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Hawaiian spinner dolphins (Stenella longirostris) rest during the day in the islands’
coastal waters where they are susceptible to human disturbance. Due to concerns
over the negative impacts of human activity, the Pacific Islands Regional Office of
the National Oceanic and Atmospheric Administration (NOAA) has proposed a 50-
yard approach rule for spinner dolphins and is also considering time-area closures
of certain important spinner dolphin resting areas. However, gaps still persist in the
understanding of how spinner dolphin populations on different Hawaiian Islands use
coastal waters, raising questions about the efficacy of the proposed rules. To better
understand how spinner dolphins use the waters in the Maui Nui region (Maui, Moloka‘i,
Lāna‘i, and the ‘Au‘au channel), a study was conducted using a combination of passive
acoustic monitoring and vessel surveys to document spinner dolphin occurrence and
movements. Bottom-moored acoustic recorders were deployed at eight locations in
Maui Nui, and at one previously established resting bay off west O‘ahu for comparison.
The amount of whistles, clicks, and burst pulses at each location was quantified and
averaged by the hour of the day. Acoustic activity was greater at the O‘ahu site than at
any of the Maui Nui sites, and was greatest between sunrise and noon. Acoustic activity
and vessel surveys both reveal that spinner dolphins occur and exhibit resting behaviors
in the ‘Au‘au channel between Maui and Lāna‘i, and also along west Maui and southeast
Lāna‘i. Spinner dolphins resting in a channel between islands appears to be unique to
Maui Nui and differs from resting patterns described along Hawai‘i Island and O‘ahu.
Because spinner dolphins appear to use both the coastlines and the channel to rest in
Maui Nui, the 50-yard approach rule appears to be a more suitable management option
for the region than time-area closures.
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INTRODUCTION

The spinner dolphin (Stenella longirostris) is a well-studied odontocete species distributed across
tropical and subtropical oceans of the world. Hawaiian spinner dolphins are considered genetically
distinct from other populations in the Pacific Ocean and are found throughout the island chain
(Andrews et al., 2010). Past research off the Kona coast of Hawai‘i Island has established that spinner
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dolphins are reliably found along the island’s sloping coastlines
where they follow predictable, daily behavioral routines (Norris
et al., 1994). These routines consist of nocturnal foraging, during
which spinner dolphins feed on vertically migrating mesopelagic
fish, and mesopelagic and epipelagic squid typically found in
deeper waters of the island slopes along the 1000-fathom contour
(Klinowska, 1991; Norris et al., 1994; Benoit-Bird et al., 2001;
Benoit-Bird and Au, 2003). By dawn, the dolphins transition
to a bout of increased aerial activity and zig-zag swimming, or
frequent changes in their direction of travel (Norris et al., 1994).
The highly dispersed school then tightens into subgroups as it
moves into shallower, protected bays to rest (Norris et al., 1994).

Aerial surveys off the Kona coast in 1979–1980 suggested that
bay selection was opportunistic and showed a positive correlation
between the closeness of deep water to shore and the presence
of dolphins in nearby coves (Norris et al., 1994). However, these
surveys also showed that if visibility or weather conditions were
poor, the dolphins would relocate to calmer bays. While in the
bays, spinner dolphins confine their movements to areas over
white coral sand and avoid dark reefs. This preference for shallow
bays with low rugosity has also been demonstrated in modeling of
spinner dolphin habitat in the Main Hawaiian Islands (Thorne
et al., 2012). The need for clear visibility is attributed to
the dolphins’ shift from primarily employing echolocation to
monitor their environment, to relying more on vision in the
resting state (Norris et al., 1994).

Since the aerial surveys, it has been shown that spinner
dolphins off some of the other Hawaiian islands also exhibit
predictable patterns of behavior (Benoit-Bird and Au, 2003;
Bazúa-Durán and Au, 2004; Lammers, 2004, 2019; Tyne et al.,
2014). However, there is another, more cryptic group that
occupies the waters of the broader Maui Nui region between
the islands of Maui, Moloka‘i, and Lāna‘i, whose behavioral use
of the coastline and inter-island channels is variable and poorly
understood. This area is of particular interest because Maui Nui
has a uniquely shallow bathymetry compared to the steeper
slopes and deep waters of the other Hawaiian Islands where
spinner dolphins occur (Price and Elliott-Fisk, 2004). Therefore,
it is unclear how these dolphins complete their day/nighttime
behavioral cycle, given the comparatively farther distance to deep,
island-slope waters. The effect of varying habitat availability on
spinner dolphin behavior can be seen at Midway Atoll. There,
dolphins compensate for limited resting bays and vast areas of
open ocean by maintaining both geographic and group fidelity
and minimizing movement between atolls (Karczmarski et al.,
2005). Additionally, a recent publication of spinner dolphin
sightings and photo-identification data collected between 1996
and 2019 identified south Lāna‘i and west Maui as two hotspots
of dolphin presence in Maui Nui (Stack et al., 2020). Spinner
dolphins were observed milling and traveling along west Maui;
and milling, traveling, or resting along Lāna‘i and in the ‘Au‘au
channel. This suggests that a variant behavioral routine in the
Maui Nui spinner dolphin population might be present.

The west Maui coast has been subject to intense urbanization
and human activity over the past three decades with the
construction of numerous resorts and the growth of recreational
water activities. These activities, which include whale-watching

tours, snorkeling tours, parasailers, and recreational boaters,
mostly occur in the shallow waters typically preferred by
spinner dolphins for daytime resting. This is a concern
because human activity can interrupt dolphin resting periods or
displace them from their prime resting locations, and because
spinner dolphin resting behavior consistently takes place near
human activity, they may be impacted by human disturbance
(Tyne et al., 2014, 2017).

Studies conducted off the Kona coast of the island of Hawai‘i
have shown that human activities frequently interrupt dolphins at
rest, and bays with dolphin-centric human activities have greater
amounts of dolphin acoustic activity during times typically
characterized by relative silence, suggesting a reduction in rest
(Courbis and Timmel, 2009; Heenehan et al., 2016a,b). Dolphins
off Mākua Beach, O‘ahu have also shown a decrease or delay of
rest possibly in response to swimmers (Danil et al., 2005). In
response to these concerns, the National Marine Fisheries Service
has proposed a 50-yard approach limit for Hawaiian spinner
dolphins and possible targeted time-area closures of important
resting habitats (NOAA, 2016). However, in order to establish
the most effective regulations for Hawai‘i’s spinner dolphins,
current dolphin habitat-use patterns must be better understood
for each island.

Like those of many delphinids, spinner dolphin acoustic
signals can be classified into three broad categories: whistles,
echolocation clicks, and “burst pulse” click trains (Lammers and
Au, 2003; Lammers and Oswald, 2015). Frequency modulated,
tonal whistles and “burst pulse” click trains are the main types
of acoustic signals in social interactions, and echolocation clicks
are primarily used as biosonar while foraging or navigating the
environment (Lammers and Au, 2003; Lammers et al., 2006).
When resting, spinner dolphins remain fairly silent but increase
their acoustic activity while traveling or foraging (Norris et al.,
1994; Bazúa-Durán and Au, 2004). The variation in timing
and type of acoustic behavior can be used to determine the
spinner dolphins’ presence in an area and infer their social state
(Heenehan et al., 2016a, 2017). As a result, spinner dolphins
are well suited for monitoring using autonomous recorders to
establish their patterns of occurrence in an area of interest
(Lammers and Munger, 2016).

The objective of this study was to determine whether
spinner dolphins in the Maui Nui region exhibit similar daily
behavioral patterns as those previously described along the
Wai‘anae coast of O‘ahu (Lammers, 2004) and the Kona coast
of Hawai‘i Island (Norris et al., 1994; Tyne et al., 2015). In
other words: do spinner dolphins in the Maui Nui region
occupy nearshore habitats for socializing and resting as they
do elsewhere in Hawai’i, and which areas are frequented the
most by spinner dolphins. A combination of passive acoustic
methods and vessel surveys were employed to characterize
spinner dolphin occurrence in the west Maui/south Lāna’i
portion of Maui Nui. Passive acoustic monitoring and visual
survey methods have been shown to produce equivalent results
in presence/absence studies of spinner dolphins off the Kona
coast (Heenehan et al., 2016b). Passive acoustic monitoring
has the added benefit of providing long-term, continuous data
collection, resulting in good temporal resolution of trends in
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animal presence (Lammers and Munger, 2016), but it is spatially
limited to the monitored location. The vessel surveys in this
study were therefore used to supplement the acoustic data in
order to obtain a broader spatial perspective of spinner dolphins’
use of Maui Nui.

METHODOLOGY

Passive Acoustic Monitoring
Ecological Acoustic Recorders (EARs) (Lammers et al., 2008b)
were used to monitor the acoustic presence of spinner dolphins
at eight locations in Maui Nui and one location off the Wai‘anae
coast of O‘ahu (Figure 1). EAR deployment locations were
selected by soliciting input from commercial and private ocean
users familiar with Maui Nui’s spinner dolphins and from the
authors’ personal experience. These locations were selected to
understand the relative importance of each area to the dolphins’
daily routine. The O‘ahu location was selected to represent the
acoustic activity pattern that can be expected at an established
spinner dolphin resting bay. The measured detection range of
each EAR location varied with local propagation conditions and

ambient noise levels, and fell between approximately 500 and
2000 m, based on in situ measurements obtained by projecting
a 4–7 kHz FM tonal signal with a source level of 145.5 dB re
1 µPa from a vessel at multiple distances (McElligott, 2018).
Therefore, it can be assumed that monitored sites did not have
overlapping listening ranges. Furthermore, apart from the EAR
placed in the middle of the ‘Au‘au channel, each EAR location
detected delphinids occurring within 1–2 km of the coastline,
which are predominantly spinner dolphins (Howe and Lammers,
2021). Each EAR was programmed to record at a 10% duty cycle
of 30 s “on” every 300 s. Because some of the EARs were used
as part of parallel studies, sampling rates varied between some
instruments, but the minimum frequency range used (25 kHz)
was sufficient to capture the fundamental frequencies of spinner
dolphin whistles and the lower end of the frequency range of
their click trains (Lammers and Au, 2003). All EARs recorded for
2 months or longer (Table 1).

Analysis of Acoustic Recordings
Each 30-s EAR recording was visually scanned in the MATLAB
program Triton using an FFT length of 1400 points, with 50%
overlap, and a plot length of 15 s (Wiggins, 2003). For each

FIGURE 1 | Location of 2015 and 2016 Ecological Acoustic Recorders (EARs) used to monitor the acoustic presence of Hawaiian spinner dolphins at eight locations
in Maui Nui (shown in the inset), and one location off the Wai‘anae Coast of O‘ahu.
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TABLE 1 | Ecological Acoustic Recorders (EARs) were deployed in one location off O‘ahu, and eight locations in Maui Nui.

EAR Season Start End Sample rate (Hz) Depth (m) Latitude Longitude

Oahu Fall 10/1/2016 11/30/2016 50000 18.0 21.53210 −158.23450

Lanai 1 Fall 9/30/2016 11/30/2016 64000 20.9 20.73928 −156.88200

Lanai 2 Fall 9/30/2016 11/30/2016 64000 42.2 20.80275 −156.79930

Channel 1 Winter 1/18/2015 3/18/2015 125000 70.1 20.84877 −156.74882

Channel 2 Summer 6/30/2016 8/30/2016 64000 70.1 20.84877 −156.74882

Maui 1 Fall 10/5/2016 11/30/2016 64000 25.5 21.01693 −156.64980

Maui 2 Winter 1/15/2016 3/16/2016 50000 11.2 20.93892 −156.69470

Maui 3 Summer 6/30/2016 8/30/2016 64000 11.2 20.93892 −156.69470

Maui 4 Summer 6/30/2016 8/30/2016 64000 30.0 20.89812 −156.69720

Maui 5 Summer 6/30/2016 8/20/2016 64000 43.9 20.84208 −156.66920

Maui 6 Winter 1/15/2016 3/16/2016 50000 12.0 20.83077 −156.64320

Maui 7 Summer 6/30/2016 8/30/2016 64000 12.0 20.83077 −156.64320

Approximately 2 months of recordings were analyzed for each deployment.
The Channel 1 and Channel 2 deployments took place in the same location, as did the Maui 2 and Maui 3 deployments, and the Maui 6 and Maui 7 deployments.
Additional details of the study area are shown in Figure 1.

recording containing dolphin signals, dolphin acoustic activity
was quantified using an Acoustic Activity Index (AAI) based
on the quantity of whistles, clicks, and burst pulses present
and modified from the scalar metric used by Lammers et al.
(2013). AAI ranged from 0 to 3.5 with higher index values
assigned to recordings that contained more dolphin whistles,
clicks, and/or burst pulses (Table 2). For example, an AAI
value of 0 indicates that there was no dolphin acoustic activity
present in a 30-s recording. The next possible index value of
0.5 was assigned to recordings that contained either no more
than 5 whistles, no more than 5 burst pulses, or echolocation
clicks present in less than half of the recording. The maximum
index value of 3.5 was assigned to 30-s recordings with at least
10 whistles, and echolocation clicks and burst pulses present.
Thus, one index value from Table 2 was assigned to each 30-
s recording based on the number and type of signals observed
in that recording, placing it along a continuum between little
or no acoustic activity and a lot of acoustic signaling. The
resulting data were compiled to establish the mean acoustic
activity index for each hour of every day of each deployment.
Using this index allowed the comparison of relative states of
acoustic activity at different times of day at different locations
within the study area.

Time of day was binned into three “day categories” for analysis
in order to reduce temporal autocorrelation within the data.
The hours between local sunrise (between 0554 and 0713 h)
and noon (1200 h) were defined as “Sunrise-Noon” in order
to characterize the acoustic activity of spinner dolphins during
the hours in which they are typically traveling from foraging
grounds to the nearshore resting bays and beginning their
resting behaviors. The hours between noon and local sunset
(between 1749 and 1919 h) were defined as “Noon-Sunset” to
characterize the acoustic activity of spinner dolphins during
the hours in which they transition from resting to traveling
offshore to their foraging grounds. The final category, “Night”
was defined as the hours between sunset and sunrise, when
spinner dolphins engage in foraging behavior (Norris et al., 1994;
Tyne et al., 2015).

To determine the ways in which acoustic activity varied
among different sites and time of day, these relationships were
explored using a generalized additive model (GAM). A beta
distribution was selected to describe the response variable due
to the non-parametric, positive, and bounded distribution of
AAI (Schmid et al., 2013). AAI was divided by 3.5 to fit within
the 0–1 range of a beta distribution. By nature, these data
are temporally and spatially autocorrelated, so a component-
wise gradient boosted beta regression generalized additive model
(boosted GAM) was fit to the data using the gamboostLSS package
(Hofner et al., 2014, 2016). Boosted GAMs with beta regressions
estimate two model parameters: mu, which estimates the mean

TABLE 2 | Acoustic Activity Index (AAI) based on the quantity and type of
Hawaiian spinner dolphin signals within each 30-s recording.

Hawaiian spinner dolphin signals Acoustic Activity Index
(range: 0–3.5)

No acoustic activity 0

1–5 whistles 0.5

Burst pulses only (<5 pulses) 0.5

Clicks only in less than half the recording 0.5

6–10 whistles 1.0

Clicks only in more than half the recording 1.0

Burst pulses only (>5 pulses) 1.0

Clicks and burst pulses (<5 pulses) 1.0

1–5 whistles and clicks or burst pulses 1.5

>10 whistles 2.0

Clicks and burst pulses (>5 pulses) 2.0

1–5 whistles and clicks and burst pulses 2.5

6–10 whistles and clicks or burst pulses 2.5

6–10 whistles and clicks and burst pulses 3.0

>10 whistles and clicks or burst pulses 3.0

>10 whistles and clicks and burst pulses 3.5

The index ranges from 0 to 3.5.
Values increase with increasing acoustic activity, and higher index values indicate
spinner dolphins in an awake state.
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acoustic activity index, and phi, which is a precision parameter
that adjusts the conditional variance for each predictor (Schmid
et al., 2013). Boosted GAMs have built-in variable selection and
can be combined with cross-validation techniques to determine
the optimal number of boosting iterations and prevent over-
fitting (Hofner et al., 2016). In addition to site and day category,
a spatial spline and cyclic temporal spline were included in the
model as initial base-learners to explain variance in AAI due to
the longitude and latitude of the EAR, and the month of the year.
This type of model has successfully been applied to ecological
data to mitigate the complexities of autocorrelated, non-linear
data (Maloney et al., 2012; Tyne et al., 2015; Sewe et al., 2017).
Statistical tests were performed in the software package R with
base (R Core Team, 2015).

Vessel Surveys
Concurrent with the EAR deployments, vessel surveys and focal
follows were used to provide additional detail about the spinner
dolphins’ movements and behavioral state at different locations
in Maui Nui. An initial series of seven surveys was conducted
over a 2-week period in August 2016 that covered the west
Maui coast and offshore waters where spinner dolphins have
been reported. Three additional vessel surveys took place in
June of 2017. The survey tracks closely followed the locations
of the EAR deployments in order to examine spinner dolphin
presence. Each survey began out of Lāhainā Harbor in a 21-ft
vessel with two observers on board cruising at 10 knots. When
animals were encountered and, if conditions permitted, spinner
dolphin groups were followed at a distance of 300–400 m for
as long as feasible (at least 15 min) with the goal of observing
the group through their resting period. As the dolphins were
tracked, group size, location, and behavioral state (milling,
resting, travel-resting, or traveling) were recorded every 15 min.
Milling was characterized by dolphins spending more time at
the surface and swimming in varying directions. Resting was
defined by the presence of tightly spaced spinner dolphin groups
performing coordinated dives that lasted longer than 3 min.
Travel-resting was defined by resting groups moving in one
general direction, while traveling was defined by the group
swimming in a generally straight direction without any resting
behavior. Sightings ended when the dolphins were not sighted
for more than 15 min. For multistate groups, the dominant
behavioral state was applied to the group.

RESULTS

Passive Acoustic Monitoring
A total of 191,808 recordings were manually scanned for dolphin
acoustic signals, and assigned a value for the AAI. The mean
hourly AAI (±SEM) is shown for each deployment in Figure 2.
The Oahu deployment off Mākua Beach is representative of
a previously established spinner dolphin resting bay. Oahu
had more than double the mean hourly AAI than the other
deployment sites (Figure 2). Of the Maui Nui deployments, Lanai
1, Channel 2, Maui 1, and Maui 4 had the greatest mean hourly

FIGURE 2 | Mean hourly Acoustic Activity Index (AAI), ranging from 0 to 3.5,
of each Ecological Acoustic Recorder (EAR) deployment. Error bars represent
the standard error of the mean (±SEM).

AAI. However, all of the deployment locations contained some
level of spinner dolphin acoustic activity.

The greater AAI for the Oahu deployment was also apparent
when plotted by hour of the day (Figure 3). Mean AAI peaked
at 800–900 h with a smaller, secondary peak at 1500–1600 h. This
bimodal pattern also occurred at the Lanai 1 site with a maximum
mean AAI at 1200 h and a secondary peak at 1500–1600 h, as well
as the Channel 2 site with peaks at 900 h and 1500–1600 h. Maui
1 and Maui 4 had single peaks in acoustic activity at 800–900 h
and 1300 h, respectively.

Winter vs. Summer Acoustic Activity
The seasonality of spinner dolphin acoustic activity was explored
at three EAR locations where both a winter deployment and
a summer deployment were made. Channel 1 and Channel
2 were winter and summer deployments, respectively, in the
same location, as were Maui 2 and 3, and Maui 6 and 7. Each
location had an increase in the mean AAI during the summer
deployment (Figure 4).

Boosted Beta Regression – Generalized
Additive Model
The base learners selected by the boosted beta regression
included: site, day category, the cyclic smoother for month, and
the spatial spline (Table 3). Cross-validation determined the
optimal number of boosting iterations to be 3153 iterations for
mu (transformed mean hourly AAI) and 719 iterations for phi
(variance of transformed mean hourly AAI) in order to prevent
over-fitting. Step size was 0.1 for both mu and phi. Partial effects
were plotted to illustrate how site, day category, and month each
affected mean hourly AAI in the model (Figure 5). Recordings
collected from Oahu were predicted to increase mean hourly AAI
compared to all other sites. Maui 1 and Lanai 1 were predicted to
have slightly negative effects on the AAI, but to a lesser degree
than any of the other sites (Figure 5A). The model also predicts
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FIGURE 3 | Mean hourly Acoustic Activity Index (AAI), ranging from 0 to 3.5, by hour of day for each Ecological Acoustic Recorder (EAR) deployment. Along the
x-axis hour 0 begins at midnight, and hour 23 begins at 2300 h.

that hours that fall between sunrise and noon will have greater
mean AAI than those that do not with nighttime hours having
the lowest mean AAI (Figure 5B). The cyclic smoother for month
reflects the pattern seen in Figure 4 of greater mean hourly AAI
in summer months than winter months (Figure 5C).

Maui 1 vs. Lanai 1
Maui 1 and Lanai 1 were two Maui Nui locations that stood
out from the other deployments as having higher mean AAI.

FIGURE 4 | Mean hourly Acoustic Activity Index (AAI), ranging from 0 to 3.5,
of winter and summer Ecological Acoustic Recorder (EAR) deployments in the
same locations. Error bars represent the standard error of the mean (±SEM).

Because these deployments were concurrent, it was possible to
compare on an hourly basis, whether spinner dolphin signals
were detected only in the bay of Maui 1, only in the bay of Lanai
1, in both bays, or neither bay. At approximately 40 km distance
from each other, it is unlikely that spinner dolphins recorded
in one bay would be recorded in the other bay within the same
hour. Therefore, if dolphin signals are consistently observed in
both bays simultaneously, then this would imply the presence of
two concurrent Lāna‘i and west Maui spinner dolphin groups. If
dolphin signals are not seen in both bays simultaneously, it would
be more likely that one group of spinner dolphins varies spending
its time in different parts of Maui Nui.

TABLE 3 | Variables selected in the boosted generalized additive
model (boosted GAM).

Model
parameter

Optimal boosting
iterations

Model-selected
variables

Selection
frequency

Mu 3153 Latitude, Longitude 0.52

Month 0.22

Site 0.21

Day Category 0.05

Phi 719 Site 0.51

Month 0.29

Day Category 0.21

The model parameter, mu, estimates the mean acoustic activity index (AAI) of
Hawaiian spinner dolphins, while phi is a precision parameter that adjusts the
model’s conditional variance for each predictor.
Optimal boosting iterations (mstop) is the number of iterations at which boosting is
stopped to avoid overfitting the model.
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FIGURE 5 | Partial effects plots of the mu parameter in the boosted GAM for three selected base learners: site (A), day category (B), and month (C). To apply a beta
regression to the model, Acoustic Activity Index (AAI) was divided by 3.5 in order to bound its values between 0 and 1. Month was included as a cyclic smoother to
account for variation in acoustic activity within the year.

The percentage of hours in the deployments that included
dolphin signals in Maui 1 only, Lanai 1 only, both bays
simultaneously, or neither bay were calculated. Of those
deployments 73.54% of hours did not contain dolphin signals
at either location, 2.70% of hours contained dolphin signals at
both locations, 12.13% of hours contained dolphin signals at
only Maui 1, and 11.62% of hours in the deployment contained
dolphin signals at only Lanai 1. When plotted by the hour of

the day during which these detections occurred, dolphin signals
were detected in both bays simultaneously between 0000 and
1400 h (Figure 6). Dolphin acoustic signals were detected during
all hours of the day at Maui 1 except for 1800 and 2000 h. The
hours with the most Maui 1 only detections occurred between
0600 and 0900 h. Hours with dolphin acoustic signals only
at Lanai 1 occurred all day with a peak between 0700 and
1700 h (Figure 6).
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FIGURE 6 | Percent of hours in which Hawaiian spinner dolphin acoustic
detections occurred in Maui 1 only, Lanai 1 only, or both bays simultaneously
by hour of day from 05 October 2016 to 30 November 2016, a 57-day
deployment (where 0 represents midnight, and 23 represents 2300 h).

Vessel Surveys
Out of ten surveys, six had successful spinner dolphin sightings
(four from 2016 and two from 2017), of which five involved
extended focal follows that allowed the tracking of animals
(Figure 7). Generally, the spinner dolphin sightings first occurred
in the late morning before noon and continued into the
afternoon. Dolphins were typically first seen along west Maui
in the late-morning hours between 1100 and 1200 h and then
followed into the ‘Au‘au channel by early afternoon (Table 4). On
two occasions the spinner dolphins were tracked as they moved
toward the southeast side of Lāna‘i in the late afternoon, at which
point the dolphins were steadily traveling toward Lāna‘i’s south
shore (Figure 7). Table 5 shows the dominant behavioral states
observed during each vessel survey. All four behavioral states
(milling, resting, travel-resting, and traveling) were observed
at different times within the focal follows. Spinner dolphins
were observed exhibiting resting behavior characterized by long
(>3 min), coordinated dives and also milling behaviors in the
‘Au‘au channel, often changing their direction of travel (Table 5).
Resting or travel-resting behavioral states were observed during
each sighting except for the shortest sighting on 5 Aug 2016.
Traveling was the most frequently observed behavioral state,
followed by travel-resting.

DISCUSSION

Spinner dolphin habitat-use patterns in Maui Nui do not follow
the same patterns of consistent use of specific bays that has
been documented off the Kona coast of Hawai‘i Island and the
Wai‘anae coast of O‘ahu (Norris et al., 1994; Lammers, 2004;
Thorne et al., 2012). Based on the combination of passive acoustic
monitoring and vessel surveys, the evidence from this study
suggests that Maui Nui spinner dolphins utilize a combination
of the west Maui coastline, the southeast Lāna‘i coastline, and

the ‘Au‘au channel during their daytime resting. The Maui Nui
monitoring sites were clearly distinct from the O‘ahu site, with
lower overall acoustic activity, and a less defined bimodal pattern
of daytime acoustic activity. In other words, spinner dolphins
did not occupy any of these sites with the same consistency that
spinner dolphins do on O‘ahu.

The daily use of particular resting bays expressed in the
behavioral cycles of spinner dolphins as described for the Kona
and Wai‘anae coasts is likely to vary somewhat between islands;
particularly in areas where the coastal geography and bathymetry
do not offer protected bays near foraging grounds. In Maui
Nui spinner dolphins appear to move between west Maui and
southeast Lāna‘i and also occupy the ‘Au‘au channel between the
islands in order to socialize and rest. These patterns were also
reflected in the spatial and behavioral analyses of focal follows
and photo-identification data presented by Stack et al. (2020).
The middle of the ‘Au‘au channel does not fit the paradigm
of a shallow, sheltered resting bay with white sandy bottom as
originally described by Norris et al. (1994). However, it is possible
that spinner dolphins are able to utilize the Maui Nui region as
one large resting area due to the uniquely shallow bathymetry
between Maui, Moloka‘i, and Lāna‘i (Price and Elliott-Fisk, 2004).
By using the channel between islands as a resting habitat, spinner
dolphins may also be able to increase their distance from human
activities that occur along various parts of each coastline. The
location of each deployment, as well as the time of day in which
an hour occurred, whether it be from sunrise to noon, noon
to sunset, or night, a cyclic smoother for month of the year,
and a spatial spline were significant predictors of the mean
acoustic activity index (AAI). In other words, there were spatial,
monthly, and diel patterns in the acoustic activity of dolphins
in Maui Nui and also at Mākua Beach on O‘ahu. The bimodal
nature of dolphin acoustic activity reflects the times during the
day that spinner dolphins enter or exit their resting behavior
(Lammers et al., 2008a).

One major assumption of this study is that the significant
majority of acoustic signals identified are spinner dolphin signals.
Previous passive acoustic monitoring, vessel-based survey efforts,
and sightings reported through a participatory science program
in Maui Nui identified the following odontocetes in the region:
melon-headed whales (Peponocephala electra), short-finned
pilot whales (Globicephala macrorhynchus), false killer whales
(Pseudorca crassidens), pantropical spotted dolphins (Stenella
attenuata), and bottlenose dolphins (Howe et al., 2019; Howe and
Lammers, 2021). Melon-headed whales were a rare occurrence in
Maui Nui and would be unlikely to have a significant acoustic
presence in the recordings of this study (Howe et al., 2019).
Similarly, short-finned pilot whales and false killer whales are
also unlikely to have a significant acoustic presence, because
both species more frequently occupy offshore waters beyond the
detection range of the EARs (Howe and Lammers, 2021). Spotted
dolphins and bottlenose dolphins had the most spatial overlap
with spinner dolphins (Howe et al., 2019). Based on Howe and
Lammers (2021) there was a strong diel pattern in which high
frequency whistles, attributed to Stenella, had greater acoustic
presence in deeper waters at night. This is consistent with
the nighttime offshore foraging behavior exhibited by spinner
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FIGURE 7 | Spinner dolphin sightings from vessel surveys on the 2nd, 5th, 10th, and 11th of August 2016, and the 20th and 21st of June 2017 in the Maui Nui
region. The beginnings and endings of sightings are indicated by white dots and black dots, respectively. Ecological Acoustic Recorder (EAR) locations are marked
by orange labels.

TABLE 4 | Starting and ending times, group-size estimates, and the Ecological Acoustic Recorder (EAR) closest to the starting and ending locations of Hawaiian spinner
dolphin sightings during vessel surveys with the approximate distance between the sighting and closest EAR (km).

Date Start time (h) End time (h) Group size Closest EAR start and distance (km) Closest EAR end and distance (km)

8/2/2016 0908 0923 4 Maui 4, 1.3 km Maui 4, 1.2 km

8/5/2016 1218 1649 150–180 Maui 4, 2.0 km Lanai 2, 4.1 km

8/10/2016 1132 1403 50 Maui 3, 3.3 km Channel, 4.4 km

8/11/2016 1053 1323 50–80 Maui 3, 1.3 km Channel, 5.9 km

6/20/2017 1138 1541 140 Maui 5, 2.3 km Lanai 2, 2.4 km

6/21/2017 1217 1436 140 Channel, 3.1 km Lanai 2, 0.3 km

dolphins and other species (Norris et al., 1994; Lammers, 2004).
A mirror of this diel pattern was observed at the coastal EAR
sites of this study, with more acoustic activity during the daytime

hours, coinciding with spinner dolphin resting behavior, and
little or no signaling at night. This strong diurnal bias supports
the conclusion that the majority of acoustic signals recorded in
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TABLE 5 | Percentage of observations during each vessel-based survey that
contained Hawaiian spinner dolphins in each behavioral state (milling, resting,
travel-resting, or traveling).

Date Milling Resting Travel-resting Traveling Total number of
observations

8/2/2016 100% 0% 0% 0% 1

8/5/2016 47% 6% 0% 47% 17

8/10/2016 0% 36% 9% 55% 11

8/11/2016 9% 36% 18% 36% 11

6/20/2016 7% 0% 60% 33% 15

6/21/2016 9% 18% 27% 45% 11

Observations were taken every 15 min within a sighting.
Spinner dolphin groups in multiple states of behavior were assigned the dominant
behavioral state (Percentages are rounded to the nearest whole number).

this study was most likely produced by spinner dolphins, which
associate with coastal waters more than any of the other species
present in the region (Howe et al., 2019). However, a limited
contribution of signals from bottlenose and/or spotted dolphins
cannot be ruled out.

Acoustic activity observed during nighttime hours,
particularly in the Channel 2, Maui 7, and Maui 4 deployments
could suggest the presence of spinner dolphins at those times,
however, it is more likely to be from bottlenose dolphins
(Tursiops truncatus). Bottlenose dolphins occur in small groups
off Maui Nui and follow different foraging and resting behavioral
cycles than spinner dolphins, and therefore may be more likely
to be active in those areas at night (Baird, 2016). Regardless of
the dolphin species present, the increase in nighttime acoustic
activity at these locations suggests a nocturnal ecological shift,
perhaps signaling an emergence or a behavioral change in prey.
Seasonal trends in mean AAI were examined at the locations
where deployments occurred in both winter and summer: Maui
2 and 3, Channel 1 and 2, and Maui 6 and 7. All three locations
had greater mean AAI during summer deployments than winter
deployments. Winter deployments coincided with the humpback
whale breeding season in Hawai‘i (Au et al., 2000). It is possible
that spinner dolphins utilize other, less populated areas during
this time, as they have been shown to do when exposed to
increased human activity (Courbis and Timmel, 2009). Further
exploration of seasonal trends at other Maui Nui locations, as
well as studying the interactions between humpback whales and
spinner dolphins could shed light on whether spinner dolphins
do in fact move to new locations to rest and/or reduce their
acoustic signaling when humpback whales are present. Another
possible explanation for the summer/winter trends in dolphin
acoustic activity is a seasonal change in prey distribution. Spinner
dolphins have been shown to closely follow both the vertical and
horizontal migrations of the mesopelagic boundary community
(Benoit-Bird and Au, 2003). Therefore, changes in the spatial
patterns of dolphin acoustic activity could reflect changes in
prey distribution.

The Maui 1 and Lanai 1 deployments were the sites with the
highest levels of AAI after the Oahu deployment. The pattern
of occurrence of dolphins at the two locations is inconclusive
with respect to establishing whether distinct groups occupy them.

However, the presence of dolphin acoustic detections at Maui
1 (especially in the earlier morning hours of 0600–0800 h) is
particularly interesting due to the distance from presumed deep
water foraging grounds off west Lāna‘i (Benoit-Bird and Au,
2003). With Lanai 1’s much closer proximity to this foraging
area, it seems unlikely that spinner dolphins would occur at Maui
1 approximately the same percentage of the time. A possible
explanation could be that dolphins are exploiting a food source in
the Pailolo channel (between Maui and Moloka‘i) north of Maui
1. Acoustic data collected from an EAR for a previous project
within the Pailolo channel contained echolocation clicks during
nighttime hours, suggesting that foraging by odontocetes does
indeed occur in this area (Howe and Lammers, 2021). Further
research on the movement of the mesopelagic and epipelagic
fish, squid, and shrimp community in the Pailolo channel could
provide further evidence about whether spinner dolphins are in
fact foraging in this area.

Lastly, the results of this study have important implications
for management strategies. Because spinner dolphins use large
segments of the west Maui coastline, ‘Au‘au channel, and south
coast of Lāna‘i during their daily behavioral cycles rather than
consistently resting in a single bay, time-area closures, as have
been proposed for Hawai‘i Island and O‘ahu resting bays, may
not provide adequate protection. Time-area closures of the west
Maui coastline and ‘Au‘au channel are unfeasible, as these are
important areas of public and commercial activity. Therefore,
the proposed statewide 50-yard approach rule would be a more
impactful management option for the Maui Nui region.
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