’ detections which
satisfied all of our decision rules were made in either
Kawhia or Raglan Harbours. A further 17 trains satis-
fied all of the decision rules except Rule 5 (see Table 2),
and were classified as being of cetacean origin, but not
from Maui’s dolphins (Table 1). Therefore, the majority
of ‘Cet All’ trains (90%) were rejected as cetacean click
trains for one or more reasons. The most common rea-
son for rejection was the presence of accompanying
noise around the focal click train (67%), followed by
PRFs not changing smoothly (48%), too few clicks
(24%) and excessively long click durations (1%). All of
the tested characteristics of the click trains accepted as
originating from Maui’s dolphins were significantly dif-
ferent from those rejected (number of clicks per train,
W = 11450, p = 0.03; mean PRF, W = 5192.5, p = 2.70 ×
10–6; mean click duration, W = 14341.5, p = 7.95 × 10–8).

Three models (binomial, 0-inflated binomial and
negative binomial) were fitted to the detection data
from Cornwallis Point in Manukau Harbour during
summer 2005/06. These distributions were used to esti-
mate the probability of obtaining the observed number
of acoustic detections at Cornwallis Point in the subse-
quent seasons. The probabilities from all 3 distribu-
tions were remarkably similar and all were <0.001
(Table 3). The hypothesis that the level of detections at
Cornwallis Point was equal across all seasons was
therefore rejected.

The 3 models were also used to calculate the proba-
bility of 0 acoustic detections given a varying level of
use of the harbours. For all 3 distributions, the maxi-
mum level of use resulting in a probability of no detec-
tions in 153 d being ≥0.05 was 2 d.

The area of Manukau Harbour potentially available
to Maui’s dolphins was 88.24 km2. The maximum area
effectively monitored by the T-PODs was 0.73 km2, or
0.83% of the available area. Note that this is a maxi-
mum, as T-PODs were not deployed at all 6 stations for
the duration of the study (Fig. 2).

DISCUSSION

Passive acoustic monitoring using T-PODs detected
Maui’s dolphins in Manukau and Kaipara Harbours.
Detections which satisfied our decision rules were
made on 6 separate days over 2 yr in Manukau Har-
bour and on 1 d in Kaipara Harbour. These detections
add weight to existing evidence from visual sightings
(Slooten et al. 2005) that Maui’s dolphins are present in
North Island harbours and indicate that passive
acoustic monitoring is an option for investigating habi-
tat use by rare species of delphinids.

The acoustic detection from Kaipara Harbour was
more than 10 km beyond the protected area where
gillnetting is now prohibited. The acoustic detections
from Manukau Harbour were outside the original
extent of the protected area designated in 2003. As a
result of this study, the protected area was extended in
2008 and now encompasses the location at which the
acoustic detections were made. In 2007, it was esti-
mated that 136 gillnetting vessels were operating on
the North Island’s west coast, with the majority fishing
in the harbours, notably Manukau and Kaipara Har-
bours targeting grey mullet Mugil cephalus, flatfish
(principally yellow-belly flounder Rhombosolea lepo-
rina) and rig Mustelus lenticulatus (Ministry of Fish-
eries & Department of Conservation 2007). This reiter-
ates concerns that Maui’s dolphins are vulnerable to
bycatch in gillnets in the North Island harbours.

Of the 39 detections which we identified as originat-
ing from Maui’s dolphins, 37 came from Cornwallis
Point in Manukau Harbour during 2005/6, the first
year of the study. These data were used to fit 3 models,
all of which suggested that the much lower number of

detections for the remainder of the
study was statistically significant. It is
unclear whether the level of use in
summer 2005/6 was anomalously high,
or whether the subsequent lack of
detections was due to a decline in the
Maui’s dolphin population and/or a
contraction of their range. To date
there has been only one robust esti-
mate of Maui’s dolphin abundance
(Slooten et al. 2006) and hence trend
data are unavailable. With so few
detections, it is not possible to make
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Season Effort No. of Probability
(d) detections Binomial Zero-inflated Negative

binomial binomial

Summer 2006/7 104 0 4.25 × 10–7 4.32 × 10–7 4.04 × 10–7

Winter 2007 69 0 5.92 × 10–5 5.99 × 10–5 5.73 × 10–5

Summer 2007/8 135 1 1.09 × 10–7 1.21 × 10–7 2.96 × 10–8

Winter 2008 50 0 8.64 × 10–4 8.72 × 10–4 8.43 × 10–4

Table 3. Monitoring effort (in number of deployment days), number of Maui’s
dolphin detections and probabilities of obtaining the observed number of Maui’s
dolphin detections at Cornwallis Point (M1 in Fig. 1) using 3 model scenarios,
 assuming the distribution of detections was the same as in summer 2005/6
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definitive statements about the relative use of the dif-
ferent harbours in the study and whether certain har-
bours represent preferred habitats and, if so, why.

We chose ‘monitoring day’ as the sampling unit for
the analyses, as a compromise between temporal reso-
lution and independence of the data points. Of the 5
detection positive days at Cornwallis Point in 2005/6,
4 were consecutive. Without additional information on
the movements of individual dolphins, it is not possible
to ascertain whether these data points are truly inde-
pendent. However, in the absence of a clearly more
suitable sampling unit, we believe that the analyses we
have presented are appropriate, with the caveat that
some non-independence of the data would probably
result in larger p values.

Our calculations suggest that low levels of use of the
monitored habitats could go undetected. For example,
during the longest monitoring period (153 d at Kauri
Point in Manukau Harbour during winter 2008) there
could have been up to 2 d when Maui’s dolphins were
in range of the T-PODs, with >5% probability of no
detections being made. Furthermore, in order for a dol-
phin to be detected, it must be echolocating, oriented
approximately towards the T-POD, and in an acoustic
environment which makes detection possible. These
requirements further reduce the likelihood of detec-
tion. For example, only 68% of Hector’s dolphin groups
that came within 100 m of a T-POD at Banks Peninsula
yielded ‘Cet All’ acoustic detections (Rayment et al.
2009b).

Manukau Harbour received by far the most monitor-
ing effort of all the harbours, and monitoring was
focussed on the deeper channels, where we expected
higher levels of use. However, the area effectively
monitored by the T-PODs was very small, i.e. less than
1% of the habitat potentially available to Maui’s dol-
phins. How this proportion translates into probability
of detection will be a function of the dolphins’ move-
ment patterns and echolocation behaviour. The high-
frequency signals of small odontocetes attenuate
quickly and hence are only detectable over at most a
few hundred metres, even in relatively quiet environ-
ments (Akamatsu et al. 2001, Philpott et al. 2007, Ray-
ment et al. 2009b). In contrast, the low-frequency calls
of baleen whales are detectable over tens or even
 hundreds of kilometres (Sirovic et al. 2007, Moore et
al. 2010). Therefore, acoustic monitoring networks
 targeting baleen whales can cover ocean basins (e.g.
Nieukirk et al. 2004, Sirovic et al. 2004), while for
small odontocetes many acoustic monitors would be
required to reliably detect individuals over even very
limited spatial scales. A good illustration of this comes
from efforts to detect changes in abundance of vaquita.
Power analyses revealed that a network of 62 C-PODs
(an updated version of the T-POD) would be required

to detect the target changes in abundance within the
1264 km2 vaquita refuge area (Rojas-Bracho et al.
2010). Given the low densities of Maui’s dolphins
detected in the North Island harbours during our study,
many more T-PODs would be required to investigate
spatial and temporal differences in habitat use.

The majority of detections classified as ‘Cet All’ by
the T-POD software were excluded by our decision
rules because we could not be certain that they were of
cetacean origin. The most common reasons for rejec-
tion were spurious noise around the focal click train
and PRFs of the click train not changing smoothly, sug-
gesting that high levels of non-biological noise con-
founded the train detection process. Such noise could
be generated by collisions between sediment particles
agitated by waves or tidal movements (Thorne 1985).
High tidal streams in North Island harbours mean sed-
iment noise may be a significant problem, either by
masking genuine dolphin click trains or generating
false positive detections. Our solution was to examine
each ‘Cet All’ detection and apply our own set of deci-
sion rules, making the analysis more time consuming
and potentially more subjective. We believe our deci-
sion rules are very conservative and may well have
resulted in rejection of genuine Maui’s dolphin detec-
tions. However, the fact that all of the train characteris-
tics we tested were significantly different between
accepted and rejected click trains suggests that there
were genuine differences between the 2 classes of
data. Further research involving simultaneous visual
and acoustic surveys (Rayment et al. 2009b), and a
detailed acoustic characterisation of the environment
would help to quantify the detection probability of
Maui’s dolphins.

It is understood that there is variation in sensitivity
among T-PODs, especially the older v.3 models (Dähne
et al. 2006). This variation can be accounted for with
sampling design (e.g. Rayment et al. 2009a) or by cali-
bration of the instruments (e.g. Kyhn et al. 2008). Such
considerations would be important in a study investi-
gating trends in habitat use over time or differences
between locations. In this study we deemed it of little
concern, as we were essentially investigating presence
or absence, rather than relative rates of detection.
However, future studies involving multiple T-PODs
should consider variation in instrument sensitivity in
order that results from different locations and times are
strictly comparable.

Many of the areas we monitored were characterised
by poor underwater visibility (<1 m), high current
speed (ca. 1 m s–1) and unstable substrates. Due to
safety concerns, commercial divers were used to moor
T-PODs. To minimise the risk of interference, we
attempted to conceal mooring locations by having no
surface marker buoy. However, so that we could re -
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locate them, most T-PODs were moored in association
with existing navigation marks. Seven T-PODs were
lost in this study. The causes of loss appeared to be fail-
ure of the attachment system or inadequate care in
attachment (4), interference following disclosure of the
mooring location (1), removal of a navigation mark so
that the T-POD could not be relocated (1), and failure
to relocate mooring (1). These losses made calibration
of the units impossible and caused gaps in the data.
Development of a more reliable mooring system and
greater attention to detail from divers attaching the
instruments need to be high priorities for any passive
acoustic monitoring project.

In light of our results with Maui’s dolphins, we make
the following recommendations concerning acoustic
monitoring studies of rare cetaceans:

(1) The objectives of the monitoring should be clearly
defined.

(2) A priori power analysis, accounting for the detec-
tion range of the monitoring instruments, would assist
in the development of an appropriate sampling design.

(3) An understanding of the target signals and the
acoustic environment being monitored is essential for
maximising detection rates.

(4) Simultaneous visual and acoustic observations
are very helpful in order to relate acoustic detection
rates to densities of the target species.

(5) Variation in sensitivity between monitoring
instruments should be explicitly tested, or accounted
for in the sampling design.

(6) Our decision rules were essential to minimise the
potential for false positives, but it would be extremely
useful to be able to inspect the waveform of the
detected signals. T-PODs or C-PODs could be supple-
mented by one or more high-frequency acoustic
recording packages (HARPs; Wiggins & Hildebrand
2007), which are self-contained acoustic recorders with
the capability to record sounds up to 200 kHz for
extended periods (J. Hildebrand pers. comm.).

In conclusion, our study demonstrated that passive
acoustic monitoring of Maui’s dolphins is possible with
T-PODs. The study showed that Maui’s dolphins use
Manukau and Kaipara Harbours and that the range of
Maui’s dolphins extends beyond the current protected
area. That gillnetting is still permitted in the North
Island harbours therefore remains a cause for concern.
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