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ABSTRACT

Increasing whale populations and vessel traffic worldwide has led to an increase in reported whale-vessel collisions. This paper reports on factors
that affect the rate of whale-vessel collisions in the four-island region of Maui, Hawai’i. More specifically, it aims at quantifying the probability of
a whale-vessel collision with varying vessel speeds using encounter distances as a proxy. A change point model was used to identify a speed threshold
of 12.5kts (6.4m/s), which showed a significant change in the relationship between speed and mean sighting distance. A 3.4-fold decrease in close
encounters with humpback whales was observed when vessels travelled at speeds of 12.5kts (6.4m/s) or less. Furthermore, results indicate that lone
adult whales and calves are the most likely to be involved in a collision. A speed limit of 12.5kts (6.4m/s) is warranted in areas and/or during seasons
where a high density of whales occurs. This limit aligns with a reduction in lethal vessel strikes with speed from previous studies which found a
significant increase in the likelihood of mortality when vessel speed exceeds 12kts.
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INTRODUCTION

Vessel collisions with cetacean species are a growing
concern worldwide (IWC, 2011; Douglas et al., 2008; Laist
et al., 2001; Van Waerebeek et al., 2007). Although a wide
range of cetacean species are struck by vessels, collisions are
a key mortality factor for larger whale species, including
those found on the endangered species list (Laist et al., 2001;
Redfern et al., 2013). Large whales, including humpback
whales (Megaptera novaeangliae) are more susceptible to
collisions in areas where their habitat overlaps with heavy
vessel traffic. This risk is increased when whales are resting
or moving slowly at the surface (Constantine et al., 2015;
Laist et al., 2001; Vanderlaan and Taggart, 2007).

The increased rate of whale-vessel collisions over the past
few decades constitutes an important conservation issue
(IWC, 2011; Douglas et al., 2008; Laist et al., 2001; Silber
et al., 2010), as they can often be lethal to the animal.
Collisions which seriously injure or kill large whales are an
important factor threatening the viability of certain
populations or sub-populations (Knowlton and Kraus, 2001;
Panigada et al., 2009).

Increased vessel traffic globally, as well as an increase in
size and speed of vessels, has contributed to the rise in
whale-vessel collisions (Dolman et al., 2009; Jensen and
Silber, 2004; Vanderlaan ef al., 2009). Vessels of all types
and sizes are known to be involved in collisions with
cetaceans, but larger and faster vessels account for higher
instances of lethal collisions (Laist ez al., 2001; Panigada et
al., 2006; Silber et al., 2010; Vanderlaan and Taggart, 2007).
At a speed of 12kts (6.2m/s), 45-60% of collisions between
a vessel with mass significantly exceeding that of the whale
are lethal; at speeds > 19kts (9.8m/s) 100% of collisions are
lethal (Vanderlaan and Taggart, 2007).

While various models provide insight into the
survivability of vessel strikes among large whales, our
understanding of the true frequency of strikes and the factors
that lead to them is limited. Published figures for the

frequency of vessel strikes are likely to be underestimates,
owing to under reporting, whether intentional or
unintentional (Van Waerebeek et al., 2007; Neilson et al.,
2012). In addition, population level effects of collision
mortality are also not well understood for most whale species
(van der Hoop et al., 2013).

Hawai’i is an area where humpback whale habitat and
high human use overlap. Over 8.1 million people visited
Hawai’i in 2014 (DBEDT, 2015), with vessel-based
activities being a major source of revenue for the tourism
sector (Lammers et al., 2013) owing to the thousands of
humpback whales that migrate to Hawai’i each winter to
breed and calve. More than half, 53.6%, of the North Pacific
humpback whale population migrates to Hawai’i each year
(Calambokidis et al., 2008) with the population growing by
5.5-7.0% annually (Calambokidis and Barlow, 2004;
Mobley et al.,2001). As humpback whale numbers continue
to grow, so too does the concern about potential increases in
whale-vessel collisions.

The majority of whale-vessel collisions reported in
Hawai’ian waters by NOAA occur between the islands of
Maui, Moloka’i, Kaho’olawe, and Lana’i, collectively
referred to as the four-island region of Maui (Laist et al.,
2001; Lammers et al., 2013). From 2013 to 2015, 17 vessel
collisions were reported to NOAA, of which 82% (n = 14)
were recorded in the four-island region of Maui (Ed
Lyman, NOAA/HIHWNMS, pers. comm., 2015). The high
percentage of whale vessel strikes within the Hawai’ian
Islands Humpback Whale National Marine Sanctuary
(HIHWNMS) is not surprising, given that the greatest
density of humpback whales occurs within this region
(Mobley et al., 2001); which is in conjunction with over
half of the Hawai’ian whalewatching operations (O’Connor
et al., 2009) and a multitude of other commercial and non-
commercial vessels (Appendix Figs 1 and 2).

Increasing reports of whale-vessel collisions in Hawai’i
are likely to be caused in part by an increasing number of
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humpback whales and increased monitoring efforts over
the last 20 years (Lammers ef al., 2013). However, the
incidence of reported collisions is increasing more than
would be expected for these reasons alone. Other potential
factors include an increase in registered vessels between
7.9 and 19.8m, the size class which is responsible for
more than two thirds of strikes in Hawai’i (Lammers et al.,
2013).

Although mostly limited to vessels that have the ability to
avoid collisions, to date very few studies have attempted to
quantify the risk of collisions by taking into account not only
distance to whale (Gende ef al., 2008) but also vessel speed
at the time of initial sighting. A better understanding of
specific factors that influence the incidence of collisions,
particularly in the seconds prior to contact, is crucial to
reduce this threat. This paper looks at data collected from a
dedicated research platform that recorded distances to first
sightings of humpback whales travelling at different speeds.
These data were then used to assess the frequency and
proximity of encounters between small vessels (<10m) and
humpback whales in relation to vessel speed and to identify
a speed guideline for the Hawai’i regions or similar areas.
To our knowledge, this is the first systematic study aimed at
better understanding how speed influences the encounter
distance between humpback whales and small vessels,
utilising an in situ approach to developing a whale-vessel
collision model for management purposes.

METHODS

Study area

The study region covered an area of 798.0km? located within
the four-island region of Maui, Hawai’i, and was chosen to
cover a large section of the HIHWNMS (Fig. 1). The area
experiences high levels of vessel traffic during the
whalewatching season from December to April each year
(DBEDT, 2015).

Data collection

Surveys were conducted from an 8m Power Cat research
vessel equipped with two 150 horsepower outboard engines.
Data were collected using systematic line transect
methodologies (Buckland et al., 2004) during the winter
months from 2013 to 2016. Observations were undertaken
by two experienced observers and the boat operator using a
continuous scanning methodology by naked-eye or reticle
binoculars (Bushnell 7x50), while a fourth person acted as a
data recorder. Only whales sighted within 300m or less,
forward and abeam of the vessel, were recorded to represent
whales at risk of collision. Within this distance, encounters
were further classified into surprise encounters (SE) and near
misses (NM) defined as sighting within 80-300m and 0-80m
respectively, as outlined in Stack ez al. (2013). In the context
of this paper and throughout the remaining text, SE and NM
will be collectively referred to as ‘encounters’ and refers to
whales sighted within 0-300m forward and abeam of the
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Fig. 1. Transect lines depicting survey area in the four-island region of Maui, Hawai’i, between 2 February
2013 and 31 March 2016 including the Hawai’ian Islands Humpback Whale National Marine Sanctuary

(HIHWNMS) boundary.
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vessel. The division of encounters into SE and NM allowed
for subsequent analysis to determine if specific age classes
were more susceptible to NM and/or SE. In addition, the
following data were also recorded: time and location
(latitude and longitude) of sighting, vessel speed, age-class
of whale, number of whales in the pod, angle to pod
(measured in magnetic degrees), and direction of travel by
the whale. Additional environmental variables including
Beaufort Sea state (BSS) as a measure of wind speed and
Douglas Sea state (DSS) as a measure of wave height, were
recorded at the start of each transect line, and updated as they
changed throughout the survey.

To quantify rate encounters with varying vessel speed, a
total of seven different speeds were randomly selected for the
start of each transect, and speed was increased at Skt (1.3m/s)
increments every 15 minutes until the transect was completed.
Depending on the length of the transect line, between two and
three speed intervals were completed for each transect.
Speeds used were 5.0, 7.5, 10, 12.5, 15, 17.5 and 20.0kts
(2.6-10.3m/s) and this range was chosen to best represent the
most frequently travelled vessel speeds in the study area.

Analysis

Analyses performed were: (1) assess the composition of SE
and NM with varying age class and group composition; (2)
change-point modelling to determine a threshold speed at
which a change in mean distance at initial sighting of the
whale occurred for all encounters; (3) quantification and
distribution of encounters above and below identified
threshold speed; (4) probabilities of encounters with varying
vessel speed.

Change-point modelling

To determine if there was a threshold speed which caused a
change in the mean encounter distance a change-point
analysis was completed (Gende et al., 2011) using the
‘changepoint’ package in R (Killick and Eckley, 2014).
Encounter data from 2013-2016 were binned into 2.5 knot
speed increments, which were summarised by the mean
sighting distance derived from a minimum of 30 observations.
Encounter data for each set of changes were then checked for
normality and independence to ensure adherence to change-
point distribution assumptions. As the goal of the analysis was
to identify a speed threshold and assess the frequency of
encounters above and below this threshold, the At-Most-One-
Change method was considered most appropriate for the
change-point model fit with a normal distribution:

En;~ (B, 0%)

Where En, are the encounters (7) including a speed (kts) and
distance (m) with mean () and variance (¢°), and j is the
mean distance of sighting above and below the identified
change point.

Distribution of encounters above and below the threshold
speed

To determine the location and frequency of encounters, all
on effort sighting and GPS track data collected from
February 2013 to April 2016 were combined. Data were then
subdivided into two groups: encounters above and below the
threshold speed identified using the change-point model. To

determine the density of encounters, the study area was
divided into 184 grid cells measuring 1.5x1.5km, each with
an area of 2.25km?. Each grid cell was summarised by the
count of encounters occurring in that cell and the total on
effort distance travelled in that cell. Density of encounters
was calculated by dividing the total number of encounters
by the on effort distance per grid cell. Only grid cells that
had a total on effort distance of > Skm were included in final
density estimates. Maps and grid were created using ArcGIS
10.1 (ESRI, 2011).

Probability of encounters with varying vessel speed and
month

A General Linear Model (GLM) with a binomial error
distribution and logit link function was used to model the
relationship between encounters and vessel speed:

PSE =ebothy + ¢

where P, is the probability of encounter, £ is the intercept,
B, is the speed ranging from 5.0 to 20.0kts (2.6 to 10.3 m/s),
and ¢ is the binomial error.

To account for the variation in number of humpback
whales from December to April resulting from a progressive
influx in numbers leading to peak secason (Baker and
Herman, 1981), analysis was divided into five months to
represent the primary mating/birthing season in Hawai’i
waters: December, January, February, March and April.

Model fit

All computations were completed using the ‘stats’ package
in R (Wood, 2011). Final model selection was based on
minimizing the AIC values (Akaike, 1973). To ensure proper
model fit and adherence to assumptions, model residuals
were graphed and visually checked for violations.

RESULTS

Survey effort

Between 2 February 2013 and 31 March 2016, 143 survey
days allowed for sampling of 608 transect lines in the four-
island region of Maui. Each transect line was surveyed a
minimum of 23 and maximum of 29 times throughout the
study period. This corresponded to a total of 4,477.6 nautical
miles (n.mi) on effort and 5,009.4 n.mi off effort survey
distances.

Composition of SE and NM

A total of 529 SE and 25 NM were recorded during the study
period. Calves were present in 23.1% (n = 122) of SE and
48.0% (n=12) of NM. Of all SE and NM involving calves,
54.5% (n = 73) were mother-calf pairs, 26.1% (n = 35) were
mother-calf-escort pods, and 19.4% (n = 26) were lone
calves (i.e. mother did not surface). Lone adults accounted
for 48.3% (n =255) of SE and 32.0% (n = 8) of NM, while
pods consisting of > 2 adults, accounted for 22.3% (n=118)
of SE and 44.0% (n = 11) of NM.

Change-point modelling

The change point model identified a change in the
relationship between speed and mean sighting distance at
12.5kts (6.4m/s) (Fig. 2). The mean sighting distance before
and after the change point was 211.2m and 189.4m,
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Fig. 2. Mean sighting distance of humpback whales with increasing speed
(points) and the identified change point (solid line) recorded within the

four-island region of Maui, Hawai’i between 2 February 2013 and 31
March 2016.

respectively. In the field, encounters were reduced 3.4 fold
when the vessel travelled at speeds of 12.5kts (6.4m/s) or
less. As such, encounters occurred for every 37.0 on effort
nautical miles when travelling 12.5kts or less and every 10.9
on effort nautical miles when travelling faster than 12.5kts.

Distribution of encounters above and below the threshold
speed

There was no clear trend in distribution of encounters
when travelling at speeds below 12.5kts (6.4m/s) (Fig. 3).
However, when travelling at speeds greater than 12.5kts
(6.4m/s), a higher frequency of encounters was observed in
the Au’Au Channel, which is covered by transect lines 1-9.

Probability of encounters with varying vessel speed by
month

A significant positive relationship between speed and
probability of encounter was identified (p = value: < 0.001,
Res.df = 798). When data were further divided by month,
three months were found to significantly vary from intercept
only models showing a postive relationship between
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Fig. 4. Probabilities of encounters with humpback whales at varying vessel
speeds, where lines represent monthly predictions based on binomial
regression and the shaded area represents the 95% confidence interval.

encounters and speed: December (p-value: 0.03, Res.df =
76), February (p-value: 0.006, Res.df = 213), and March
(p-value: 0.003, Res.df = 275) (Fig. 4).

DISCUSSION

Whale-vessel collisions are a matter of concern globally. To
date, very few studies have attempted to quantify the risk of
a whale being struck by a vessel by taking into account the
frequency of close encounters at varying vessel speeds
(Richardson et al., 2011). Previous studies have assessed the
risk of whale-vessel collisions by establishing co-occurrence
of whales within major shipping routes (Redfern et al.,
2013). The implications of speed on mortality rate
(Vanderlaan et al., 2009) and encounter distance (Gende
et al.,2011) has also been investigated. This study aimed at
assessing the rate of close encounters (<300m) with
humpback whales at varying vessel speeds.
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Fig. 3. Encounters per km travelled at speeds (A) above and (B) below the identified 12.5kts (6.4m/s) threshold within the four-island region of Maui, Hawai’i

between 2 February 2013 and 31 March 2016.
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Change-point modelling

Despite the relatively small change in mean sighting distance
identified using the change point model, the speed threshold
of 12.5kts (6.4m/s) showed a significant decrease in the
frequency of encounters when traveling below this threshold.
The small change in mean sighting distance is likely a result
of analysing only whales that were sighted within 300m of
the vessel. The speed threshold of 12.5kts (6.4m/s) is similar
to results presented in Gende et al. (2011), which identified
a threshold speed of 11.8kts (6.1m/s), despite utilising large
cruise ships and including encounter distances up to 1000m.
These results suggest that speeds in excess of ~12kts
(6.2m/s), regardless of vessel size, will significantly increase
the likelihood of whale-vessel collisions.

Distribution of encounters above and below the threshold
speed

A reduction in speed may be favorable for preventing whale-
vessel collisions over other options, such as reduced or
closed traffic areas, as we observed a threefold reduction in
encounters when vessel speeds were reduced to 12.5kts
(6.4m/s) or less, and noted no clear trends in distribution of
encounters for the four-island region. Furthermore, the
implementation of a speed limit is much easier and is more
likely to become adopted rather than trying to minimise
traffic within an area.

Probability of encounters with varying vessel speed by
month

The contrast in the monthly rate of encounters suggests that
the risk of a whale-vessel collision varies with month and
whale abundance. During February, the peak humpback
whale season in Hawai’i, the probability of encounter
increases from ~35% to 50% when vessel speed is increased
from below 12.5kts (6.4m/s) to above. Similarly, a
probability analysis modelling the lethality of vessel strikes
with speed found a significant increase in the likelihood
of lethality when vessel speed exceeds 12kts (6.2m/s)
(Vanderlaan and Taggart, 2007). As such, vessel speed
restrictions are being used as mitigation measures in various
locations (e.g. USA: Gulf of Maine and Glacier Bay, Alaska;
New Zealand: Hauraki Gulf, Auckland) to reduce the
occurrence and/or severity of whale-vessel collisions with
large whale species (Constantine et al., 2015; Gende et al.,
2011; Vanderlaan et al., 2009).

Combining information on the rate of near collisions with
the severity (Vanderlaan er al., 2009) of whale vessel
collisions based on differing vessel speeds provides insight
into the efficacy of speed restrictions as a management tool.
Reduced speed will not only allow whales more time to
manoeuvre, but also increases reaction time for a vessel to
stop or change course if they are able (Stack ef al., 2013).
Consequently, this could reduce the incidence of collisions.
The average speed of whale-vessel collisions reported from
1979-2011 in Maui was 14.7kts (7.6m/s) and, of these
collisions, 52.9% were at speeds > 15kts (7.7m/s) (Lammers
et al., 2013). Current results suggest implementation of a
speed guideline in the four-island region of Maui would be
most effective during peak whale season (February—March).

The defining of SE and NM at distances of 300m and
80m respectively (Stack et al., 2013) differs from the term
near miss defined in IWC (2011) as 100m. The IWC-

ACCOBAMS workshop on ship strikes noted that there
could be many interpretations of a near miss and a clear
definition is required (IWC, 2011). The terms as outlined in
this study were designed to quantify the risk of vessel strikes
by using close encounters (<300m) as proxies for whale-
vessel collisions. Results from this study relating speed to
probability of encounters, in conjunction with other studies
relating speeds to encounter distance and lethality (Gende et
al., 2011; Vanderlaan and Taggart, 2007), all point to similar
speed thresholds of 11-13kts (5.7-6.7m/s).

Age-class and susceptibility to whale-vessel collisions
SE occurred across all age-classes. However, lone adults
were more likely to be involved in a SE than other
compositions recorded. This differs from other findings
which show a significantly greater proportion of calves and
sub-adults involved in SE than the general population (e.g.
Richardson et al., 2011). The number of lone adult SE
increased from 2014 to 2015, suggesting that there are yearly
variations in the population, as shown by Tonachella et al.
(2012). If some years are peak years for calving, there will
be more young whales present and therefore an increased
susceptibility of that age class to a collision. If, however,
there are lulls in the calving rate, the opposite will be true
and more SE with adult whales would be expected.

The age-class composition of NM revealed that 48.0% of
all NM involved a calf, and yet calves comprise only 7.0—
9.0% of the Hawai’ian population of humpback whales
(Mobley et al., 2001). This supports earlier research findings
indicating that calves and juveniles are highly vulnerable to
vessel strikes (Laist ef al., 2001; Lammers et al., 2013). This
is likely due to a combination of calf related traits such as:
more time spent at the surface to breathe than adults, surfacing
often without the mother if the pod is stationary, being less
visible than adults, and being relatively naive to interactions
with vessels (Laist ef al., 2001; Lammers et al., 2013). In
Hawai’ian waters, 63.5% of the 52 collisions with humpback
whales between 1975-2011, in which age-class was specified,
involved either a calf or juvenile (Lammers ef al., 2013).

Recommendations

Although data were collected within the four-island region,
results from previous literature (Constantine et al., 2015;
Currie et al., 2014; Guzman et al., 2013; Laist et al., 2014;
Lammers et al., 2013; Richardson et al., 2011; Stack et al.,
2013; van der Hoop et al., 2014; Vanderlaan and Taggart,
2007) suggest implementation of a 12—13kts (6.2—6.7m/s)
speed limit is warranted in areas and/or in seasons with
high densities of humpback whales. Furthermore, speed
restrictions have been proven a successful mitigation
measure (Gende et al., 2011; Vanderlaan ef al., 2009).
Instances of whale-vessel collisions still occur at speeds
below this threshold (Laist et al, 2001; Vanderlaan and
Taggart, 2007) and adoption of programs such as the ‘Be
Whale Aware’ by Pacific Whale Foundation (PWF, 2015)
and ‘Ocean Etiquette’ by NOAA (NOAA, 2015b) should
continue to be implemented to help further mitigate whale-
vessel collisions. As both whale and human populations
increase, with a concurrent increase in anthropogenic
activities in the marine environment, more scientific research
leading to sound management strategies will ensure that both
humans and animals can safely co-exist.
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Appendix Fig. 1. Map depicting ship traffic densities of vessels equipped with AIS transceivers in the four-island region of Maui,
Hawai’i over a one year period. Source: Data for map provided by PaclOOS (http.//www.pacioos.org), which is a part of the
US Integrated Ocean Observing System (IOOS), funded in part by National Oceanic and Atmospheric Administration (NOAA)
Awards, NATINOS0120039 and NA16NOS0120024.
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Appendix Fig. 2. Map depicting tourism vessel traffic densities of eight vessels in the four-island region of Maui, Hawai’i over
a one year period.
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