Mar Biol (2013) 160:1353-1363
DOI 10.1007/s00227-013-2187-7

ORIGINAL PAPER

Tidal influences on the habitat use of Indo-Pacific humpback

dolphins in an estuary

Tzu-Hao Lin - Tomonari Akamatsu -
Lien-Siang Chou

Received: 14 September 2012/ Accepted: 24 January 2013/ Published online: 6 February 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract This paper offers the first study of diurnal
variations in the use of an estuarine habitat by Indo-Pacific
humpback dolphins. Passive acoustic data loggers were
deployed in the Xin Huwei River Estuary, Western Taiwan,
from July 2009 to December 2010, to collect biosonar
clicks. Acoustic encounter rates of humpback dolphins on
the riverside of the estuary changed significantly over the
four tidal phases, instead of the two diurnal phases based on
the recordings from 268 days. Among the tidal phases, the
encounter rates were lowest during ebb tides. Additionally,
circling movements associated with the hunt for epipelagic
fish significantly changed in temporal and spatial presence
over the four tidal phases, matching the overall pattern of
encounter rate changes in the focal estuary. Our findings
suggest that the occurrence pattern and habitat utilization of
humpback dolphins are likely to be influenced by the tidal-
driven activity of their epipelagic prey.
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Introduction

The Indo-Pacific humpback dolphin (Sousa chinensis) is a
strictly coastal species found throughout the Indian and
western Pacific oceans (Jefferson and Karczmarski 2001).
Within their distribution range, the estuary has been
reported as the core habitat (Parra 2006; Hung 2008).
Although temporal variations in the dolphins’ use of the
estuarine habitat have been studied at a few locations
through visual observations (Parsons 1998; Parra 2006;
Hung 2008), details regarding their periodic patterns of
activity and movement remain unclear. Focused and con-
tinuous observation over a full day is necessary for further
insight into their ecology.

To thrive in an estuary, the dolphins must be able to take
advantage of the routine changes in aquatic environments
of such a habitat. In particular, the estuarine waters are
strongly influenced by tidal activities, as the water depth
and current change periodically with the tidal cycle. The
tidal current also induces hydrological turbulence by
stratifying and mixing the freshwater and seawater (Largier
1993; McLusky and Elliott 2004). In response to these
environmental changes, estuarine fish and decapods are
known to migrate or behave differently between tidal
phases (Krumme 2004, 2009). As the top predator, ceta-
ceans are also believed to alter their behavioral patterns
over different periods of time to increase the availability of
their food sources (Karczmarski et al. 2000; Carlstrom
2005; Akamatsu et al. 2010; Soldevilla et al. 2010). Vari-
ations, for instance, in the temporal and spatial presence of
estuarine bottlenose dolphins (Tursiops truncates) have
been shown to correlate with the tidal cycle (Mendes et al.
2002; Fury and Harrison 2011).

The small and possibly isolated population of humpback
dolphins off Western Taiwan has attracted considerable
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attention for its critically endangered status and conservation
issues (Reeves et al. 2008; Wang et al. 2007, 2008; Ross et al.
2010). They commonly inhabit estuaries with semidiurnal
tides and with tidal differences that reach to approximately
four meters. As such, investigating the temporal variation in
their estuarine habitat utilization is essential for understand-
ing the ecology of humpback dolphins and is critical for the
conservation of this endangered population.

In order to understand the temporal variation of hump-
back dolphin activities, continuous 24-h observations are
necessary. Passive acoustic monitoring (PAM) has been
widely employed to study the presence of cetaceans and is
especially efficient for long-term monitoring (Moore et al.
2006; Mellinger et al. 2007; Todd et al. 2009; Akamatsu
et al. 2010; Soldevilla et al. 2011). PAM also facilitates the
study of the foraging behavior of odontocetes by analyzing
their echolocations (Akamatsu et al. 2005b). Continuous
acoustic recording enables the monitoring of cetaceans
during nighttime and severe weather, thus collecting a wider
range of temporal data unobtainable by visual observation.

The present study is the first to record the 24-h activities of
Indo-Pacific humpback dolphins by PAM. The changes in
acoustic activity of humpback dolphins at the monitored
estuary were analyzed over the diurnal cycle and the tidal
cycle during the one and a half year to understand their pre-
dominant occurrence pattern. The temporal and spatial pres-
ences of different movement types were investigated to
understand the temporal variation of their estuarine habitat
use. Our findings support the hypothesis that the habitat uti-
lization pattern of humpback dolphins at the monitored estu-
ary is correlated to the tidal cycle, instead of the diurnal cycle.

Methods
Study site

The acoustic monitoring site is located at the Xin Huwei
River Estuary, off the west coast of central Taiwan (Fig. 1).
Two reclaimed lands for industrial parks located on the
northern and southern river banks restrict the width of the
estuary to only 2 km. The humpback dolphins sighted at
the nearby area are primarily distributed between 4 and
16 m depth ranges based on the onboard surveys conducted
by the corresponding author. The area south of the Mailiao
harbor, including the studied estuary, has been identified as
a habitat with high sighting rates of humpback dolphins but
not of other cetacean species (Chou et al. 2011).

Instrument deployment and data collection

Four long-life acoustic data loggers (A-tag, Marine Micro
Technology Inc., Saitama, Japan) were deployed in the
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Fig. 1 The monitored area was delineated into the riverside and the
offshore side based on the position of the two A-tags which were fixed
on opposite sides of the pile (empty inner circle). The dashed outer
circle represents the 1.25 km detection range of A-tag

field from July 31, 2009 to December 21, 2010 to record
the echolocation clicks produced by the humpback dol-
phins. The A-tags were attached to a fixed pile (N23°45.6'
E120°9.1"). The water depth at the pile ranged between 8
and 12 m depending on the tidal phase. The fixed pile
insulated the high-frequency clicks coming from the
opposite side so only clicks from one side were recorded by
each A-tag. During each deployment, two A-tags were
fixed at 4 m from the sea floor on opposite sides of the pile
to separate the monitoring area into the riverside and the
offshore side (Fig. 1). The riverside thus represents the area
that is more influenced by river discharge, as the distance
to the river mouth is shorter than the offshore side. We
retrieved the A-tags every month, as the weather made it
possible, to ensure data recovery and battery change.

The A-tag employed in this study is a self-contained
event recorder powered by two D cells which can record
continuously for about 30 days before the batteries are
completely drained. Each A-tag has two hydrophones
(MHP-140-70) placed 60 cm apart with an electronic band-
pass filter between 55 and 235 kHz. One hydrophone of
MHP-140-70 is most sensitive at 130 kHz (sensitivity:
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—200.0 dB re 1 V/puPa), and the other one is most sensitive
at 70 kHz (sensitivity: —200.2 dB re 1 V/pPa, the fre-
quency response curve is available at http://cse.fra.affrc.go.
jp/akamatsu/A-tag/A-tagSpec.html). The peak frequency
range (100-180 kHz) of humpback dolphin clicks (Goold
and Jefferson 2004) is thus within the audible range of the
A-tag. The dynamic range of A-tag is between 129 and
157 dB re 1 pPa peak to peak (Akamatsu et al. 2005a). The
individual difference in sensitivity of the long-life A-tags
was within £1 dB according to the calibration using
100 kHz 5-cycle tone burst sound projected in an acoustic
tank that was conducted by the second author. When
ultrasonic pulses were detected, the time, pressure level,
and the difference in arrival time of the sound between two
hydrophones were stored in the flash memory of the A-tag.
The sound arrival time difference was measured by the
high-speed counter within the A-tag based on a resolution
of 1.08 ps that enables the calculation of sound source
bearing angle with a relatively short 60-cm baseline
between the two hydrophones.

The detection ranges of A-tag have not been investi-
gated for humpback dolphins. For the finless porpoises,
empirical data show that the effective detection range
reached to 300 m during the towed survey (Akamatsu
et al. 2008). The simulation based on a spherical propa-
gation model also showed that the estimated detection
range reach to 1.25 km for the stationary monitoring
when the received level is 140.4 dB p—p (re 1 pPa)
(Kimura et al. 2010).

Acoustic data processing

The recorded ultrasonic pulse events were processed using
Igor Pro 5.01 (Wave Metrics, Lake Oswego, OR, USA).
Acoustic signals were filtered to remove background
noise, reflections from the sea surface and bottom, and
sounds other than those of humpback dolphins by using
the following procedures modified from Akamatsu et al.
(2010):

1. Signals with sound pressure levels <133.3 dB p—p (re
1 pPa) were excluded in order to reduce most of the
background noise.

2. Successive clicks detected within 4 ms were eliminated
to exclude potential surface or bottom reflections.

3. Successive clicks with ICI (inter-click interval) vari-
ations between 50 and 200 % were extracted to avoid
false detections from sounds other than those of
humpback dolphins, for example, pulses with irregular
ICIs from waves and other biological sound sources.

4. Click trains <6 clicks or >500 clicks were discarded in
the analysis to exclude isolated pulses and intense
shipping noise. A click train was defined as a series of

clicks separated by no more than 200 ms which was
the maximum ICI recorded in this study.

5. Click trains where the coefficient of variation of
pressure level was <0.3 and the standard deviation
(SD) of time difference between the two hydrophones
<221 ps were used for the analysis. This was to ensure
that the click trains were produced from a consistent
bearing angle since a sound source (i.e., dolphin)
should be located within a narrow bearing angle during
a single click train.

Preliminary comparison between the A-tag data and
wideband recording showed that the automatic filtering
was effective. Some false alarms from boat sonar or wave
noise were detected but were easily removed by visual
examination of the extremely small variation of ICIs or the
irregular change of time differences of noise train. In the
present study, the click trains were visually confirmed by
the first author after the automatic detection. For each fil-
tered click train, the start time, end time, mean ICI, stan-
dard deviation of ICIs, and arrival time differences were
saved for further analysis.

Temporal analysis of encounter rate

One dolphin could produce multiple click trains in a short
time. To reduce the effect of double counting the clicks
from the same individual, the encounter rate was used as a
quantified index of humpback dolphin acoustic activities in
this study. The encounter rate (e) was calculated as

N

62?,

(1)
where N and T represent the number of encounters and the
recording duration, respectively. An encounter was defined
as an independent sound source in a one minute time bin
from each A-tag according to the method employed by
Kimura et al. (2009). The independent sound source was
discriminated by the change of sound source bearing angle
among multiple click trains in the same time bin. Multiple
encounters per one minute time bin could be recorded if
two or more individuals were phonating at different bear-
ing angles. In this study, encounters were individually
recorded for the riverside and the offshore side to investi-
gate the variation in humpback dolphin acoustic activity on
different sides of the estuary.

The occurrence patterns were investigated based on the
change in encounter rates between daytime and nighttime
for the diurnal cycle and between high, ebb, low, and flood
tides for each tidal cycle. Encounter rates for each diurnal
and tidal phase were calculated for each week; the data sets
from less than 7 days recording were excluded from the
analysis. The daytime and nighttime were defined as the
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periods between the time of sunrise and sunset. The high
and low tides were defined as the periods between 1.5 h
before and after the time of high and low water, respec-
tively. The ebb and flood tides were defined as the periods
between high and low tides resulting in four periods for
each tidal cycle. The time of sunrise, sunset, high, and low
water were obtained from the Taiwan Central Weather
Bureau. Since the distribution of encounter rate was not
normally distributed, Mann—Whitney U test and Kruskal—
Wallis ANOVA were applied to test the difference in
encounter rates among the diurnal and the tidal phases.

Behavioral analysis of dolphin schools

In this study, the habitat-use pattern of humpback dolphins
was described by the movement pattern of a dolphin
school, rather than that of individual animal. A dolphin
school was defined as a series of encounters with relatively
close time cohesion. An encounter was considered to be
within a school if it occurred within 10 min of any other
encounter.

For each detected school, its movement pattern was
categorized as circling, traveling, or unidentified move-
ments based on the traces of the sound source bearing angle
(Fig. 2). The movement was classified as circling when
traces of the sound sources moved from one quadrant of the
monitored area to the other quadrants and then circled back
to the original quadrant. The four quadrants were defined
by two axes, which are the boundary between the two
monitoring sides and the zero time difference between two
hydrophones of the A-tag. The circling movement, char-
acterized by a back and forth moving pattern, has been
linked to the foraging behaviors of bottlenose dolphins
when dolphins were circling around or chasing a school of
fish (Bel’kovich et al. 1991). A movement was classified as
traveling when traces of the sound sources were shown to
head in the same direction during the entire time. Move-
ments not belonging to either the circling or traveling
movements were categorized as unidentified. Schools with
less than ten click trains were not categorized into any
movements since the traces of the sound source bearing
angles were not sufficient to discriminate their movement
type.

The behavior of each cataloged school was quantita-
tively compared based on the duration of sound reception
and its echolocation use. The duration of sound reception,
an index of the duration a school remained in the area, was
calculated based on the time between the first and last
detected clicks. The difference of duration in the three
movement types was tested by Kruskal-Wallis ANOVA.

For the echolocation use, the maximum inspected dis-
tance (MID) of the dolphins (Thomas and Turl 1990) was
calculated as

@ Springer

MID = v x ICI, (2)

where v represents the underwater sound speed, and ICI
represents the inter-click interval. The underwater sound
speed ranged between 1,466 and 1,542 m/s based on the
UNESCO equation when seawater temperature ranged
between 15 and 30 °C and salinity ranged between 0 and
32 ppt. The temperature and salinity ranges were based on
the data recorded by the DST CTD loggers (Star-Oddi,
Gardabaer, Iceland) deployed in the study site. The maxi-
mum inspected distance does not represent the actual
detection distance, as a time lag is included in the ICI in
addition to the two-way transit time of a click (Au 1993).
To compare the composition of maximum inspected dis-
tance of the three movement types, re-sampling analysis
was employed for the reason that the mean ICIs of suc-
cessive click trains are not totally independent. ICIs also
vary within each click train since dolphins produce multi-
ple clicks in each click train to continuously update their
inspected distance. To prevent the pseudo-replication in
sample size, only one click train was randomly selected
from all click trains of each school at each re-sampling.
Then, only one ICI was randomly extracted between the
mean £ SD ICI from this selected click train. Based on the
extracted ICI, the maximum inspected distance of each
school was calculated and categorized as short (<15 m),
medium (1545 m), or long (>45 m) range, assuming that
the underwater sound speed was 1,500 m/s on the average.
The percentages of the three categories of maximum
inspected distance among the three movements were
compared by ANOVA and Tukey’s honestly significant
difference (HSD) tests after re-sampling 10,000 times. The
re-sampling-based analysis was performed in Matlab 7.1
(MathWorks Inc., Natick, MA, USA).

Temporal occurrence analysis of movement types

In order to identify occurrence probabilities of the three
movement types in each tidal phase, the observed number
(O) of each movement type was compared to the expected
number (E) over the four tidal phases by chi-squared tests.
The expected number of each movement () in each tidal
phase () was calculated by multiplying the total observed
number of each movement type (O,,) by the occurrence
probability of dolphin schools in each tidal phase (P,),

Em¢ = On X P.. (3)
The P, was calculated as
0
Pl = 0_;7 (4)

where O, represents the number of observed schools in
each tidal phase and O- represents the total number of
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observed schools. Observed schools with duration of sound
reception that occurred during one tidal phase but extended
into the next tidal phase were assigned to the phase
that contained the greater portion of duration of sound
reception.

Spatial distribution analysis of movement types

To investigate the spatial distribution in the monitoring
area of the three movement types within the tidal cycle, the
proportion of encounters at the riverside (R) of each school
was calculated as

R=1", 5)
N,

where the N, represents the number of encounters for a
school detected on the riverside, and N represents the total
number of encounters for that school. If R is equal to one,
the whole school was considered to be present only on the
riverside; on the other hand, the whole school was con-
sidered to be present only on the offshore side if R equals
zero. Kruskal-Wallis ANOVA and Mann—Whitney U tests
were used to compare the proportion of encounters at the
riverside encounters between tidal phases to understand the
distribution change of each movement type.

Results

Due to the lack of sufficient A-tags in the first year and the
limited days with fine weather in fall and winter to retrieve
the A-tags, only 268 days (6,282 h) of effective recordings
were obtained during the study period (Table 1). Indo-
Pacific humpback dolphins were detected by the A-tags on
78 % of the monitoring days, with 0.29 encounters/h or
0.10 schools/h on the average.

Temporal variation in encounter rates

The difference between the daytime and nighttime encounter
rates was not significant on both the riverside (Mann—Whit-
ney U test, U = 487, Ny = 32, N, = 32, P = 0.74) and the
offshore side (Mann—Whitney U test, U = 432, N; = 32,
N, = 32, P = 0.28) (Fig. 3). On the other hand, the variation
in the encounter rates among the four tidal phases showed
significant difference on the riverside (Kruskal-Wallis
ANOVA, H; 120 = 9.51, P = 0.02), but not on the offshore
side (Kruskal-Wallis ANOVA, Hj 0 = 4.18, P = 0.24).
On the riverside, the encounter rates during ebb tides were
significantly lowest than those in the other tidal phases
(Fig. 4). Accordingly, the succeeding analysis focused only
on the tidal cycle rather than on the diurnal cycle.
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Table 1 Periods of effective
acoustic monitoring, the serial
number of employed A-tags,
and number of acoustic
encounters of humpback
dolphins in each period

Fig. 3 Median encounter rates
of humpback dolphins on the
riverside and the offshore side
in relation to the two diurnal
phases. The shaded boxes
represent the range of the first
quartile to the third quartile, and
the error bars represent the
range of all data

Fig. 4 Median encounter rates
of humpback dolphins on the
riverside and the offshore side
during the four tidal phases. The
shaded boxes represent the
range of the first quartile to the
third quartile, and the error bars
represent the range of all data.
The letters above the bars
denote Mann—Whitney U test
post hoc grouping

Behavioral analysis

Date Serial No. of A-tag Recording No. of Encounter rate
- - - duration (h) encounters (encounters/h)
Riverside Offshore side
2009/7/31-8/15 96038 96037 367 72 0.20
2009/8/26-9/26 96037 96038 736 217 0.29
2009/10/28-11/30 96037 96038 807 207 0.26
2010/2/10-3/10 96037 96038 684 60 0.09
2010/4/11-5/14 96037 96038 794 311 0.39
20106/8-7/10 9A050 9A051 771 361 0.47
20107/11-8/12 96037 96038 787 227 0.29
2010/8/17-9/12 9A051 9A050 631 244 0.39
2010/11/22-12/21 96038 96037 705 100 0.14
Total 6,282 1,799 0.29
River side Offshore side
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reception (Kruskal-Wallis ANOVA, H, ;3 = 28.23,

The numbers of schools that were identified as displaying
circling, traveling, or unidentified movements were 32, 44,
and 37, respectively. These three movement types were
associated with significantly different durations of sound
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P < 0.001). Longest durations were observed during cir-
cling movements, while shortest duration was found during
traveling (Table 2). The averaged ICI of all three move-
ments showed bimodal distribution, with the first peak
between 15 and 20 ms and the other peak between 30 and
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Table 2 Detection result of the three movement types

Movement type No. of schools No. of encounters Duration of

sound
reception
(min)
Mean SD
Circling 32 520 18.56 12.52
Traveling 44 255 6.76  4.46
Unidentified 37 312 13.59 11.00
Averaged inter-click interval (ms)
90 20 40 60 80 100 120 140 160 180 200
8 —— Circling
7t e Traveling 1
6l Unidentified
o
o
© 5
c
Q@
3
2
1
0

0 15 30 45 60 75 90 105 120 135 150
Maximum inspected distance (m)

Fig. 5 Frequency distribution based on the averaged inter-click
interval (ICI) in a train, grouped in 5 ms intervals, and the maximum
distance inspected by dolphins for the three movement types

50 ms (Fig. 5). The three movements had different compo-
sitions of maximum inspected distance, which is supported
by the significant percentage differences for the three cate-
gories of maximum inspected distance between the three
movement types in the re-sampling analysis (ANOVA,
F229997) = 953.04, 9130.37, and 14513.8 for short-, med-
ium-, and long-range inspected distance, respectively,
P < 0.001 for all cases). The circling movements used a

Fig. 6 Mean percentages of the Short range MID

three categories of maximum 30%
inspected distance (MID) for the
three movements. The short,
medium, and long ranges
represent <15, 15-45, and

>45 m of MID, respectively.
The error bars represent the SD
of the 10,000 re-sampled data.
The letters above the bars
denote significant difference
based on Tukey HSD test post
hoc grouping S <& .6‘3'0

20% a b

Percentage

10%

0%

higher percentage of medium-range inspected distance but a
lower percentage of short- and long-range inspected distance
than the traveling movements (Fig. 6). Maximum inspected
distance longer than 15 m (medium- and long-range cate-
gories) suggested that the dolphins were inspecting a dis-
tance greater than the water depth of their primary habitat.
This shows that the dolphins were not inspecting the seafloor
vertically.

Temporal occurrence of movement types

The occurrence probabilities changed significantly over the
tidal cycle for the circling movements (chi-square test,
}(ﬁ = 11.14, P < 0.01), but not for either the traveling
(chi-square test, traveling: y; = 3.44, P < 0.33) or the
unidentified movements (chi-square test, Xﬁ = 047,
P < 0.93). The circling movements occurred more fre-
quently during flood tides and less frequently during ebb tide;
however, other movement types did not exhibit a similar tidal
presence pattern (Fig. 7).

Spatial distribution of movement types

The percentage of riverside encounters of circling move-
ments changed significantly over the four tidal phases
(Kruskal-Wallis ANOVA, H33, = 9.62, P = 0.02). Com-
pared to the relatively wider distribution range during flood
tide, circling movements occurred mainly on the riverside in
a narrower distribution range during high tide. Furthermore,
the only circling school observed during ebb tide was found
mainly on the offshore side (Fig. 8). In contrast, the per-
centage of riverside encounters of other movement types
showed no significant changes over the four tidal phases
(Kruskal-Wallis ANOVA, traveling: Hs;44 = 3.87, P =
0.28; unidentified: H;37; = 5.49, P = 0.14).

Discussion

The present study shows that the acoustic encounter rate of
humpback dolphins varied significantly on the riverside as

Medium range MID Long range MID
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a function of the tidal cycle instead of the diurnal cycle.
Furthermore, the three movement types, characterized by
varied behavioral patterns, displayed different temporal
and spatial presence patterns over the four tidal phases. The
utilization pattern of humpback dolphins in their estuarine
habitat is thus shown to be correlated with the tidal cycle.

To determine which periodic factor was related to the
temporal variation in humpback dolphin habitat use, both
the diurnal and tidal cycles were investigated. This level of
comprehensive daily monitoring cannot be accomplished
by visual observation and can only be achieved by PAM.
Still, there are some limitations to PAM. Its detection range
varies with the orientation of the echolocating animal,
given that the beam pattern of clicks produced by odont-
ocetes is highly directional (Au 1980; Au et al. 1987). The
detection range is much longer if the dolphin head is
directly oriented toward the hydrophone (on-axis). Any
head orientation that is not on-axis would reduce the
detection range. As a result, the presence of echolocating
animals might have not been detected when they were not
orientated toward our acoustic sensors or when they passed
by the monitoring area quickly. However, the long duration
and continuous monitoring in this study should be able to
capture the humpback dolphins’ occurrence patterns,
especially for frequently occurring behaviors.
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Our finding that the acoustic encounter rates of the
humpback dolphins on the riverside changed significantly
over the tidal cycle is similar to the sighting rate variation of
estuarine bottlenose dolphins (Mendes et al. 2002; Fury and
Harrison 2011). Varied presence patterns in the tidal cycle
between different behavioral states (e.g., foraging and trav-
eling) were also reported for both the humpback dolphins
and the costal bottlenose dolphins (Saayman and Tayler
1979; Hanson and Defran 1993). Still, the occurrence pat-
tern of humpback dolphins can be site-specific. The tide-
based presence pattern reported by the present study is dif-
ferent from those documented in Algoa Bay, South Africa,
and in Hong Kong waters. The change of sighting rates was
related to the diurnal cycle in Algoa Bay (Karczmarski et al.
2000), and the sighting rate was higher during ebb tides than
flood tides in Hong Kong waters (Parsons 1998). These site-
specific variations may be due to the influence exerted by
river discharges in a given study area. At greater distances
from the river mouth, the freshwater—seawater interaction
induced by the tidal activity could be lessened to the point
that the tidal cycle ceases to be a factor in determining the
presence pattern of humpback dolphins. While a wider area
that includes habitats less influenced by river discharges was
covered, a different occurrence pattern of humpback dol-
phins could be found.
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The tide-related presence pattern was not observed on
the offshore side which shows that the humpback dolphins
exhibit temporal and spatial variations in their habitat uti-
lization. The habitat utilization of humpback dolphins was
determined based on the traveling and circling schools,
which represented two clearly different behavioral patterns.
Despite absence of direct measurement on the inspected
distance of humpback dolphins, the variations in the ICIs
can be assumed to be directly proportional to the acoustic
sensing range (Akamatsu et al. 2005b; Madsen et al. 2005).
Short-range inspected distance occurs when the echolo-
cating animal is inspecting its target from within only a few
body lengths or scanning the seafloor. On the other hand,
medium- and long-range inspected distances suggest that
the echolocating dolphins are not vertically inspecting the
seafloor. Our results show that the traveling movements
mainly involve inspecting long-distance targets and pass-
ing through the monitored area without lingering. In con-
trast, circling movements, which showed not only more
complex trajectories but also remained in an area for sig-
nificantly longer periods of time, are thought to be related
to foraging behaviors. Moreover, the lower percentage of

short-range inspected distance and higher percentage of
medium-range inspected distance in circling movements
suggest that the behavior of vertically inspecting the sea-
floor occurs less often. Similar observations were recorded
for Hawaiian spinner dolphins (Stenella longirostris) where
short-range inspected distance was rarely recorded when
they were cooperatively herding fish schools in circling
formations (Benoit-Bird and Au 2009). In addition, the first
author has observed humpback dolphins feeding on the
epipelagic Perth herring (Nematalosa come) with back and
forth movement which is similar to the circling movement
observed through acoustic trajectories in this study. The
circling movement is different from the widely dispersed
group formation observed in the bottom feeding strategy
(Karczmarski et al. 1997; Parra 2006). Therefore, the main
prey targets of the circling dolphins in the present study are
very likely to be epipelagic fish, rather than benthic fish.
Unlike the other movement types which had no signif-
icant periodic variation, circling movements occurred more
frequently during flood tide and less frequently during
ebb tide. Despite the small study area, the spatial distri-
bution analysis revealed that dolphins displaying circling
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movements occurred on both the riverside and the offshore
side during flood tide. They moved to the riverside during
high tide and then moved back to the offshore side during
ebb tide, which corresponded with the difference in
encounter rates between the two monitoring sides during
high and ebb tides. This spatial distribution pattern of
circling humpback dolphins is similar to that of the bot-
tlenose dolphins reported by Scott et al. (1990). They
observed that the bottlenose dolphins follow the movement
of striped mullet Mugil cephalus (Mugilidae) to shallow
waters during flood tides and then return to deeper waters
during ebb tides. This predator—prey interaction suggests
that the distribution of the prey fish is a direct factor in
determining the movement patterns of dolphins (Hastie
et al. 2004). Marine animals, including decapods and fish,
use selective tidal-stream transport to migrate between sub-
tidal resting grounds and intertidal feeding grounds
(Tankersley and Forward 2001; Gibson 2003). The prey
species of humpback dolphins can include benthic fish
(majorly family Sciaenidae) and epipelagic fish (family
Engraulidae, Clupeidae, Trichiuridae, and Mugilidae)
(Jefferson 2000; Barros et al. 2004; Parra and Jedens;jo
2009). Although no clear tidal presence patterns of their
benthic prey, such as croakers, have been reported, their
epipelagic fish prey, including anchovies and mullets, have
been observed to ride the flood tide into the intertidal zone
and mill around during high tide (Krumme 2004, 2009).
The tidal-driven movement of the epipelagic fish prey leads
to the tidal occurrence of circling movement of humpback
dolphins. Therefore, the occurrence pattern of humpback
dolphins in the focal estuary follows the tidal cycle in order
to maximize their foraging opportunities.

The tidal-driven activity of the estuarine dolphins and
their prey can be influenced by the interaction between
freshwater and seawater. Mendes et al. (2002) reported that
the higher sighting rates of bottlenose dolphins during flood
tides in the Moray Firth, Scotland, are correlated with the
formation of the tidal intrusion front near the river mouth.
The tidal front in an estuary can cause turbulence at the
frontal region and result in an accumulation of higher
plankton concentrations which can attract relevant predators
(Franks 1992; Largier 1993). The activity of a tidal front
should be investigated in future studies to understand the
hydrological characteristics of the focal estuary. The moni-
toring area should be extended to the waters close to the
river mouth to better understand the habitat-use pattern of
humpback dolphins in an estuary and its relations with the
tidal front. To determine whether epipelagic fish are the
primary target of the humpback dolphins’ circling move-
ment, an echo-sounder can be employed to investigate the
presence of epipelagic fish. The proposed studies can help to
understand the feeding habits of humpback dolphins, which
are currently unknown for Western Taiwan population, and
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provide a solid base for the regulation of fishery activities in
estuarine waters. The fishery activities can directly threaten
the humpback dolphins through the entanglement or indi-
rectly affect their habitat-use pattern by changing the
availability of prey. The temporal variations, including the
daily activity presented in this study and the seasonal vari-
ation need further investigation, should also assist the
competent authorities of government to designate proper
regulation on the fishery activities to decrease the impact on
this vulnerable population of humpback dolphins.
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