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ABSTRACT
1. Ship strikes are one of the major threats to large whales worldwide. The potential impact from
increasing vessel trafﬁc therefore is a concern for the future of the Brazilian humpback whale (Megaptera
novaeangliae) population.
2. In order to evaluate the risk of collision between large vessels and humpback whales along coastal
shipping routes in the region of the Abrolhos Bank – the most important breeding ground for the species
in the south-western Atlantic Ocean – commercial vessels were used as platforms of opportunity to monitor
the coastal shipping routes.
3. Humpback whale density along coastal routes was estimated through multiple covariate line-transect
‘distance sampling’. The number of potential collisions per year was estimated using a model based on vessel size
and speed, track lengths, population density and the surfacing behaviour of whales.
4. During the peak of the 2011 breeding season, whale density on the coastal route between Belmonte and
Caravelas was estimated to be 0.085 whales km-2 and between Caravelas and Barra do Riacho, 0.023 whales
km-2.
5. The three commercial vessels operating in coastal waters between Belmonte and Barra do Riacho had the
potential to collide with 25 humpback whales in total, and kill 17 of these, during the 2011 breeding season.
6. As vessel trafﬁc increases in the Abrolhos Bank region and humpback whale population grows, the likelihood
of a vessel collision will increase.
7. A simple and effective framework to study how changes in whale density will affect their vulnerability to ship
strikes, and ensure the suitability of alternative shipping routes is presented, while evaluating whether additional
mitigation measures are necessary, such as speed limits in areas or periods with higher densities of whales.
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INTRODUCTION
The potential impact of increasing vessel trafﬁc
threatens large whales worldwide. Vessels produce
loud sounds within the hearing and production
range of large whales (Richardson et al., 1995)
that can mask important aspects of their
communication and disturb their behaviour,
raising concerns about the potential inﬂuence of
noise on reproductive success and population
growth (Sousa-Lima and Clark, 2009). Animals
may alter their patterns of habitat use (Cartwright
et al., 2012), abandoning temporarily or
permanently previously favoured areas in response
to increasing trafﬁc or vessel activity (Bryant
et al., 1984). This problem may ultimately lead to
habitat degradation and loss. The health and lives
of whales may also be threatened by ship strikes,
leading to direct impacts on population
parameters. Several reports have provided
compilations of records of ship strikes involving
large whales, however, many ship strikes probably
go undetected or unreported (Laist et al., 2001;
Jensen and Silber, 2003; Van Waerebeek et al.,
2007; Van Waerebeek and Leaper, 2008).
Cetacean carcasses do not necessarily strand along
coastlines or remain aﬂoat long enough to be
detected at sea, and recovered carcasses are
expected to represent only a small fraction of
cetacean deaths (Williams et al., 2011).
Vulnerability to ship strikes may vary among
cetacean species. The most frequently reported
victims of vessel strikes are ﬁn (Balaenoptera
physalus), humpback (Megaptera novaeangliae),
right (Eubalaena glacialis and E. australis) and
sperm (Physeter macrocephalus) whales (Laist
et al., 2001; Jensen and Silber, 2003; Van
Waerebeek et al., 2007; Van Waerebeek and
Leaper, 2008). Higher vessel speed is an important
factor in contributing to the severity of the strike
(Laist et al., 2001; Vanderlaan and Taggart, 2007;
Conn and Silber, 2013). The occurrence and
severity of ship strike to the whale population in a
number of regions around the world has made
strike threat an emerging conservation issue,
particularly in those places where extensive vessel
trafﬁc and high whale density co-occur
(Vanderlaan et al., 2008; Wiley et al., 2011; Silber
Copyright # 2014 John Wiley & Sons, Ltd.

et al., 2012). For some endangered species, such as
the North Atlantic right whale, vessel strikes are a
major impediment to the recovery of the species
(Fujiwara and Caswell, 2001; Kraus et al., 2005).
Mortality has increased, especially among
breeding females, causing declines in population
growth rate, life expectancy and the mean lifetime
number of reproductive events (Fujiwara and
Caswell, 2001). The use of critical coastal habitats
by these whales, its depleted population status,
and the intense ship trafﬁc led to dramatic
population consequences, threatening the survival
of this species.
The implementation of new shipping routes
passing by the Abrolhos Bank, eastern Brazil – the
main breeding and calving ground for humpback
whales in the south-western Atlantic Ocean
(Andriolo et al., 2010) – has led to concerns
regarding the conservation of this population
(breeding stock ‘A’, according to IWC, 1998,
2005). Migrating humpback whales aggregate to
breed from July to November along the Brazilian
coast from 5° to 24° S, but the highest density of
whales was observed in the shallow waters of the
Abrolhos Bank (0.137 whales km-2; Andriolo
et al., 2010). Whale density decreases with
increasing distance from the Abrolhos Bank
(Andriolo et al., 2010). The core density area
within the Abrolhos Bank is found in the central
waters of the bank, near the Abrolhos Marine
National Park (Dutra et al., 2012; Martins et al.,
2013), where groups containing female–calf pairs
are the most frequent (Martins et al., 2001;
Morete et al., 2003). Abundance of the breeding
stock ‘A’ was estimated from an aerial survey to
be 11 418 whales in 2011 (CI 95% = 10 276–12 559;
Pavanato et al., 2012), and it has been increasing
(Andriolo et al., 2010; Ward et al., 2011). Some
photographically identiﬁed individuals were
observed using the Abrolhos Bank for up to
16 years, suggesting long-term site ﬁdelity
(Wedekin et al., 2010).
In this study, the new coastal shipping routes
were monitored to evaluate the impact of vessel
trafﬁc by: (1) estimating humpback whale density
along the shipping routes, using the line-transect
distance sampling methodology; and (2) estimating
potentially fatal collisions with these vessels.
Aquatic Conserv: Mar. Freshw. Ecosyst. (2014)
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METHODS
Study area
The study area encompasses an area on the east
coast of Brazil, from Belmonte (18°51′24′′S–38°51′
04′′W) to Barra do Riacho (19°50′41′′S–40°03′22′′
W), including the Royal Charlotte Bank and the
Abrolhos Bank (Figure 1). Five small volcanic
islands form the Abrolhos Archipelago, located 30
nautical miles (nm) offshore. The area is a mosaic
of coral reefs, mud and calcareous algae bottoms
with warm (winter average temperature = 24 °C)
and shallow (average depth = 30 m) waters.
In 2003, two shipping routes were established in
the area for transporting eucalyptus logs and
bleached eucalyptus pulp. The Caravelas–Barra
do Riacho coastal route (Route 1) was established
based on humpback whale distribution and
density data obtained from 3 years of aerial

surveys (Andriolo et al., 2006, 2010). While the
Belmonte–Barra do Riacho offshore route, passing
east of the Abrolhos Archipelago, was established
without any previous study on cetacean
distribution, based only on navigational priorities.
The use of the latter was suspended in the same
year and this route was replaced in 2005 by
another one closer to the shoreline (Route 2).
Routes 1 and 2 were the only regular shipping
routes in the coastal region of the Abrolhos Bank
during the study period. The vessels used on the
routes are about 150 m long and travel at an
average speed of 10–12 knots. Two vessels
transport eucalyptus logs from Caravelas to Barra
do Riacho, which takes 12 h, and one vessel
transports bleached eucalyptus pulp from Belmonte
to Barra do Riacho, which takes 24 h. These vessels
operate 24 hours a day, all year round.
Data collection

Figure 1. Coastal shipping routes in the Royal Charlotte Bank and the
Abrolhos Bank, east coast of Brazil.
Copyright # 2014 John Wiley & Sons, Ltd.

Surveys were conducted aboard these vessels, which
were used as platforms of opportunity for
humpback whale observation, during the 2003,
2004, 2005, and 2011 breeding seasons. Route 1
was monitored in 2003, 2004, and 2005; and route
2 in 2011 (Figure 1). Data were collected following
the line-transect distance sampling methodology
(Buckland et al., 2001).
Although surveys were non-systematic, search
effort followed strict protocols while vessels were
in transit during daylight. From 2003 to 2005, two
trained observers, one on port and the other on
starboard, scanned with 7 × 50 reticulated
binoculars and the naked eye from about 10o on
the other side of the ship’s bow to 90o on their
side. Positions were switched every 30 min, to
avoid directional or observer bias. For the 2011
survey, owing to limited space on the vessel, a
single observer scanned about 120o centred on the
bow for 2 h followed by a 30 min rest period.
Observers spent the majority of their time
searching forward and near the line to ensure that
animals on the transect line were detected with
certainty (i.e. trackline detection probability, g(0),
was assumed to be 1), and to detect animals prior
to any movement in response to the survey
platform. Each uninterrupted sampling period
Aquatic Conserv: Mar. Freshw. Ecosyst. (2014)
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(during daylight) was considered a transect line,
with line transects ranging from 4.3 to 68.9 nm
(mean = 27.4 nm). A handheld GPS unit was used
for recording position and length of transects.
At the beginning of each line transect and
whenever conditions changed, factors that could
affect sighting conditions were recorded: sun glare,
cloud cover, Beaufort sea state, and a subjective
visibility code (bad, moderate, good, and
excellent). Searching effort was carried out only
under good conditions, that is, it was suspended
during periods of rain, Beaufort 5 or higher
and/or when sighting conditions were considered
poor by the observers.
Data were collected from the highest accessible
point of the vessels used in this study, ranging
from 12 to 14 m above the sea. For each
humpback whale group sighted the time, location,
vessel’s true heading, number of reticules (marks
on binocular lenses that provide an estimate of the
declination angle) from the horizon to the sighting,
bearing to the sighting (recorded to the nearest
degree using an angle board), cluster size, presence
of calf, sighting cue (e.g. blow, breach) and
observer identiﬁcation were recorded.
Radial distance to each sighting was calculated
from binocular reticule readings and platform
height, taking into account the curvature of the
earth (Lerczak and Hobbs, 1998). The location of
each whale group and the perpendicular distance
were then estimated from the bearing and radial
distance to the sighting and the ship’s true heading
at the moment of the sighting.
Analysis
Density estimates
Data analysis was undertaken using the software
DISTANCE 6.0 (Thomas et al., 2010). Each
survey
was
analysed
separately.
Both
Conventional Distance Sampling (CDS) and
Multiple Covariate Distance Sampling (MCDS)
approaches were used (Buckland et al., 2001,
2004; Marques and Buckland, 2003). MCDS
incorporates covariates that can affect the
detection probability (Marques and Buckland,
2003).
Copyright # 2014 John Wiley & Sons, Ltd.

Perpendicular distance data were plotted as
histograms and a suitable truncation distance, w, was
selected. Size bias regression indicated that expected
cluster size was not signiﬁcantly different from mean
cluster size (P < 0.15). Thus, the mean cluster
size was used for analyses and a different group size
truncation distance, w’, where g(w’) was in the range
0.6–0.8, was selected for estimating it (Buckland
et al., 2001). Multiple models of the detection
function were ﬁtted to the perpendicular distance
data, grouped in distance intervals if necessary.
Stratiﬁcation was carried out by time in the 2003,
2004, and 2005 surveys: (a) beginning of the
breeding season: from July to mid-August; (b)
peak: from mid-August to September (Martins
et al., 2001; Morete et al., 2003); and (c) end: from
October to mid-November. For the 2011 survey
(Route 2), stratiﬁcation was carried out by
geographic region (northern portion: from
Belmonte to Caravelas, and southern portion:
from Caravelas to Barra do Riacho, which
overlaps with Route 1) and the ‘Data Filter’ was
used to select and analyse separately each time
period, since the software supports only one level
of stratiﬁcation. The overall estimate of density
was obtained as the mean of the stratum-speciﬁc
estimates, weighted by the respective effort.
^ in the survey
In the CDS approach, density D
region was estimated as:
^ ^
^ ¼ n E ½sf ð0Þ
D
2L
where n is the number of detected clusters (groups),
f^ð0Þ is the estimated probability density function of
the observed perpendicular distances evaluated at
^ [s] is the estimated mean size of
zero distance, E
clusters in the study area, and L is the total length
of the transect lines surveyed.
For some surveys, covariates were available and
included in the analysis, such as: sun glare, cloud
cover, sea state, visibility, sighting cue, and observer
^ is
identiﬁcation. In the MCDS approach, density D
estimated by the Horvitz–Thompson-like estimator:
n
X
si:f^ ið0jziÞ
^ HT ¼
D
2L
i¼1
where si denotes the size of the ith detected cluster,
f^ið0jziÞ is the estimated multivariate conditional
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probability density function of the observed
perpendicular distances evaluated at zero distance
given covariates z for the ith detected cluster, and
L is the total length of the transect lines surveyed.
Density variance and conﬁdence intervals
were estimated by non-parametric bootstrap
resampling, generating 999 resamples by
sampling with replacement from the lines
within the strata, so that independence between
the lines was assumed.
The best model was selected by the Akaike
Information Criterion (AIC), which provides a
measure of model ﬁt with a penalty term for
the number of parameters in the model
(Burnham and Anderson, 2002), and its
adequacy was assessed using the chi-squared
goodness of ﬁt test.
Collision risk
The number of potential ship strikes, that is, the
number of whales at risk of being struck by a
speciﬁc vessel, was estimated from the collision
risk model developed by Tregenza et al. (2000).
This spatial model assumes that: (i) the body of
the whale can be represented on the sea surface as
a line of the same length as the whale; (ii) the
whale’s orientation relative to the vessel’s direction
of travel is random; (iii) the whale does not tend
to move into or out of the vessel’s path; and (iv)
vessels do not avoid whales.
The model was also modiﬁed by adding the
probability of a strike being fatal as a function of
vessel speed from a logistic regression analysis
(Conn and Silber, 2013). Therefore, the estimated
number of whales killed by ship strikes in a given
period was given by:
ðV þ 0:64W Þ*L*D*P*T
1000*ð1 þ expð1:905þ0:217S Þ Þ
where V is the damaging width of the vessel,
taken as the waterline width (m), W is the
whale length (m), L is the length of the
shipping route (km), D is the whale density in
the survey area (no. of animals km-2), P is the
mean percentage of time that a whale spends at
the surface, T is the number of trips by the
vessel in a given period, and S is the vessel
speed (knots).
Copyright # 2014 John Wiley & Sons, Ltd.

The value of 14 m was used for humpback
whale length (Clapham and Mead, 1999). The
fraction of time spent at or near the surface
was 30%, based on a study of blow rate
developed at the Abrolhos Bank (Bezamat
et al., in prep). The hull of these commercial
vessels was 20 m wide. The Caravelas–Barra do
Riacho shipping route (Route 1) was 257.5 km
long, and the Belmonte–Barra do Riacho route,
close to the shoreline (Route 2), was 487 km
long. Number of trips varied between years for
each vessel. Estimates were made for three
different vessel speeds: 12 knots (average vessel
speed in this study); 10 knots (usual speed
restriction); and 8.8 knots (Plethal = 50%,
calculated from Conn and Silber’s logistic
regression analysis, 2013). The number of
potentially fatal collisions was calculated for
each shipping route using densities estimated
for the beginning, peak and end of each
breeding season separately, as well as for
northern and southern portions of route 2, and
then combined. Collision risk for route 1 in
2011 was calculated based on the density
estimated for the southern portion of route 2.

RESULTS
Effort and sightings
During the study 11 626 nm were sampled along
shipping routes in the Abrolhos and Royal
Charlotte Banks. During the 2003–2005 and 2011
breeding seasons 1208 humpback whale groups
were sighted comprising 2101 individuals,
including 233 calves. Effort and number of
humpback whale sightings are summarized in
Table 1.
Along route 1, Caravelas–Barra do Riacho,
whale distribution varied over time, but they were
concentrated mainly between latitudes 18o and
19oS (Figure 2(a), (b), (c)). Along route 2,
Belmonte–Barra do Riacho, more humpbacks
were sighted in the northern portion (between
Belmonte and Caravelas) than in the southern
portion (between Caravelas and Barra do Riacho)
(Figure 2(d)).
Aquatic Conserv: Mar. Freshw. Ecosyst. (2014)
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Table 1. Survey period, effort and number of humpback whale sightings for each coastal shipping route monitored in the Brazilian breeding ground.
Route 1: Caravelas–Barra do Riacho; Route 2: Belmonte–Barra do Riacho
Year

Route

2003
2004
2005
2011

1
1
1
2

Survey period
18 July–15 Nov
03 July–14 Nov
01 Aug–15 Nov
29 Aug–13 Nov

Line transects

Effort (nm)

Sightings

Individuals

Calves

126
94
64
141

4439.46
2558.25
1828.99
2799.24

316
238
203
451

500
460
353
788

49
93
43
48

Figure 2. Humpback whale sightings (black dots) along (a) shipping route 1 in 2003, (b) 2004, (c) 2005, and (d) shipping route 2 in 2011.
Copyright # 2014 John Wiley & Sons, Ltd.
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Density estimates
The Caravelas–Barra do Riacho coastal route was
monitored for 3 years, from 2003 to 2005. Surveys
were analysed separately. Truncation distance
and the best ﬁt model were chosen based on
distance data (Table 2). The 2003 survey was the
only one whose data were grouped into distance
intervals. Covariates ‘visibility’ and ‘observer’
inﬂuenced the scale of the detection function in
2005, affecting the rate at which detectability
decreases with distance.
Humpback whale density along route 1 was
estimated to be 0.008, 0.017 and 0.018 whales km-2
during the peak of the 2003, 2004, and 2005
breeding seasons, respectively (Table 3). Encounter
rate, for the same period, was 0.081, 0.127 and
0.202 sightings nm-1, in 2003, 2004, and 2005,
respectively. Table 3 shows density estimates and
encounter rates for each time period (beginning,
peak, and end of breeding season) and each
breeding season (pooled data).
The Belmonte–Barra do Riacho coastal route
was monitored in 2011. Perpendicular sighting
distances were truncated at 4 nm. The model that
best ﬁtted the resulting data was the half-normal
with no adjustment and inclusion of the
covariates: ‘sighting cue’, ‘observer’ and ‘visibility’
(Chi-sq GOF test P = 0.480). Effective strip halfwidth (esw) was estimated to be 1.23 nm
(CV = 4.23%; 95%CI = 1.13–1.33). Mean cluster
size was estimated to be 1.81 (CV = 3.43%; 95%
CI = 1.69–1.92), discarding all observations
beyond 1 nm.
Humpback whale density estimates for the entire
route, and also for the northern and southern
portions separately, are presented in Table 4, as
well as encounter rates. Density estimates in the
northern portion were more than three times

higher than those in the southern portion.
Encounter rate during the peak of the season was
0.264 on this route. The abundance estimate along
the coastal shipping routes on the Belmonte–Barra
do Riacho stretch was 382 whales (CV = 10.42%;
95%CI = 303–454), representing 3.3% of the
estimated Brazilian humpback whale population
(stock ‘A’) in 2011.
Collision risk
In 2005, the original Belmonte–Barra do Riacho
offshore route was replaced by the coastal route
(Route 2), and another vessel started operating on
the Caravelas–Barra do Riacho route (Route 1).
The number of trips increased each year as well as
humpback whale density, and consequently so did
the collision risk (Table 5; Figure 3).
The number of potential collisions along route 1
in 2011 was estimated to be ﬁve times higher than
in 2003. The collision risk on the Caravelas–Barra
do Riacho stretch (southern portion) was higher
than on the Belmonte–Caravelas stretch (northern
portion) owing to more intense vessel trafﬁc,
although density of whales was lower.
The three commercial vessels operating in 2011,
on routes 1 and 2, had the potential to collide with
at least 20 humpback whales in total (this estimate
lacks the collision risk for the beginning of the
season, which was not monitored). Considering
the beginning of the season to be similar to the
end, in numbers of whales, the model predicts 25
whales in total are at risk of being struck by any
one of these commercial vessels in the Abrolhos
Bank. With respect to density estimate conﬁdence
ranges, the model gives between 14 and 35 whales
at risk of being struck in the 2011 breeding season.
The probability of a lethal whale strike for a
vessel travelling at 12 knots, calculated from Conn

Table 2. Truncation distance (w), selected model, probability for chi-square goodness-of-ﬁt (GOF Chi-p) and effective strip half-width (esw) for each
survey on the Caravelas–Barra do Riacho shipping route
Best ﬁt model
Year

w (nm)

Key function

Adjustment

Covariates

GOF Chi-p

esw (nm)

%CV

95%CI

2003
2004
2005

3.75
4.50
6.00

Uniform
Half-normal
Half-normal

Cosine
-

Visibility + Observer

0.869
0.856
0.336

2.38
2.14
2.71

4.84
5.07
5.67

2.17–2.62
1.94–2.36
2.42–3.03

CV: coefﬁcient of variation; CI: conﬁdence interval.
Copyright # 2014 John Wiley & Sons, Ltd.
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Table 3. Humpback whale density estimates and encounter rates on the Caravelas–Barra do Riacho shipping route during beginning, peak and end of
the 2003, 2004, and 2005 breeding seasons
Year

Period

2003

Beginning
Peak
End
Pooled

2004

Beginning
Peak
End
Pooled

2005

Beginning
Peak
End
Pooled

Density
DS
D
DS
D
DS
D
DS
D
DS
D
DS
D
DS
D
DS
D
DS
D
DS
D
DS
D
DS
D

Estimate

%CV

95% CI

n/L

%CV

95%CI

0.002
0.004
0.005
0.008
0.004
0.007
0.004
0.007
0.002
0.004
0.009
0.017
0.003
0.006
0.005
0.009
0.009
0.016
0.010
0.018
0.002
0.003
0.005
0.010

20.49
21.24
24.05
23.79
25.41
25.26
16.51
16.38
28.84
28.89
15.88
18.20
23.44
24.24
13.18
15.23
26.33
28.51
25.22
24.23
23.49
24.76
15.92
16.65

0.001–0.003
0.002–0.006
0.003– 0.007
0.005–0.013
0.002–0.007
0.004–0.012
0.003–0.005
0.005–0.009
0.001–0.003
0.002–0.006
0.006–0.012
0.012–0.024
0.002–0.005
0.003–0.009
0.004–0.006
0.007–0.012
0.005–0.014
0.008–0.026
0.005–0.016
0.010–0.027
0.001–0.002
0.002–0.004
0.004–0.007
0.007–0.013

0.039

19.78

0.026–0.059

0.081

20.89

0.053–0.122

0.072

24.12

0.045–0.116

0.030

26.93

0.017–0.052

0.127

12.40

0.099–0.163

0.048

22.98

0.030–0.077

0.174

25.02

0.102–0.298

0.202

26.75

0.115–0.356

0.031

23.04

0.020–0.050

-2

-2

DS: estimate of density of clusters (no. of clusters km ); D: estimate of density of animals (no. of animals km ); n/L: encounter rate (no. of sightings
-1
nm ); CV: coefﬁcient of variation; CI: conﬁdence interval.

and Silber’s (2013) logistic regression analysis, is
67%. This resulted in an estimate of 17 humpback
whales (conﬁdence range: 10–24) being severely
injured and killed by these commercial vessels
during the 2011 breeding season. Chances of a
lethal injury decline as vessel speed decreases but it
is only at speeds below 8.8 knots that the chances
of lethal injury drop below 50%.

DISCUSSION
Collision risk
Without intervention the problem of ship strikes is
expected to increase as already high levels of
oceanic shipping continue to rise. Ship strikes
could shortly constitute a major threat to whales
congregating or migrating through areas of high

Table 4. Humpback whale density estimates and encounter rates on the Belmonte–Barra do Riacho shipping route, stratiﬁed in northern and southern
portions, during peak and end of the 2011 breeding season
Time

Portion

Peak

Northern
Southern
Pooled

End

Northern
Southern
Pooled

Pooled

Pooled

Density
DS
D
DS
D
DS
D
DS
D
DS
D
DS
D
DS
D

Estimate

%CV

95%CI

n/L

%CV

95%CI

0.047
0.085
0.013
0.023
0.029
0.053
0.016
0.028
0.005
0.009
0.010
0.018
0.019
0.034

11.51
11.91
21.93
21.70
10.00
10.42
22.92
23.99
28.63
29.24
20.21
21.25
10.53
11.01

0.037–0.058
0.065–0.104
0.007–0.018
0.014–0.033
0.023–0.035
0.042–0.063
0.009–0.023
0.016–0.042
0.002–0.008
0.004–0.014
0.006–0.014
0.011–0.026
0.015–0.023
0.026–0.041

0.425

11.51

0.337–0.537

0.113

21.96

0.073–0.176

0.264

12.20

0.207–0.336

0.099

18.31

0.068–0.143

0.031

25.51

0.019–0.051

-2

-2

DS: estimate of density of clusters (no. of clusters km ); D: estimate of density of animals (no. of animals km ); n/L: encounter rate (no. of sightings
-1
nm ); CV: coefﬁcient of variation; CI: conﬁdence interval.
Copyright # 2014 John Wiley & Sons, Ltd.
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Table 5. Collision risk estimated for each coastal shipping route during each breeding season according to the number of vessels operating along each
route, and the number of trips they made, for three different vessel speeds (probability of a lethal whale strike in brackets)
Potentially fatal collisions
Year

Route

Vessels

Trips

Potential
collisions

2003
2004
2005
2011
2011

1
1
1
1
2

1
1
2
2
1

73
77
116
174
59

2
3
5
10*
15*

12 knots (67%)

10 knots (57%)

8.8 knots (50%)

2
2
4
7*
10*

2
2
3
6*
9*

1
2
3
5*
8*

Route 1: Caravelas–Barra do Riacho; Route 2: Belmonte–Barra do Riacho.
*Assuming that the collision risk at the beginning of the season (not sampled) is the same as at the end.

trafﬁc. In Brazil, maritime trafﬁc is expected to
increase further in the next decades as a result of
large investments in port infrastructure along the
whole coast.
Parallel to this study, Andriolo et al. (2006, 2010)
and Martins et al. (2013) conﬁrmed the
inappropriateness of the Belmonte–Barra do
Riacho offshore shipping route, passing east of
the Abrolhos Archipelago, as it is an important
core area for humpback whales. As a result the
shipping company changed the offshore route for
a coastal route aiming to avoid these offshore
areas where there is a high density of humpback
whales (Dutra et al., 2012). Thus the coastal route,
which showed an encounter rate four times lower
than the original offshore route (Martins and
Neves, 2004), has been used to date. However,
other large vessels continue to cross the Abrolhos

Figure 3. Estimates of potential collisions per year (black dots and
dashed line) and humpback whale density at the peak of each
breeding season (white dots and full line; whiskers represent 95%
conﬁdence intervals) in coastal waters on the stretch Caravelas–Barra
do Riacho.
Copyright # 2014 John Wiley & Sons, Ltd.

Bank, mainly from south-west to north-east,
threatening whales in this important breeding
ground (Martins et al., 2013). The collision risk
persists and has been increasing as vessel trafﬁc
and density of whales increase.
Annual species distribution has changed over the
years, as observed from the aerial surveys (Dutra
et al., 2012). However, although the location of
high concentration areas varied over time, they did
not overlap with the coastal route adopted.
Humpback whale density appears to decrease with
proximity to the coast (Dutra et al., 2012; Martins
et al., 2013), and this is evidence that the corridor
that has been used for the coastal shipping routes
is avoiding areas with the higher concentration
of whales.
Various whale-conservation initiatives have been
designed to reduce the threat of ship strike
worldwide (Vanderlaan and Taggart, 2009; Silber
et al., 2012; van der Hoop et al., 2012). Where
alternatives such as shipping route changes to
avoid whale aggregation areas are not feasible,
vessel speed restrictions are a meaningful
management tool in reducing the threat of ship
strikes to all large whale species (Vanderlaan and
Taggart, 2007; Silber et al., 2010; Wiley et al.,
2011; Conn and Silber, 2013). A vessel speed
reduction from 12 to 8.8 knots in the study area
would decrease the probability of a strike being
fatal by almost 20%. On the other hand, if one
more vessel started operating on each of the two
shipping routes, the collision risk in coastal waters
would almost double.
However, the ship strike estimates presented here
should be interpreted cautiously due to limitations
of the model. Two potential biases that may
Aquatic Conserv: Mar. Freshw. Ecosyst. (2014)
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overestimate the risk of ship strike are the
behaviour of the vessel and the behaviour of the
whales. By assuming the model’s premise that
‘vessels do not avoid whales’ this might result in
an overestimation of the collision risk. Species
with a highly visible blow, such as humpback
whales, might often be avoided by vessels in
daylight but not during the night. In fact, during
this monitoring, the captains of the vessels often
changed their path when a whale was detected
off the bow, although, sometimes they saw the
animals near the bow but expected them to
move. It is not known to what degree this
avoidance behaviour by the captains was
inﬂuenced by the fact that there were observers
on board. Furthermore most of the time, these
commercial vessels navigate on auto-pilot and
captains make the most of this by carrying out
other tasks on the navigation bridge, thus
reducing the chances of sighting whales.
Therefore, the presence of observers on board
looking for whales is certainly important and
probably is an effective mitigation measure.
Few data are available on avoidance reactions by
whales. During this monitoring, occasionally it was
possible to observe humpback whales showing
different reactions to an approaching vessel,
including diving shortly before the vessel reached
them or remaining resting at the surface while the
vessel passed nearby (Watkins, 1986). These
different behaviours were not taken into account
in the model and deserve further investigation.
The ability of whales to detect and avoid
approaching vessels may be affected by the
underwater pathways through which ship noises
move. Terhune and Verboom (1999) suggest that
the failure of right whales to react to vessel noise
may be caused by difﬁculty in locating
approaching vessels due to underwater sound
reﬂections, confusion from the sound of multiple
vessels, hull blockage of engine and propeller noise
in front of vessels, and the phenomenon known as
the Lloyd’s mirror effect which reduces sound
levels at the surface (Carey, 2009) where whales
may remain while resting or feeding. The success
of last-second ﬂight responses may therefore
depend in part on the swimming speed of whales
relative to the speed of approaching ships. Right,
Copyright # 2014 John Wiley & Sons, Ltd.

bowhead, gray, humpback and sperm whales,
however, are among the slowest swimming whales
(Slijper, 1979). During this study, at least three nearcollision events were witnessed opportunistically by a
single observer in 2011, in which whales dived at the
last moment to escape the collision. Not including
this information in the model could result in
overestimated collision rates for the studied shipping
routes. But a late or shallow dive may not remove
collision risk.
However, in terms of ship strike risk in the whole
Abrolhos Bank, the results presented here probably
represent just a small part of the real impact of
vessel trafﬁc. First, these were the only regular
shipping routes in the coastal region of the
Abrolhos Bank during the study, but other
important shipping routes exist in this breeding
ground, specially a large corridor that crosses the
offshore waters of the Abrolhos Bank (Martins
et al., 2013). Thus, a much larger proportion of
the population of humpback whales breeding off
Brazil may be affected by ship collisions.
Moreover, this collision risk assessment did not
take into consideration other whale species that
also occur in the area, such as the right whale.
Notwithstanding the caveats described above, the
proposed model is a useful decision-support tool
designed to assess the impact of speciﬁc enterprises
and how ship strike risk can change over time and
among different areas, and with different
mitigation measures (e.g. shipping route changes;
vessel speed restrictions).
Further research is necessary to improve the
model presented here. Owing to the dynamic
nature of habitat use by humpback whales off
Brazil and population growth, it is important to
continue monitoring the collision risk along this
shipping route and the whales’ response to vessel
trafﬁc over time. No model can replace careful
recording of actual collisions with ships, and
extrapolating such rates to ﬂeets and real trafﬁc.
However, crews of large vessels generally are
unaware of collisions and typically notice the kill
only when a whale becomes stuck on the bow
(Jensen and Silber, 2003; Norman et al., 2004;
Félix and Van Waerebeek, 2005). The occasional
occurrence of right whale in the area is also of
great concern for several reasons: the species is one
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of the most frequently reported victims of vessel
strikes (Van Waerebeek et al., 2007), including
records off Brazil (Greig et al., 2001); the species
occurs in coastal waters (Payne, 1986); the
population off Brazil is increasing (Groch et al.,
2005) and reoccupying areas along the Brazilian
coast in which they occurred before their
exploitation (Santos et al., 2001). Other
improvements of this assessment and model include
investigating other shipping routes crossing the
Abrolhos Bank, and including the behaviour of
the whales and the vessels in the model. Modelling
the heterogeneity in the spatial distribution of
humpback whales across a wider scale using
explanatory spatial covariates (Williams et al.,
2006) is also recommended, so that a spatially
explicit risk assessment can help identify areas of
overlap between whales and shipping activity to
guide appropriate mitigation measures (Williams
and O’Hara, 2010). Finally, it would be interesting
to use existing abundance estimates to assess
potential mortality limits for this humpback whale
breeding stock (Williams and O’Hara, 2010).
The ship strike risk in the Abrolhos Bank should be
considered important since this is the main breeding
and calving ground for the species in the southwestern Atlantic Ocean (Andriolo et al., 2010). The
high frequency of female-calf pairs observed in the
area (Martins et al., 2001; Morete et al., 2003) could
magnify the collision risk, since younger animals are
highly vulnerable to collisions with vessels (Laist
et al., 2001; Lammers et al., 2013). In general, young
cetaceans typically suffer from a reduced
physiological capacity to dive relative to older
conspeciﬁcs, and therefore spend more time at the
surface to breathe and dive shallower than their
mothers (Würsig et al., 1984; Papastavrou et al.,
1989; Szabo and Duffus, 2008; Tyson et al., 2012).
The collision risk model presented here can be used
in the environmental impact assessments of port
activities, as well as in the elaboration of
conservation action plans for large cetaceans.
Ship strikes and the mortality of humpback whales in
the Abrolhos Bank
In the last decade, an average of 24 humpback
whale strandings per year was recorded along the
Copyright # 2014 John Wiley & Sons, Ltd.

coast of Bahia and Espírito Santo States (Instituto
Baleia Jubarte and Instituto Orca, unpubl. data),
but often the cause of death could not be
determined owing to advanced decomposition.
These carcass-recovery counts, however, are
opportunistic observations of either natural or
anthropogenic causes of mortality. A recent study
of 14 cetacean species in the northern Gulf of
Mexico suggests that carcasses are recovered, on
average, from only 2% of deaths (Williams et al.,
2011). Thus, the true death toll could be 50 times
the number of carcasses recovered, given no
additional information. Prado and colleagues
(2013) found washed ashore only 7% of the
tagged franciscana dolphins (Pontoporia blainvillei)
incidentally killed by the coastal gillnet ﬁsheries in
southern Brazil. The probability of detecting the
death of a marine mammal depends on a wide
range of physical and biological factors, including
behavioural responses prior to death, proximity of
the carcass to the shore (or at-sea observers),
scavenging and decomposition rates, water
temperature, wind regime, and local currents
(Epperly et al., 1996).
Ship strikes to humpback whales are typically
identiﬁed by evidence of massive blunt trauma
(fractures of heavy bones and/or haemorrhaging)
in stranded whales, propeller wounds (deep slashes
or cuts into the blubber) and ﬂuke/ﬁn
amputations on stranded or live whales (Wiley
et al., 1995). It should be noted that ship strikes
do not always produce external injuries and may
therefore be underestimated for strandings that are
not examined for internal injuries.
Evidence of collisions between vessels and
humpback whales in the Brazilian breeding
ground includes a live calf observed in the
Abrolhos Bank in 1999 with two deep cuts near
its dorsal ﬁn, and half of its ﬂuke’s left lobe
amputated. The calf’s wounds appeared to be
recent and were consistent with injuries caused by
propellers (Marcondes and Engel, 2009). In a
recent study of skeletal abnormalities in
humpback whales stranded from 2002 to 2011,
Groch and colleagues (2012) observed traumatic
lesions in four animals out of the 49 whales
studied. The presence of osseous callus was
observed in the ribs of three whales, with evidence
Aquatic Conserv: Mar. Freshw. Ecosyst. (2014)

C. BEZAMAT ET AL.

of fracture or ﬁssure repair. One whale’s rib
showed severe osteomyelitis, possibly resulting
from the infection of multiple fractures.
According to the models used in this study,
the three commercial vessels operating on the
Belmonte–Barra do Riacho coastal route had the
potential to collide with 25 whales during the 2011
breeding season, potentially severely injuring and
killing 17 of these (67%) if travelling at 12 knots.
Whether the potential mortality represents a threat
to the humpback whale breeding population off
Brazil, remains unknown. The population affected
by the coastal routes studied here represented only
3.3% of this breeding stock in 2011, with a
negligible removal through ship collisions as
suggested by the model, many other routes,
however, remain unmonitored. Therefore, further
assessments covering a wider geographical region
and more detailed demographic analysis are
necessary to answer this question.

CONCLUSIONS
The model of ship strikes to whales presented here
can be used as an important tool to evaluate and
mitigate the impacts of vessel trafﬁc within
cetacean habitats. Ship strikes are an important
threat to large whales worldwide, and this is
probably the ﬁrst effort to estimate the collision
risk along a shipping route for a cetacean species
in the Southern Hemisphere. Vessels crossing the
coastal waters of the Abrolhos Bank had the
potential to hit and injure 25 humpback whales in
1 year (5 months of breeding season). This is
probably an underestimate of the total number of
collisions that may occur at the Abrolhos Bank,
since other offshore shipping routes that cross the
bank, overlapping important core areas for
humpback whales, were not evaluated. Collision
risk increased during our study due to whale
population growth and increasing vessel trafﬁc,
and will probably continue to increase in the
future. Therefore, the use and development of
these tools are important to guide conservation
and mitigation measures, such as vessel speed
restrictions both in space and time and shipping
route changes to avoid whale aggregation areas.
Copyright # 2014 John Wiley & Sons, Ltd.
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