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Abstract Examining characteristics of a species’ fine-scale habitat use contributes to effective and practical spatially explicit
conservation. Dugongs (Dugong dugon) are endangered herbivorous mammals that use vocalisation for communication. In a
small, specific area of Thai waters, classified here as a “vocal hotspot,” vocalisation rates are elevated, implying that in this area
acoustic communication plays an important role. We recorded dugong calls in the vocal hotspot and a nearby feeding area. We
then compared temporal patterns of vocalisation between the two sites to investigate the degree of variability in vocalisation
between fine-scale habitats, which is important for understanding dugong habitat use by passive acoustic monitoring. From the
489 total hours of recording, 6607 and 2032 calls were observed in the vocal hotspot and feeding area, with mean vocalisation
rates (calls per hour) 13.5 and 4.2, respectively. Vocalisation rate had distinctive 24-h periodicity in only the vocal hotspot.
Environmental factors that correlated with changes in detected vocalisation rate also differed between the two locations. Water
level correlated with vocalisation rate in the feeding area; in contrast, current direction correlated with vocalisation rate in the
vocal hotspot. In conclusion, the vocalisation pattern for dugongs differed between the two sites, and we suggest that their
habitat use varies at fine spatial scales.

Keywords

1 Introduction

The dugong (Dugong dugon), a member of the order Sirenia,
is a marine mammal that inhabits shallow coastal envi-
ronments [1]. Dugongs occur in tropical and subtropical
coastal waters from east Africa to Vanuatu, between approx-
imately 26° north and 27° south [1]. Unlike most marine
mammals (e.g. cetaceans and pinnipeds), they are herbivo-
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rous, described as benthic-feeding, seagrass specialists [1].
Although dugongs are listed as Vulnerable in the Interna-
tional Union for Conservation of Nature (IUCN) Red List
[2], little is known of their true status.

A species’ spatial and temporal habitat requirements
(e.g. home range, migratory path, densities and territories)
throughout its life cycle are essential if appropriate and effec-
tive conservation strategies are to be enacted. Sheppard et
al. [3] showed a dugong individual’s short-term home range
was approximately 0.6—12.4 km?. Within their daily home
ranges, 72% of their time was spent within three metres of
the surface [4]. However, both tidal and diel cycles influence
dugong movement; they tend to be closer to shore at high tide
than low tide and at night than during the day [5]. To better
understand dugong ecology, we need to know which factors
drive different uses of habitats, such as feeding, resting, or
vocalising at different locations.

Passive acoustic monitoring is useful for augmenting
visual surveys to assess temporal and spatial changes in the
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density and behaviour of some animals (reviewed in [6]),
such as whales [7] and seals [8]. This information is particu-
larly useful for locations where animals are difficult to survey
using traditional techniques, such as when their behaviour
makes them undetectable during conventional visual surveys.
Thus, this method would be suitable for dugongs, which are
vocalising marine mammals [9]. Passive acoustic monitoring
cannot confirm an animal’s absence, but it is an excellent tool
for investigating dugong behaviour during submergence.

Although dugongs utter bird-like calls [9], the acoustic
characteristics of their vocalisations are not well described.
Anderson and Barclay [9] categorised dugong calls into three
types: chirps (frequency-modulated signals in the 3—18 kHz
range with two or more harmonics, lasting less than 60 ms),
trills (frequency-modulated calls lasting up to 2.2 s, in the 3—
18 kHz range), and barks (broadband signals between 500 Hz
and 2.2 kHz, lasting up to 120 ms). Dugong calls in southern
Thailand have also been categorised into short- and long-
duration calls [10], which seem to correspond to chirps and
trills, respectively. To date, no vocalisations corresponding
to barks have been recorded from the Thai population of
dugongs, the three dugongs kept in Toba Aquarium in Japan
[11], or at Underwater Seaworld in Singapore [12]. Further-
more, it has been reported that free-ranging dugongs produce
callback responses to conspecific chirp playbacks and that
the source level and duration of dugong chirps significantly
increases as signalling distance increases [13].

Temporal and spatial vocalisation patterns of marine
mammals, including dugongs, provide insights into favoured
places for communication [14]. Distinctive differences bet-
ween the distribution patterns of calving herds, non-calving
herds, and vocalising dugongs were reported, with the vocal-
ising dugongs in Thai waters clustering in a specific area of
approximately 1km? [15,16], far smaller than their recog-
nised daily home range. Dugongs have shown elevated levels
of vocal behaviour in this small area, which appears to be a
‘vocal hotspot’ [13,17] of smaller size than vocal hotspots
of other marine mammals [18,19]. It was assumed that
dugong vocalisation in this area was independent of feed-
ing behaviour, given no seagrass existed within the vocal
hotspot [20]. It follows that the vocal hotspot is an important
location for dugongs, into which they move to communicate,
that is separate from other areas, such as those where they
feed, otherwise socialise, or rear their young [16].

For detailed understanding of dugong habitat use, vocal-
isation should be investigated in detail within home ranges.
Vocal hotspots have been observed through short-term sta-
tionary acoustic recordings [17] and towed acoustic surveys
during the daytime [15,16]. Long-duration recordings are
required to describe the degree of variability in vocalisation
production by dugongs (i.e. their vocal cue production rate),
which is important if passive acoustic monitoring is used
in conservation assessment. Quantifying vocalisation rates
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is an essential step towards accurate estimation of animal
population density and behaviour [7,8], but in isolation they
do not enable abundance estimates to be made. It remains
unknown whether such vocalisation patterns and their rela-
tionship with environmental factors in the vocal hotspot differ
from nearby locations in different habitats. The direction of
dugong movement has been related to current flow [5]; it is
likely that they use current flow for daily migration, which
may affect the number of calls observed by a fixed recorder as
they pass through the recording range [17]. Furthermore, the
frequency of occurrence of recorded feeding sounds changed
with water level [21,22].

The purpose of this study was to investigate how different
habitats with different environmental factors affected dugong
vocalisation rate. We recorded dugong calls within the vocal
hotspot and a neighbouring feeding area, compared temporal
patterns of vocalisation between these two sites, and corre-
lated environmental factors (i.e. current speed and direction,
and water level) with vocalisation rate. This research pro-
vides insight into local dugong conservation measures by
using acoustic monitoring to elucidate key habitats and activ-
ity patterns.

2 Materials and Methods

Underwater recordings were conducted in the south of Tali-
bong Island, Trang, Thailand (7.2151°N, 99.4012°E, Fig. 1)
from 5 to 28 February 2015 (Table 1), for 20 days of
total recording time (two 10-day recordings). The seafloor
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Fig. 1 Study site, southern Talibong Island, Trang, Thailand.
AUSOMS were deployed in two locations, represented by stars: open
star (feeding area), and solid star (vocal hotspot). Shaded areas con-
tained within dashed lines indicate seagrass distribution, as surveyed
by Nakanishi et al. [20]
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Table 1 Field research details

Acoustic observations

Tidal current observations

Data type Underwater sound Current speed and direction
Site Feeding area Vocal hotspot Vocal hotspot
Location 7.21475°N 7.2132°N 7.2132°N

99.39825°E 99.40175°E 99.40175°E

Recorded time

Total time

Recording duration 489h

12:00 5-13:00 15
13:00 17-12:00 28
504h (241 h+263 h)

14:00 5-12:00 15
11:00 17-11:00 28
502 h (238 h +264 h)
489 h

11:00 5-11:00 15
10:00 17— 09:00 28
503 h (240 h +263 h)
489 h

All observations conducted in February 2015. Tidal current observation conducted at vocal hotspot, with
current speed and direction assumed the same in each site

around Talibong Island is covered by approximately 7 km?
of seagrass beds, dominated by Halophila ovalis, Cymod-
ocea serrulata, and Cymodocea rotundata [20]. The seafloor
is gently sloping, with few obstacles to obstruct the path
of sound waves in the focal area. Some 120 dugongs were
estimated to inhabit this area, representing the largest pop-
ulation in Thailand [23,24]. In recent decades, there has
been a single reported instance of dugong death by shark
attack, on which basis it has been assumed that predation
risk here was very low [24]. Our study was conducted dur-
ing Thailand’s dry season, with no precipitation during field
recordings.

Automatic underwater sound monitoring systems (AUS-
OMS, AquaSound Inc., Kobe, Japan) were deployed on the
seafloor in the vocal hotspot and at the offshore edge of an
adjacent seagrass bed (Fig. 1) where dugongs are known to
regularly feed (K. Kittiwattanawong pers. obs.). The vocal
hotspot and feeding area were approximately 1000 and 600
m offshore, respectively. The seagrass bed was 1.3 m deep
and the vocal hotspot 4.1 m deep when the AUSOMS were
deployed. AUSOMS use a single hydrophone (AQH-20k,
AquaSound Inc., Kobe, Japan) with a sensitivity of —195dB
(re 1 V/nPa). The hydrophone had a flat frequency response
within 2 dB between 20 Hz and 96 kHz. Because of the ampli-
fier gain of 60dB and the AUSOMS internal noise floor of
~70dB, the dynamic range was 70—135dB. The sampling
frequency was 48kHz with a 16-bit resolution. Underwa-
ter sound was stored in eight flash memory cards (32GB
microSDs). Recordings were not conducted from 11:00 am
on 15 February 2015 to 11:00am on 17 February 2015,
because AUSOMS had to be retrieved for data download-
ing and system maintenance.

Current speed and direction were recorded by current
meter (Infinity EM, JFE Advantech Co., Ltd., Hyogo, Japan)
deployed in the vocal hotspot. The baseline water level at
each location was obtained from a tide table published by the
Hydrographic Department of the Royal Thai Navy. Actual
water level for each location was calculated by adding to the
baseline water level the difference between the actual depths

when AUSOMS were deployed and the corresponding depths
of the baseline.

Dugong calls were automatically detected from recorded
sound using customised software developed in a previous
study with MATLAB [25]. To improve the accuracy of
automatic detection, obvious false detections were removed
following a visual inspection of sonograms by the first
author. Onset times of extracted calls were used for anal-
ysis. The ambient noise level was approximately 90dB for
both sites. Considering the root-mean-square (RMS) source
levels of two types of dugong calls (i.e. chirp and trill) were
130-140dB [13,26], and based on the assumptions that the
ambient noise level was 90 dB throughout the survey and that
sound propagation followed a spherical spreading model, the
detection range using this software was approximately 200 m.
Thus, calls recorded at each site were assumed independent
as the distance between sites was approximately 400 m. The
detection rate of this program was 80% for calls for which the
received level exceeded 98.2dB (150-m radius) [27]. Chirps
and trills were not distinguished in this study.

We defined vocalisation rate as number of calls per hour.
Periodicity and periodic cycles were examined for each site
by calculating the autocorrelation coefficients and power
spectrum density (PSD) of the vocalisation rate.

We applied a zero-inflated negative binomial (ZINB)
model to examine influences of environmental factors on
vocalisation rate, as vocalisation rate had many more zeros
than expected for a Poisson or negative binomial distribution.
The ZINB model has been previously applied to describe the
spatial distribution and existence of rare species, given that it
can account for extra absences in data [28—30]. In this study,
degree of vocalisation rate was inferred using the negative
binomial count model (negative binomial regression), with
occurrence of dugongs in the observation area determined by
the presence of vocalisation using the binomial zero-inflation
model (logistic regression). We used the ‘pscl’ package [31]
in R version 3.2.4 [32] for model analysis. This package sup-
ports a maximum likelihood estimation of zero-inflated and
hurdle models for count data.
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Table 2 Description of

. . Response variable
variables and categories used for P

model estimation Vocalisation rate (calls/h)

Explanatory variables Category Observed hours (h) Percentage (%)

Time period 00:00-02:59 63 12.9
03:00-05:59 63 12.9
# 06:00-08:59 62 12.7
09:00-11:59 61 12.5
12:00-14:59 60 12.3
15:00-17:59 60 12.3
18:00-20:59 60 12.3
21:00-23:59 60 12.3

Current speed (cm/s) (Continuous)

Current direction # Northeast 251 51.3
Southwest 238 48.7

Water level (m) Feeding area
#0.0-0.75 133 27.2
0.75-1.5 132 27.0
1.5-2.25 145 30.0
2.25-3.0 79 16.2
Vocal hotspot
#2.5-3.25 86 17.6
3.25-4.0 127 26.0
4.0-4.75 151 30.9
4.75-5.5 125 25.6
Total 489

# standard category

We used time period, current speed and direction, and
water level as explanatory variables in analyses, and included
all variables in both count and zero-inflation models (Table 2).
We divided time of day into eight periods (i.e. 00:00-02:59,
03:00-05:59) and considered them categorical variables. As
the times of high and low tides shifted by approximately
50min daily, tidal factors at a fixed time differed each day.
Thus, explanatory values regarding tidal change (current
speed and direction, and water level) were assumed inde-
pendent of time of day. Furthermore, tidal range varied from
0.8m during neap tides to 3.3m during spring tides. We
assumed that water level was independent of current speed,
which changed with tidal shift. Current speed and direction
were recorded at 10-min intervals, with hourly mean values
used in analyses. Current speed was considered a continuous
variable, while direction was represented by two categorical

values, northeast and southwest, with 94.3% of values asso-
ciated with either directions. Water level at both sites was
divided into four categories, with a 0.75-m step from O to
3.0m in the feeding area, and 2.5-5.5 m in the vocal hotspot,
and treated as a categorical variable. The model used in this
study is presented as follows (Eq. 1).

Vocalisation rate ~ time period + current speed

+ current direction + water level (D

3 Result

A total of 2052 dugong calls were detected in the feeding
area and 6607 calls in the vocal hotspot (Table 3). The aver-
age vocalisation rate (£SD) was 4.2 (£13.0) per hour in

Table 3 Summary of observed
dugong calls

Total (calls) Min (calls/h) Median (calls/h) Mean (calls/h) Max (calls/h)
Feeding area 2032 0.00 0.00 4.20 181.00
Vocal hotspot 6607 0.00 3.00 13.51 160.00
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Fig. 2 Time series of changes in the number of calls per hour. Record-
ings were not conducted from 11:00 am on 15 February 2015 to
11:00 am on 17 February 2015 for data downloading and system main-
tenance

the feeding area and 13.5 (£24.4) per hour in the vocal
hotspot. The vocalisation rate was significantly greater in
the vocal hotspot than in the feeding area (Fig. 2, Wilcoxon
signed-rank test, p < 0.001). In the feeding area, the num-
ber of 1-h time windows that contained at least one call
accounted for 34.4% (168 of 489h) of the total record-
ing period. In contrast, this figure was 68.5% (335 of
489h) in the vocal hotspot. Vocalisation rate showed dis-
tinctive periodicity in both sites (Ljung—-Box test: feeding
area, p < 0.05; vocal hotspot, p < 0.001), with the domi-
nant PSD peak appearing on a 12.00-h cycle in the feeding
area, and a 24.47-h cycle in the vocal hotspot (Fig. 3). In
the feeding area, other distinctive peaks were apparent on
5.19-, 7.20-, and 23.53-h cycles. In contrast, the dominant
PSD peak was far greater than others in the vocal hotspot
(Fig. 3).

From the coefficients of the negative binomial regression
model in ZINB, all parameters of the time period, except for
09:00-11:59 in the feeding area, were positive and signif-
icant (Table 4). These results indicate that the vocalisation
rate from 06:00-08:59 was lower than almost all other time
periods at both locations (Fig. 4).

Different environmental factors significantly correlated
with vocalisation rate between the two locations (Table 4). In
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Fig. 3 Power spectrum density (PSD) of dugong vocalisation rate.
PSD was obtained from the Fourier transformation of the autocorre-
lation coefficient and indicates the dominant periodicity of vocalisation
rate (i.e. observed calls per hour). Peaks are indicated with arrows

the feeding area, the vocalisation rate was high when water
level was 0.75-2.25 m (Fig. 5). However, these parameters
were not significant in the vocal hotspot. In the vocal hotspot,
the vocalisation rate was high with a northeast current direc-
tion. No parameters reached significance in the binomial
model, which corresponded to the logistic regression.

4 Discussion

Although dugongs did not always vocalise in any given time
window, considerable differences were apparent in observed
numbers and times of dugong vocalisation between the vocal
hotspot and nearby feeding area. The vocalisation rate was
considerably greater in the vocal hotspot than the feeding
area during long-term observation. The difference in vocali-
sation patterns and their relationship to environmental factors
indicated that dugong acoustic signal use differed between
fine-scale habitats. Our findings reveal dugongs use differ-
ent locations for different purposes within their home ranges,
with the distance between the two sites only 400 m. Although
the vocal hotspot was important for communication, we
assumed that the feeding area was used for feeding. There-
fore, a possible reason for less vocalisation in the feeding
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Table 4 ZINB model results

Explanatory variables Negative binomial regression Logistic regression

Estimate SE z value Estimate SE z value
Feeding area
(Intercept) —0.389 0.600 —0.648 0.538 0.798 0.674
Time period (h) 00:00-02:59 2.258 0.576 3.919s%% —-0.916 0.828 —1.106
03:00-05:59 1.252 0.602 2.081x% —0.416 0.817 —0.509
#06:00-08:59
09:00-11:59 1.128 0.678 1.664 —0.250 0.833 —0.301
12:00-14:59 2.777 0.685 4.054x% 0.536 0.812 0.660
15:00-17:59 1.632 0.650 2.51 Ik 0.538 0.803 0.669
18:00-20:59 1.991 0.628 3,170k 0.554 0.770 0.720
21:00-23:59 2.504 0.582 4.303 sk —1.15 0.795 —1.442
Current speed (cm/s) —-0.015 0.015 —0.983 0.007 0.018 0.398
Current direction #Northeast
Southwest 0.187 0.300 0.623 —0.407 0.370 —1.100
Water level (m) #0.0-0.75
0.75-1.5 0.866 0.397 2.181x% —0.135 0.490 —0.276
1.5-2.25 0.862 0.401 2.147% —0.585 0.533 —1.097
2.25-3.0 0.309 0.546 0.567 —0.866 0.737 —1.176
Log (theta) —0.832 0.247 —3.364
Theta = 0.4353
Log-likelihood: —829.2 on 27 Df
Non-feeding area
(Intercept) 1.470 0.386 3.803 k% 0.516 0.946 0.546
Time period (h) 00:00-02:59 1.934 0.409 4.733s%k% —1.635 1.286 —1.272
03:00-05:59 1.724 0.377 4,569%%%* —1.607 1.154 —1.392
#06:00-08:59
09:00-11:59 0.958 0.392 2.442x% —0.355 0.632 —0.562
12:00-14:59 1.530 0.415 3.69 Lk 0.026 0.857 0.031
15:00-17:59 1.514 0.387 3.915%x% —1.734 1.348 —1.287
18:00-20:59 2.020 0.357 5.652:kx% —19.27 2669.2 —0.007
21:00-23:59 1.880 0.359 5.2365%#% —2.346 1.446 —1.623
Current speed (cm/s) —0.007 0.386 —0.766x%x —0.187 0.0343 —0.543
Current direction #Northeast
Southwest —0.429 0.198 —2.169% 0.995 0.723 —0.138
Water level (m) #2.5-3.25
3.25-4.0 —0.110 0.290 —0.378 —0.512 0.691 —0.741
4.0-4.75 0.025 0.310 0.079 —1.833 1.080 —1.698
4.75-5.5 —0.080 0.370 —0.215 —1.317 1.195 —1.102
Log (theta) —0.693 0.128 —5.394

Theta = 0.5003

Log-likelihood: —1540 on 27 Df

#% p < 0.001, #* p < 0.01, * p < 0.05

# standard category

area was that dugongs did not vocalise during feeding, which
has been reported for captive dugongs in Toba Aquarium (Y.
Matsuo pers. com.).

Acoustic monitoring has been used to characterise habi-
tats and estimate the distributions of some cetaceans [33,34].
This method is appropriate in cases where the probability
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of acoustic detection is sufficiently high that an animal’s
presence would correspond to vocal detection. Overall, the
average probability of acoustic detection of dugongs around
Talibong and Muk Islands in Thai waters was approximately
40% [15]. However, detection probability increased to 73%
around the vocal hotspot [27]. Thus, we consider their pres-
ence and absence closely matched their vocalisation patterns.
On this basis, we discuss vocalisation pattern and habitat use
at both sites.

4.1 Vocalisation Pattern in the Vocal Hotspot

The vocalisation rate showed a distinctive 24-h cycle in
the vocal hotspot. As has been reported in previous stud-

ies [17,35], vocalisations were more frequent during the
night (Fig. 4). Because of poor night-time visibility, dugongs
might rely on acoustic cues for communication to a greater
extent than they would during the day. Another possible rea-
son for more increased nocturnal communication was that
dugongs were avoiding the acoustic interference of vessel
traffic, which was more intensive during the day [36].

Dugong vocalisation following sunrise was limited over
the entire observation period (Table 4; Fig. 4). This reduced
vocalisation, which has not been previously reported, may
reflect resting or migration outside of the recording range.
Other survey methods, such as tagging, are needed to further
investigate the behaviour of dugongs.

Dugongs migrate offshore when the tide falls, and towards
the shore when the tide rises [5]. Such tide-driven movement
can also be inferred from our ZINB model estimation in the
vocal hotspot. The seagrass bed was situated northeast of
the vocal hotspot (Fig. 1), and the vocalisation rate was high
when the current was northeast. This indicates that dugongs
vocalised when moving with the northeast current onto this
seagrass habitat to feed. As dugongs are specialist seagrass
feeders, a diet very low in calories [37], such a tide-driven
migration strategy might facilitate conservation of energy.

4.2 Vocalisation Pattern in the Feeding Area

The ZINB model revealed the rate of vocalisation to be high
in the feeding area when water level was moderate (0.75-
2.25 m), indicating dugongs visited the site during certain
stages of the tidal cycle. Our findings are consistent with
those of previous studies on dugong feeding behaviour in
Thailand. Tsutsumi et al. [21] recorded feeding sounds over
an intertidal seagrass bed and reported the lowest water level
in which dugongs fed was approximately 0.8 m. Further-
more, Amamoto et al. [22] revealed dugongs significantly
favoured feeding at water levels of 1.0-1.5 m. Such water
level-dependent feeding may be linked to energy conserva-
tion by minimising the distance to descend to feed and ascend
to breathe.

PSD results in the feeding area revealed several peaks,
supporting the hypothesis that dugongs feed at specific water
levels. These multiple peaks might be related to change of
periodicity when the water level of feeding area changed with
a shift from spring to neap tide. For example, water levels
were 1.4-1.6 m with a 12-h cycle during spring tides and
with 5- and 7-h cycles during neap tide. These tidal cycles
matched distinctive peaks in PSD analysis, supporting the
thesis that feeding is dependent on a specific water level range
of 0.75-2.25 m.
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5 Conclusion

Based on our results, we suggest that dugongs around
Talibong Island use a vocal hotspot primarily for active
socialising via acoustic communication during the night and
that after sunrise they rest. Dugongs appear to visit the feed-
ing area most when a northeast current runs and moderate
water level of 0.75-2.25 m are experienced, suggesting these
conditions are the most suitable for feeding. Tide-driven
migration to seagrass beds may also be important for energy
conservation.

In this study, we focused on differences in the number of
calls, without considering the number of vocalising individu-
als. Additionally, we did not report on different types of calls,
such as chirps and trills. To improve understanding of dugong
acoustic behaviour, future studies need to identify both the
caller and analyse acoustic characteristics of calls. Changes
in visibility due to the brightness of the moon may also affect
vocalisation rate. An observation period of at least 1 month
is needed to investigate the influence of the lunar cycle.
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