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1.  INTRODUCTION 

Increasing anthropogenic marine activities threaten 
the marine environment. Cetaceans face a multitude 
of anthropogenic threats, such as vessel strikes, ocean 
pollution, ocean noise, climate change, fishing gear 
entanglement, and even whaling in some parts of the 
world (Sèbe et al. 2019). Vessel strikes and entangle-
ment have become main concerns as the world’s 
oceans have been experiencing an increasing level of 
use due to growing commercial and recreational ac-
tivities (Sèbe et al. 2019). In 2020, over 98 000 com-
mercial vessels (>100 gross tons) were documented, a 
783% increase since 1890 (Laist et al. 2001, UNCTAD 
2020). This surge in maritime traffic has led to growing 
concerns that vessel strikes impact marine life welfare 
and crew safety, and lead to negative economic con-
sequences (Schoeman et al. 2020). With rising interest 

in autonomous vessels, vessel traffic will continue to 
grow, further increasing the risk of vessel strikes. 

A vessel or ship strike is defined as any physical 
impact, fatal or not, between any part of a watercraft 
and a live marine animal (Peel et al. 2018). Vessel 
strikes are highly concerning, as they affect numer-
ous marine species and are caused by most types of 
ships. Since 2005, vessel strikes have been identified 
as a priority by the International Whaling Commis-
sion Conservation Committee (IWC-CC). The IWC-
CC aims to identify at-risk populations and high-risk 
areas to develop and implement solutions to achieve 
a permanent reduction in vessel strikes. At least 75 
marine species, including marine mammals, sea birds, 
and fish, are currently affected by vessel strikes 
(Schoeman et al. 2020). A vessel strike can cause sev-
eral injuries, including propeller marks, bruises, frac-
tures, hemorrhaging, and severed flukes, which can 
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lead to minor, severe, or fatal consequences to the 
animal (Jensen 2004).  

Worldwide records show that many different types 
of ships are involved in whale strikes. Out of 134 re -
corded collisions between 1975 and 2002, Navy ves-
sels, container/cargo ships/freighters, whale-watch-
ing ships, cruise ships/liners, and ferries were each 
responsible for 12−17% of the strikes (Jensen 2004). 
Recreational ships and steam ships, Coast Guard 
ships, and fishing vessels each accounted for 3−7% 
of the collisions (Jensen 2004). Winkler et al. (2020) 
provided updated numbers on worldwide ship strikes 
involving cetaceans based on the IWC Ship Strike 
Database. Specifically, out of 402 cases (between 
1820 and 2019), ferries, sailing yachts, cruise ships, 
and motor yachts were each responsible for 10−
12.9% of the recorded strikes. Whale-watching ves-
sels, Navy vessels, and container ships, and general 
cargo vessels each accounted for 6.2−8.4% of the col-
lisions (Winkler et al. 2020). 

1.1.  North Atlantic right whales and vessel strikes 

The North Atlantic right whale (NARW) Eubalaena 
glacialis is one of the world’s most endangered large 
whale species, with approximately 360 individuals 
remaining in 2019 (Moore et al. 2021). Due to the low 
population size, high mortality rates, and low calving 
rates, this species has been classified as ‘endan-
gered’ under the US Endangered Species Act since 
1970 and is on the IUCN's 2020 Red List under 
the ‘Critically Endangered’ status (Cooke 2020). The 
range of the NARW spans from Florida (USA) to Ice-
land, while most of the animals are distributed along 
the eastern coasts of the USA and Canada (Gulf of 
Maine, Bay of Fundy, Gulf of St. Lawrence, Florida 
and Georgia seaboards) (Hunt et al. 2015). During 
the summer, NARWs aggregate in the north, specifi-
cally in the Bay of Fundy, on the Scotian Shelf, and in 
the Gulf of St. Lawrence, to feed on dense patches of 
copepods. In late fall, pregnant females and juveniles 
migrate to the southeastern coast of the USA, where 
females calve in mid-winter. Most males and non-
pregnant females migrate to poorly documented 
wintering grounds (e.g. Nantucket Shoals, Georges 
Bank). In the spring, Cape Cod and the Great South 
Channel east of Cape Cod become the main migra-
tion destinations (Hunt et al. 2015). NARW habitat 
(calving and feeding grounds, migration routes) 
overlaps areas that are heavily affected by fishing 
activity, shipping traffic, and coastal runoff. This co-
occurrence has earned this species the name of 

‘urban whale’, and puts it especially at risk (Kraus & 
Rolland 2007). 

NARWs have been observed to adapt their feeding 
strategy to follow the vertical distribution of cope-
pods (Baumgartner & Mate 2003, Parks et al. 2012). 
Using time−depth recorders (TDRs), Baumgartner & 
Mate (2003) observed several whales performing 
deep-water summertime flat-bottom dives which 
were characterized by a rapid descent from the sur-
face to the average depth of copepod density peaks 
(80−175 m). The whale stayed at such depths for 4 to 
15 min before rapidly ascending back to the surface 
(Baumgartner & Mate 2003). On the other hand, 
using TDRs, Parks et al. (2012) witnessed surface 
feeding behaviors as whales actively fed at or just 
below the surface, where zooplankton concentra-
tions peaked (Parks et al. 2012). 

Fishing gear entanglement and vessel strikes are 
estimated to be responsible for the mortality and seri-
ous injuries of an average of 5.36 right whales per 
year (Hayes et al. 2018), which matches the 86 mortal-
ities and serious injuries to NARWs recorded in the 
USA and Canada between 2000 and 2017 (NOAA 
Fisheries OPR 2020). While most large whale species 
are vulnerable to vessel strikes (Laist et al. 2001), 
NARWs are 2 orders of magnitude more prone to ves-
sel strikes due to habitat exposure to several types of 
vessel (e.g. fast ferries, fishing vessels, cruise liners, 
naval ships, large container vessels) (Vanderlaan & 
Taggart 2007). While the actual number of mortalities 
caused by vessel strikes is difficult to assess (e.g. due 
to carcasses sinking or decomposing) (Laist et al. 2001, 
Henry et al. 2021), vessel collisions accounted for 
52.5% of all deaths among necropsied right whales 
be tween 1970 and 2006 (Campbell-Malone et al. 2008). 
To address these threats, agencies such as the Inter-
national Maritime Organization and National Oceanic 
and Atmospheric Administration established preven-
tive measures, including implementing a series of 
regulations addressing collisions with vessels at sea. 

1.2.  Vessel strike mitigation strategies 

A variety of mitigation measures have been devel-
oped to reduce the probability of vessel strikes with 
NARWs, starting in 2003 with the Bay of Fundy Traf-
fic Separation Scheme (TSS) amendment (Vander-
laan et al. 2008). Vessel strike mitigation approaches 
can be classified into either large- or small-scale ap -
proaches. Large-scale approaches identify high-risk 
areas (e.g. Areas To Be Avoided [ATBAs], Dynamic 
Management Areas, Seasonal Management Areas, 
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TSSs) and aim to increase NARW−boat separation by 
implementing a set of navigation rules, such as re-
routing or speed reduction. Those measures may be 
permanent, seasonal, mandatory, or recommended, 
and may apply to all vessels or only a subset (Schoe-
man et al. 2020) (for details, see Text S1 in the 
 Supplement at www.int-res.com/articles/suppl/n049
p057_supp.pdf). Such mitigation strategies, when 
complied with, have led to a significant decrease in 
lethal strikes. Laist et al. (2011) and Conn & Silber 
(2013) observed half as many fatal injuries when 
ships were traveling under 10 knots (5.14 m s−1) com-
pared to higher speed ships. Vanderlaan & Taggart 
(2009) observed an 82% decrease in lethal strikes 
with NARWs upon implementing the Roseway Basin 
ATBA, Canada (Vanderlaan & Taggart 2009). On the 
other hand, small-scale approaches rely on individ-
ual vessels to detect at-risk animals and subse-
quently alter their course and speed to avoid collision 
(Text S2). Small-scale whale detections can be used 
to inform large-scale mitigation efforts about the 
presence of an animal at a given location and time. 

In order to establish high-risk areas and/or to im -
plement small-scale mitigation measures, a multi-
tude of methods have been developed to detect large 
marine mammals, such as passive and active acoustic 
monitoring, marine mammal observers (MMOs), radio 
detection and ranging (RADAR), and thermal in -
frared imaging (thermal IR) (see Text S3). In this 
study, we evaluated the surface-based effectiveness 
of thermal IR systems as a surface detection method. 
This now cost-effective technology relies on the ap -
parent temperature difference between the above-
surface body parts of the animal or its exhalation and 
the ocean. This technology performs better in poor 
weather conditions compared to MMOs, can be used 
by day or at night, both on land (Zitterbart et al. 2020) 
and on vessels (Zitterbart et al. 2013), and has shown 
to reliably detect large whales up to several kilome-
ters away (Zitterbart et al. 2020). 

1.3.  Agent-based simulation (ABS) 

Agent-based simulation (ABS) is a simulation tech-
nique that consists of a system of auto nomous enti-
ties, called agents. The relationships, interactions, 
and decisions among the agents, without the inter-
vention of a centralized control, dictates the dynam-
ics of the system (Chion 2011). Such simulations can 
provide valuable information on the dynamics of the 
real-world systems that they imitate (Bonabeau 
2002). This concept became particularly popular in 

the field of ecology in the late 1980s following the 
growing accessibility of powerful computers (Huston 
et al. 1988). In the context of human−wildlife interac-
tions, ABS is currently being used on a portion of the 
St. Lawrence River Estuary, Canada, as a decision 
support tool for boat−whale encounters and the sus-
tainable management of human activities in this 
highly trafficked whale habitat (Chion 2011). This 
model simulated the spatiotemporal movement of 
marine mammals and boat traffic and allows testing 
of different zoning scenarios for boat traffic (e.g. sea-
sonal closures, speed limits, re-routing), and boat 
traffic effects on marine mammals (Chion 2011). 

The aim of our study was to assess the effective-
ness of surface detection methods (i.e. detecting the 
animal when it is at the surface) for vessel strike mit-
igation using an ABS approach. The efficacy of sur-
face-based detection systems is directly linked to 
vessel-specific characteristics, such as speed and 
maneuverability. We suggest that combining large- 
and small-scale mitigation strategies could lead to 
the highest level of protection for NARWs. 

2.  MATERIALS AND METHODS 

2.1.  WHorld (a simulated whale world environment) 

In this study, a 3-dimensional grid was generated 
and virtual vessels and whales (‘animats’) were dis-
tributed randomly on that grid and instructed to 
move for 60 min (in model time). Each vessel was 
placed on the grid with a fixed speed and trajectory. 
Similarly, each animat was placed on the grid and 
instructed to move in the horizontal plane according 
to a correlated random walk, commonly used in math-
ematical modeling of animal movement (Codling et 
al. 2008), with a random ±5° change in heading be -
tween steps. The ±5° heading was chosen ad hoc in 
order to add some variability to the horizontal move-
ment of the animat. This parameter is of negligible 
impact due the ship speed being much faster than 
the slow-swimming NARWs. Each animat was given 
a reasonable fixed speed (1, 2, or 3 m s−1 [= 1.94, 3.88, 
or 5.82 knots]), and a uniquely generated dive profile 
(Hain et al. 2013). Table S1 summarizes the sets of 
parameters used for each of the simulated cases. 

2.2.  Vessels 

We chose vessel system parameters to be broad 
enough so that they apply to a wide range of vessel 
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categories. A summary of the vessel parameters used 
is provided in Table 1. We modeled vessel speeds 
from 1 to 15 m s−1 (1.94−29.15 knots) to account for a 
wide range of vessels, from fishing boats to high-
speed ferries. The field of view of the detection sys-
tem was chosen to be 20°, which matches currently 
available systems. Furthermore, due to the speed dif-
ference between a transiting vessel and a NARW, 
with vessels usually traveling at higher speeds, it is 
very unlikely that a whale would enter the path of a 
vessel from beyond that field of view. 

Each vessel was modeled with a specific and con-
stant reliable detection range (RDR). The RDR is 
defined as the maximum distance at which a whale 
blow would be detected with certainty (probability of 
detection [PD] = 1). The RDR is dependent on weather 
conditions as well as the thermal IR system set up, 
particularly its elevation above the mean water level 
(Zitterbart et al. 2020). To account for a wide variety 
of vessel types, we defined the reaction time (RT) of a 
ship as the length of time a vessel requires to make 
an effective mitigation maneuver. This variable inte-
grates covariates such as the maneuverability of the 
vessel, its ability to slow down, and the time needed 
between detection and action. RTs of 1 min apply to 
fully autonomous vessels with short lag times and to 
highly maneuverable ships, such as ferries, with ded-
icated observers to validate detections. RTs of 5 min 
apply to highly maneuverable vessels (ferries) that 
have longer alert and action times due to their lack of 
dedicated observers on-board. Finally, RTs of 10 min 
apply to poorly maneuverable vessels such as high-
speed ferries and small container ships. 

In our study, we assumed that a whale is in danger 
of a strike when it is within a certain range of the 
ship. We did not account for the severity of the strike. 

2.3.  Whales 

Each animat followed an artificially generated dive 
profile. To mimic true NARW dive behavior, we ex-
tracted the diving characteristics from biologging 

data collected in the summers of 2000 and 2001 via 
suction-cup mounted TDRs (Baumgartner & Mate 
2003, Baumgartner et al. 2017). Baumgartner & Mate 
(2003) focused on understanding the summertime for-
aging behavior of NARWs, which takes place in the 
type of habitat where the vast majority of NARW car-
casses are typically found (Johnson et al. 2022, NOAA 
2022). Hence, 90% of our TDR data are composed of 
whales engaging in feeding behavior (Baum gartner & 
Mate 2003). Time−depth data from TDRs were manu-
ally selected and trimmed for quality control, e.g. re-
moving time sections when the tag fell off the animal. 
Dive profiles were classified by a human analyst as 
 either shallow or deep dives, de pending on the be -
havior of the whale inferred from the dive profile. 
Subsequently, time−depth data were segmented into 
3 depth layers: surface (0−5 m), subsurface (5−10 m), 
and deep (10+ m), as those sections determine the 
availability bias of the whale as well as its risk of vessel 
strikes. Those depth layers were as sociated with the 
respective behavioral states 1, 2, and 3 for modeling 
purposes. We used the distributions of frequency, du-
ration, and number of transitions between depth sec-
tions to generate an artificial dive profile for each ani-
mat (Fig. 1). We added a state 0, which corresponds to 
the whale blowing at the water surface, making it 
available for detection. In both states 1 (0−5 m) and 2 
(5−10 m), the whale is considered vulnerable to vessel 
strikes, as the hulls of many vessels can reach such 
depths, making vessel strikes with the diving animal 
possible. When a whale dives deeper than 10 m (state 
3), it is considered out of reach of most non-container 
vessel hulls and therefore not susceptible to vessel 
strikes. Ultra-large container vessels that can have 
drafts up to 15.9 m were not considered in this study 
because we assume their maneuverability is so limited 
that effective mitigation measures in the form of eva-
sive maneuvers could not be implemented with the 
currently available on-board surface-based detection 
technology (Zhang et al. 2021).  

During the simulation, we studied 3 different ani-
mat behaviors for shallow, deep, and mixed diving 
behavior. Shallow and deep artificial dive profiles 
were exclusively generated from dive profiles classi-
fied as shallow and deep, respectively, while in mixed 
behavior, all dive profiles were considered. Except 
for one case (see Fig. 7C), where detection probabil-
ities were computed for all 3 dive behaviors, and for 
the comprehensive plot summarizing in-time detec-
tion probability (ITDP; see Section 2.4) results for all 
possible parameter combinations (Fig. S1), the re -
mainder of this study uses only the mixed diving 
behavior to better generalize. 
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Fixed parameter                    Value                        Unit 
                                                                                     
Vessel speed               1−15 (1.94−29.15)       m s−1 (knots) 
Field of view                            20                        Degree 
Reliable detection        500, 1000, 1500,                 m 
 range                               2000, 3000 
Reaction time                   60, 300, 600                      s

Table 1. Vessel parameters used for agent-based simulation
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In practice, exhalations of marine mammals are the 
main cue used by thermal imaging systems to detect 
large mammals (Zitterbart et al. 2013); therefore, in 
this study, an animat could only be detected when it 
was exhaling at the surface. From previous experi-
ments, we estimated that an exhalation at the surface 
lasts about 3 s, and therefore set the duration of the 
blowing state (i.e. state 0) for this length of time in 
each dive profile (Zitterbart et al. 2013, 2020). When 
a whale was at the surface (state 1) for a prolonged 
amount of time (30+ s), we assumed that it would be 
taking breaths (i.e. blowing) at a regular interval, 

defined as the inter-blow interval (IBI). State transi-
tions followed the logic described in Fig. 2, and an 
example of a segment of a dive profile is provided for 
additional clarity in Fig. 3. 

2.4.  Detection 

We used a detection function, defined as the prob-
ability to detect a whale blow at a given distance, 
obtained during a previous experiment (Zitterbart et 
al. 2020). Humpback whale Megaptera novaeangliae 
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Fig. 1. Artificial dive profiles generated using a 3-step process, applied to (A,C,E) shallow dive behavior and (B,D,F) deep dive 
behavior. (A,B) True time-depth data collected via time−depth recorders. The horizontal 5 m (orange) and 10 m (green) lines 
mark the boundaries between states 1, 2, and 3 (where state 1 = depths of 0−5 m, state 2 = 5−10 m, state 3 = 10+ m). (C,D) Con-
version from depth values to state values (0, 1, 2, 3) based on the respective true dive profiles from panels A and B. (E,F) Possi-
ble examples of modeled state dive profiles derived from the respective distributions of duration, occurrences, and number of 
transitions between depth sections of the true time−depth data. State 0 refers to whale exhalations that were artificially added  

at set intervals (inter-blow intervals) since collected time-depth data did not provide such information
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blow detection data were collected using a thermal 
IR imaging camera off Poipu Shores, Kauai (Hawaii, 
USA), in 2016, comparable to a point-transect distance 
sampling detection scheme. We derived the detection 
function by fitting a log-normal distribution to the 
detection data. The range at which the fitted detec-
tion function peaks (1600 m) was used as the furthest 
distance a whale blow would be detected with cer-
tainty (PD = 1), previously defined as the RDR. The 

detection function accounts for wind variability, as 
the whale blow detections used to create the function 
were collected in wind forces ranging from 1 to 4 BFT 
(Beaufort scale) (Zitterbart et al. 2020). Impacts of the 
visibility on the detection function are explicitly 
accounted for by varying the location of the RDR. 

We made the assumption that there is a relation-
ship between the body volume or mass of the animal 
and its blow size. Since NARWs (70 t; Burnie & Wil-
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Fig. 2. State transitions depending on the random start of the dive profile. *After a deep dive (state 3), the animal must always 
return to the surface (state 1). **The animal can move from a subsurface state (2) to either a deep state (3) or the surface (1).  

The probability of a state change is chosen according to the transitions observed in the bio-logging data

Fig. 3. Example of a segment of a dive profile, starting in state 2 (whale at 5−10 m depth) and a 30 s inter-blow interval (IBI). 
When the whale surfaces (transition of state 2 to state 1), it immediately breathes (state 1 to state 0) for 3 s. During its surface 
period (state 1), several breathing series (state 0) occur according to the IBI duration (30 s in this example). Note that this is a 
simplified and shortened dive profile example. Typical dive profiles have much longer segments for each state, with the  

exception of the artificially added blowing state (0) which always remains 3 s long
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son 2001) are much larger than humpback whales 
(30 t; Cabanillas & Ayma 2021), we expected the ex -
halations of NARWs to be at least of the same volume 
or larger than those of humpback whales. Therefore, 
we expected that using a humpback whale detection 
function to simulate NARWs was a rather conserva-
tive approach. 

To assess the impact of the shape of the detection 
function, i.e. detections beyond RDR (PD < 1), we tested 
2 different scenarios. In the RDR function (RDRF) sce-
nario, the detection probability is binary, set to 1 for 
ranges below or equal to RDR, and 0 for ranges be-
yond RDR. In the data-driven detection function 
(DDF) scenario, the detection probability is set to 1 for 
ranges below or equal to RDR, and then logarithmi-
cally decreases for ranges beyond RDR as depicted in 
Fig. 4. To test different RDRs, either in the RDRF or 
DDF scenarios, the detection function was simply 
moved along the x-axis, while the shape of the detec-
tion function was kept similar as illustrated in Fig. S2. 

In every operational setting, DDF is the realistic de -
tection case, and the RDRF scenario is only relevant 
for academic purposes. Hence, with the exception of 
one case (see Fig. 6A), which compares detection prob-
ability results when using RDRF vs. when using DDF, 
the remainder of this article will only consider the DDF 
case, as the latter leads to realistic detection results. 

For successful mitigation, a whale needs to be de -
tected early enough (in-time) so the vessel can still 
take evasive actions (Zitterbart et al. 2013). This can 
be parameterized with the definition of a safe zone 
and a danger zone (Fig. 5). We defined the danger 
zone as the area where, if a whale were detected 
there, the vessels would be too close to safely maneu-
ver to avoid a strike. The danger zone range (DZR) is 
derived from the vessel speed and the RT (DZR = RT 
× vessel speed). On the other hand, the safe zone re -
presents the area from the DZR to the maximum 
detection range. When a whale is detected in the safe 
zone, a vessel has enough time to implement the nec-
essary measures to safely alter its trajectory and avoid 
a strike. In this study, detection occurs ‘in-time’ when 
a whale is detected in the safe zone prior to entering 
the danger zone. 

We define the ITDP as our metric to evaluate 
the impact of the different vessel and whale param-
eters. All whales were initially placed outside the 
danger zone, and only whales that would enter that 
zone were considered. The ITDP is defined as the 
proportion of whales that were detected in the safe 
zone from all whales that entered the danger 
zone. The simulation code and supporting data can 
be found at https://github.com/whoi-mars/WHorld_
public.git. 
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Fig. 4. (A) Density distribution of detected blows, from humpback whales, as a function of distance. The data were collected in 
2016 off the Poipu Shores, Hawaii (USA), using a thermal infrared imaging camera located 16 m from the mean water level. A 
log-normal function (log probability density function [pdf], red) was fitted to the raw distribution. The maximum value 
reached by the log pdf is marked with a blue star (max log) at 1600 m and depicts the reliable detection range (RDR). (B) RDR 
function (RDRF, purple) vs. data-driven detection function (DDF, green) scenarios. For detection distances ≤RDR, the probabil-
ity of detection equals 1 in both scenarios. However, past the RDR value, in the RDRF scenario, the probability of detection  

drops to 0, while in the DDF scenario, it logarithmically decreases to 0
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3.  RESULTS 

3.1.  Detection function shape 

We found that the shape of the detection function 
(Fig. 4B; Fig. S2) has a significant impact on the ITDP. 
When we did not consider whales that are located 
beyond the RDR (RDRF scenario, 1000 m; Fig. 6A), 
the ITDP drops to values below 90% for vessel RTs 
above 1.5 min, and to 0 for RTs above 3 min (Fig. 6A). 
This can be explained by the linear increase of the 
danger zone with RT, for a given speed (5 m s−1 or 
9.7 knots in this example). Due to a fixed detection 
range, a larger danger zone reduces the safe zone 
and vice versa. Beyond a certain RT, the DZR will be 
larger than the RDR, and thus the ITDP will be zero. 
In contrast, if detections beyond RDR are considered 
(DDF case), the ITDP does not drop below 90% even 
when RT = 10 min, which we consider to be a very 
long RT. This is explained by the fact that animals 
can be detected further out, hence are available for 
detection in the safe zone more frequently. 

3.2.  Vessel-based factors 

The RDR is one of the main factors that determines 
the size of the safe zone. At a given vessel speed and 
RT, the danger zone is constant in size, hence with 
increasing RDR, only the safe zone increases. As ex -
pected, with increasing RDR (i.e. increasing safe 
zone), ITDP values increase as well (Fig. 6B). 

The impact of RT on the ITDP is highly dependent 
on vessel speed. For short RTs, the ITDP is not signif-
icantly impacted by increasing vessel speeds (at most 
a 2% decrease across vessel speeds [1−15 m s−1, 
1.9−29.2 knots] when RT = 1 min). On the other hand, 
longer RTs are very sensitive to higher vessel speeds, 
with a decrease of up to 90% when comparing the 
ITDP of RT = 10 min at vessel speeds of 5 m s−1 
(9.7 knots) vs. 15 m s−1 (29.2 knots). At low vessel 
speeds (≤5 m s−1), the impact of RT is at most a 10% 
decrease (RT = 1 vs. 10 min), compared to 90% for 
high vessel speeds (10 m s−1, 19.4 knots) (Fig. 6C). 
This can be explained by higher RTs leading to 
larger danger zones, which increase the probability 
of a detectable whale surfacing in that zone rather 
than in the safe zone. It is noteworthy that the ITDP 
decreases by up to 81% (47−81%) when comparing 
results obtained at vessel speeds of 5 vs. 10 m s−1 (9.7 
vs. 19.4 knots) for RT = 10 min. 

3.3.  Whale-based factors 

We found that the swimming speed of the animal 
has no effect on the ITDP (Fig. 7A). This can be 
explained by the speed difference between the ani-
mal and the vessel. At slow vessel speeds, the safe 
zone is much larger than the danger zone, thus the 
animal is often available for detection regardless of 
its speed. At higher vessel speeds, the ITDP drops. 
The decrease of the ITDP is independent from the 
speed of the whale and is only caused by increasing 
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Fig. 5. Definitions of relevant ar-
eas and dive states. The detec-
tion area of a surface-based de-
tection system with a 20° field of 
view is divided into a danger 
zone and a safe zone, which 
 depend on vessel speed, vessel 
reaction time, and the reliable 
detection range (RDR) of the mit-
igation system. For the purpose 
of this study, the whales’ possible 
depths were divided into 3 cate-
gories: surface (0−5 m), subsur-
face (5−10 m), and deep (10+ m). 
Only whales that are at the sur-
face and blowing can be detected  

by a vessel
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Fig. 6. In-time detection probability (ITDP) as a function of 
different vessel-based parameters. (A) Reaction time (RT) 
for the 2 detection scenarios (reliable detection range func-
tion [RDRF] vs. data-driven detection function [DDF]). (B) 
RDRs (500−3000 m) for varying RTs (1, 10 min) and vessel 
speeds (5, 10 m s−1). (C) RTs (1, 5, 10 min) as a function of 
ship speeds. All scenarios used DDF, RDR = 1000 m, inter-
blow interval = 60 s, a mixed diving behavior, and RT = 300 s  

unless indicated otherwise

Fig. 7. In-time detection probability (ITDP) as a function of 
different whale-based parameters. (A) Whale speed (0, 1, 2, 
3 m s−1) as a function of ship speeds (0−15 m s−1). (B) Inter-
blow intervals (IBIs: 30, 60, 120, 300 s) for different reaction 
times (RTs: 1, 5, 10 min). (C) Whale dive profile behavior 
(mixed, shallow, deep) as a function of ship speeds. All sce-
narios used data-driven detection functions, reliable detec-
tion range = 1000 m, IBI = 60 s, a mixed diving behavior, and  

RT = 300 s unless indicated otherwise
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vessel speeds which increase the DZR (DZR = RT × 
vessel speed). For the whale’s speed to have an im -
pact on the ITDP, the animal would need to be swim-
ming at equal or higher speeds than the vessel and 
directly into the danger zone for a prolonged dura-
tion. This is an unrealistic scenario, as NARWs are 
slow swimmers (0.36 m s−1 or 0.7 knots), with a max-
imum recorded swimming speed reaching only 1.5 m 
s−1 or 2.9 knots (Hain et al. 2013). Even when simulat-
ing double the known maximum whale speed (3 m 
s−1 or 5.8 knots), no impact on the ITDP can be ob -
served. Fig. S3 comprehensively summarizes the ITDP 
results as a function of ship speeds for varying whale 
speeds. 

Since IBI data were not readily available, we simu-
lated a range of possible IBIs (30, 60, 120, and 300 s) 
where each blow is detectable for 3 s. We found that 
the IBI does not reduce the ITPD by more than 15% 
(vessel speed = 10 m s−1 [19.4 knots], RDR = 1000 m). 
In this case, we chose a rather high vessel speed of 
10 m s−1 compared to the other results presented, 
which were evaluated at 5 m s−1 (9.7 knots) vessel 
speed, because at 5 m s−1, the impact of the IBI is neg-
ligible. Furthermore, the impact of IBI on the ITDP is 
only visible for RTs larger than 300 s. For RT = 300 s 
(5 min), Fig. 7B shows a 15% decrease in ITDP be -
tween IBI = 30 s (ITDP = 0.87%) and IBI = 5 min 
(ITDP = 0.72%). Similarly, for RT = 10 min, the ITDP 
almost halves between IBI = 30 s (ITDP = 0.12%) and 
IBI = 5 min (ITDP = 0.7%). Overall, the impact of the 
IBI can be considered rather small. 

Diving behavior of NARWs changes significantly 
throughout the year, depending on either the food 
availability at different depths of the ocean or the 
behavioral state of the animal (breeding vs. foraging) 
(Murison & Gaskin 1989). At low vessel speeds (≤5 m 
s−1 or ≤9.7 knots), the behavior of the whale has neg-
ligible impact on the ITDP (98−100%) (Fig. 7C). The 
diving behavior of the whale starts to have an impact 
at higher vessel speeds. At 10 m s−1 (19.4 knots), 
there is a 25% decrease in ITDP between shallow 
and deep dives. This observation can be explained 
by the fact that if the whale is on a deep dive, it is less 
often available for detection, i.e. fewer surfacing 
events reduce the chances of detection in the safe 
zone, making the animal more vulnerable to strikes. 

4.  DISCUSSION 

Current mitigation measures have not been effec-
tive enough to entirely prevent vessel strikes of 
NARWs and other large whale species (Davies & Bril-

lant 2019). Re-routing measures and speed-restricted 
zones have been shown to effectively decrease the 
rate of strikes, as well as the severity of injury (Van-
derlaan & Taggart 2009). However, those measures 
rely on the compliance of mariners, which can be low 
(McKenna et al. 2012, Silber et al. 2012). Hence, 
increased enforcement, when resources and geogra-
phy allow, might be necessary to improve the effec-
tiveness of those measures (Schoeman et al. 2020). 
Additionally, re-routing measures might help protect 
one species, but put another one at higher risk (Red-
fern et al. 2013). The purpose of our model was to 
assess in which scenarios, i.e. for which vessel and 
whale parameter combinations, an on-board IR ves-
sel strike mitigation system would enhance the pro-
tection of large whales. While this study focuses only 
on thermal imaging systems, our model is applicable 
to any surface-based detection method as long as the 
detection function is known. 

4.1.  Vessel parameter dependency 

Here, we found that in slow-speed environments, 
such as speed-restricted zones, vessel-based whale 
detection systems for strike mitigation could provide 
a high level of protection for the animals. Specifi-
cally, if a vessel travels slowly (5 m s−1, 9.7 knots), any 
form of detection system with at least 1000 m of RDR 
will lead to high ITDPs (>90%). Detection ranges of 
1000 m can be achieved on the majority of vessels 
that provide >5 m elevation (Zitterbart et al. 2020). 
Due to the slow vessel speed, parameters such as the 
RT of the vessel become less relevant. The RT of a 
vessel is mainly determined by its maneuverability 
(which cannot be changed) and the time between 
detection and action. The fact that the RT is less rele-
vant during slower travel is a key finding, as it opens 
up the possibility for remote validation of vessel-
based detections reducing the active involvement of 
the vessel crew. One could imagine a system where 
automatic detections are transmitted to a data center 
in near-real time and validated immediately. Turn-
around times would likely be on the order of minutes, 
short enough to alert the vessel about the whale’s 
presence without any false alerts. We consider false 
alerts to be a major reason why automatic vessel-
based whale detection systems could not be directly 
used by the vessel crew. Frequent alarms lead to 
alarm fatigue (Blum & Tremper 2010); hence, we 
speculate that even at relatively low false alert rates 
(6 h−1, Zitterbart et al. 2013), crews are likely to soon 
ignore warnings. 
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In areas where vessel speed is not regulated and 
vessels travel at higher speeds (5−15 m s−1, 9.7−
29.2 knots), we group vessels into 3 classes. When 
vessels have a high maneuverability and the ability 
to change velocity quickly (e.g. certain fishing ves-
sels and ferries), vessel-based whale detection sys-
tems would be very effective (ITDP > 98%), under 
the conditions that the RDR is at least 1 km and that 
the time from detection to action is minimal (on the 
order of seconds). Currently, such conditions could 
only be met with dedicated observers on-board, who 
could either be scanning the ocean surface, or vali-
dating automatic detections provided by a whale 
detection system. Obtaining such a quick response 
comes with great efforts and costs (Verfuss et al. 
2018), and hence is unlikely to be implemented on a 
large scale. For vessels with longer RTs (lower 
maneuverability and/or longer detection-to-action 
time), a whale de tection system can still be effective 
if the RDR is in creased to several kilometers (+58% 
ITDP at RDR = 3000 m vs. RDR = 1000 m when RT = 
5 min and vessel speed = 15 m s−1 or 19.2 knots). This 
is valid for a large group of vessels (e.g. cruise ves-
sels) that have high enough elevations to provide far 
detection ranges for the whale detection system (Zit-
terbart et al. 2020). Thus, longer RTs can be offset by 
more ad vanced detection systems with larger RDRs 
or by re ducing vessel speed. However, for vessels 
that travel at very high speeds, have very poor 
maneuverability, and might travel in shipping lanes, 
where quick maneuvers are not feasible (e.g. super-
tankers, large container vessels), no currently avail-
able vessel-based detection methods would provide 
enough detection range for effective protection. In 
order for them to benefit from surface-based detec-
tion methods, the detection range of the system 
(RDR) needs to be significantly increased. This can 
be done by in creasing the elevation of the detection 
system with respect to the mean water level. We 
have previously achieved RDR larger than 6 km by 
placing thermal IR systems on elevated locations on 
land. For vessels, one could envision a detection sys-
tem that is either held up high behind the ship (i.e. 
via a kite) or flying ahead of the vessel (i.e. drone). 

4.2.  Whale parameter dependency 

Another finding of this simulation study is that ani-
mal behavioral factors such as swimming speeds, 
diving profiles, and the IBI are not as impactful on 
the ITDP as the vessel parameters. Our simulation 
showed that varying whale speeds does not have any 

impact on the ITDP. In the case of NARWs, the ani-
mals’ horizontal movements do not need to be con-
sidered for the design of vessel-based detection sys-
tems (e.g. field of view), which can have a significant 
impact on the system costs, and potentially nega-
tively impact their wide-spread use. 

Our study shows that NARWs on deep foraging 
dives have a lower ITDP compared to surface-feed-
ing NARWs (25% decrease at 10 m s−1 [19.4 knots] 
vessel speed) because they surface less often and 
hence are available for detection less often. How-
ever, our study also highlights that NARW behavior 
is only relevant when vessels are traveling at high 
speeds (10+ m s−1, 19.4+ knots). Slower vessels have 
an equally high ITDP (98+%) regardless of the 
NARW diving behavior (Fig. 7C). Hence, a large-
scale mitigation measure, such as a speed restriction 
zone, would help alleviate the impact of diving be -
havior and make the use of vessel-based mitigation 
systems most effective. 

4.3.  Limitations and future work 

In this study, the impact of the weather and vessel 
strike location were not studied explicitly. The im -
pact of weather conditions on the detection function 
has been previously studied (Zitterbart et al. 2020) 
and implicitly included in our model through the 
RDR. In follow-up studies, the model could be ex -
tended by making it adaptable to specific regions of 
the ocean to account for specific local atmospheric 
(clear, rainy, foggy) and oceanic (wave height) condi-
tions, and associated RDRs. Additionally, the bio-log-
ging data used to create unlimited dive profiles were 
collected in foraging areas. Therefore, this study 
lacks dive profile observations in breeding or calving 
grounds. Our findings reveal little impact of animal 
behavior on the ITDP, but if specific efficacy esti-
mates are required for breeding grounds and during 
migration, dive profiles collected during such behav-
iors are needed. Finally, while this study focuses on 
NARWs, this same model could easily be adapted to 
other marine species by adjusting the animal parame-
ters (dive profiles, swimming speeds, species-depen-
dent detection functions). 

5.  CONCLUSIONS 

This study revealed that the probability of detect-
ing a whale early enough to still take evasive actions 
predominantly depends on the vessel parameters 
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(vessel speed and maneuverability) and the perform-
ance of the detection system employed, rather than 
on the behavior of the whales. We also conclude that 
surface-based whale detection may be very effective 
for whale-strike mitigation, and a large-scale deploy-
ment on suitable vessels of such systems in high-risk 
areas could effectively reduce whale strikes, espe-
cially when combined with large-scale mitigation 
measures, such as speed restrictions. 

While certain vessel classes cannot directly benefit 
from currently available vessel-based whale detec-
tion systems, the information obtained and shared 
from other vessels equipped with such systems could 
help estimate a near real-time distribution of whales 
in critical areas and improve the large-scale dynamic 
management efforts. With future technological im -
provements on the hardware (larger detection ranges) 
and software (fewer false positives), vessel strike mit-
igation systems could become a standard tool in the 
maritime industry. 
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