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whales utilizing Glacier Bay increased by 5.1%  yr−1 
be  tween 1985 and 2013 (Saracco et al. 2013), but 
more recently, population numbers declined, possi-
bly as a result of the marine heat wave in the North 
Pacific (Neilson and Gabriele 2021). Glacier Bay is 
also a coveted destination for large cruise ships, 
where more than 250 ship visits occur annually 
(Webb & Gende 2015). The National Park Service 
(NPS) is mandated to both protect its resources for 
future generations and to enable the public to use 
and enjoy the park. As such, it is important to quan-
tify and ultimately mitigate the risk to humpback 
whales posed by ships to ensure that the whale pop-
ulation is adequately protected while still providing 
access to visitors. 

2.2.  Data collection 

Surveys of humpback whales surfacing around 
large cruise ships (x length = 263 m; x height above 
water at bow = 15.5 m; mean draft = 7.5 m) were 
conducted on 79 d in GLBA from late May through 
mid-August in 2016 (n = 41 d) and 2017 (n = 38 d). 
On each survey day, a single observer boarded a 
designated cruise ship just inside the mouth of Gla-
cier Bay via a transfer vessel that departed from 
the NPS headquarters in Bartlett Cove (Fig. 1). 
Shortly after boarding, the observer set up a station 
on the bow of the ship (as opposed to inside the 
navigational bridge alongside the captain and pilot, 
which is higher above the water and behind win-
dows) and surveyed continuously throughout each 
morning as the ship transited northbound to Tarr 
Inlet (Fig. 1). After a multi-hour break while the 
ship remained at the head of the fjord for glacier 
viewing, where whales are rarely seen (Gende et 
al. 2011), surveys were reinstated as each ship 
roughly retraced its path south through the bay 
where the observer disembarked onto an NPS 
transfer vessel just outside of Bartlett Cove. The 
same observer conducted all surveys. Surveys were 
typically conducted on days when sea states did 
not exceed Beaufort 2. Surveys yielded a mean of 
5.9 h of effort during each cruise (SD: ±0.6 h). 
Owing to navigational constraints and park regula-
tions, all ship transits followed similar tracks across 
the season at comparable speeds. Due to speed 
limits in the park, ships typically traveled at speeds 
of around 13 knots (speed over ground) in the 
lower parts of the bay, around 16−19 knots in the 
middle of the bay, and less than 10 knots approach-
ing the tidewater glacier areas. 

During each cruise, the observer scanned for 
whales using a combination of hand-held binoculars 
(Swarovski 10 × 42), tripod-mounted Leica laser 
rangefinder binoculars (Viper II, magnification: 7 × 
42, accuracy: +1 m at 1 km, Leica), and the naked eye. 
Distances to whales were successfully obtained at 
1000 m or more, although the success depended upon 
the surfacing behavior and sea surface conditions. 
Surveys covered the water’s full extent from near the 
ship to the limit of the optics (approximately 12 km in 
excellent visibility conditions) and the 180° range 
from abeam (a bearing of 90° to the side of the ship) of 
the port side to abeam starboard. When an observer 
detected a whale, the ship’s location was recorded 
 using a handheld Global Positioning System (GPS) 
unit (Garmin 76Cx), and the distance between the 
 observer and the whale was measured using the 
rangefinder binoculars. The whale’s bearing was esti-
mated by the observer. If a surfacing event (any set of 
behaviors that result in a whale breaking the surface 
of the water) was too brief or too far away to make 
contact using the rangefinder, the observer estimated 
the ship-to-whale distance based on the relative dis-
tances between the whale, ship, and other landmarks 
like shore and islands (~1000 to ~15 000 m, where 
shore could be reliably measured with the rangefind-
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Fig. 1. Glacier Bay National Park with a sampling of cruise 
ship tracks during the study (dark line). Collection of ship 
track data and whale surfacing behavior began once the ob- 

server boarded the ship just outside of Bartlett Cove
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ers to around 6000 m). To test for bias in distance esti-
mates, the observer intermittently recorded estimated 
and rangefinder-measured distances to various in -
animate objects such as icebergs (out to ~1000 m), is-
lands (out to ~6000 m), and shore (out to ~6000 m). 
Accuracy of distance estimation decreased slightly as 
distance increased but exhibited no bias (R2 = 0.946). 

Using a modified individual-follow approach (Mann 
1999), we recorded observations using a digital voice 
recorder (Olympus Imaging America Inc.; VN-702PC) 
and field notebooks. Once a cue was detected, the 
ob server focused search efforts on that area and re -
corded data on the same whale until either a termi-
nal (i.e. fluke-up) dive was observed, the whale was 
abeam, or the ship passed the area where the whale 
was last detected before it resurfaced. For each sur-
facing bout, the observer spoke the observations 
into the audio recorder in real-time. For example, if 
a whale blow was detected, the observer would 
speak ‘blow’ into the audio re corder and then ‘blow 
gone’ when it completely dissipated. The voice-
recorded data from each transit were saved as an 
.mp4 file and transcribed using Audacity® record-
ing and editing software (Audacity Team 2018) 
immediately after the survey, at which time the 
timestamp of each cue was linked to the observation 
to enable calculation of cue durations and timing. 
Sampling effort totaled 464.8 h of observation over 
the 2 summer seasons. We ex cluded the first 3 
cruises of 2016 due to observer training and ex -
cluded 11 other cruises due to data transcription dif-
ficulty. We excluded 2 southbound surveys in 2017 
due to gear malfunctions, yielding a total of 65 
cruises over 2 yr used for this analysis. 

2.3.  Statistical methods 

We analyzed the surfacing data using theTemporal 
Symmetry Model (TSM; Pradel 1996), a mark-recap-
ture model originally designed to estimate population 
abundance and demographic parameters. In the typi-
cal application of the TSM, a population of interest is 
defined, such as a colony of breeding birds (e.g. 
Tenan et al. 2014). Then, parameters of interest, 
which can include seniority (the probability of being 
previously in the population; Pradel 1996) and sur-
vival, are estimated using sighting histories generated 
when animals are marked and recaptured or resighted 
during pre-defined encounter periods (Pradel 1996, 
Dreitz et al. 2002, Tenan et al. 2014). In our applica-
tion, we defined the population of interest as whales 
at or near the surface, or in the ‘strike zone,’ which we 

defined as a depth equal to the draft of the ship, which 
we assumed would encompass all of the surfacing 
dives within a surfacing bout be tween feeding bouts. 
Thus, whales regularly enter into, persist for short pe-
riods in, and then exit from this population as part of 
their regular foraging dive cycles. By extension, ‘se-
niority’ in our model is the probability that a whale 
was already present in the population (i.e. near the 
surface) prior to detection, and ‘survival’ is analogous 
to the probability that it remains at or near the surface 
in future encounter periods before exiting the popula-
tion via a deep foraging dive. Thus, the first detected 
surfacing event represents the ‘marking’ occasion, 
and blows or other cues sighted during subsequent 
surfacing events during that same surfacing bout (i.e. 
series of surfacings when whales breathe between 
deeper foraging dives) constitute ‘recaptures’ (Fig. 2). 

The TSM is particularly well-suited to meet our 
ob jectives because model estimates can be either 
back-casted or run forward in time. Back-casting 
model estimates allows for an unbiased estimate 
that a whale was present in the strike zone during 
the encounter period prior to detection (i.e. the ana-
log to seniority), assuming that whales are behaving 
similarly near and far from ships, since intermittent 
ship noise is common in this area. While mariners 
cannot initiate active collision avoidance maneuvers 
based on a whale that was present but went unde-
tected, estimating the probability that a whale is 
present at or near the surface prior to detection does 
provide a measure of improvement for detecting 
whales and thus the value of adding personnel to 
increase detection probability. Forecasting also had 
benefits inasmuch that it allowed us to estimate the 
probability that a whale will still be at the surface 
across future en  counter periods (i.e. the analog to 
survival). This metric is particularly applicable in 
the context of ship strikes because it identifies how 
long whales typically remain at or near the surface 
(in the strike zone) following detection, a key factor 
in collision risk. Below, we detail the model adjust-
ments, data structuring, and assumptions that 
enabled the application of this model to whale sur-
facing behavior. 

First, to enable the application of this discrete-time 
mark-recapture model, we divided the maximum 
duration of a 1-way transit through Glacier Bay 
(3:55:51) into 20 s encounter periods (Fig. 2) because 
data points (whale observations) could be collected 
at any point in time owing to continuous scans. The 
20 s duration corresponded to the median submer-
gence time, defined as the duration between surfac-
ing events, calculated from our data. These short 
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encounter periods allowed whales to be resighted in 
encounter periods following detection, producing a 
sighting history for the whale from which we gener-
ated parameter estimates (Fig. 2). 

Second, we truncated the parameter estimation 
window for each sighted whale to the maximum ob -
served surfacing bout duration (645 s). The estima-
tion window was ended if a whale exhibited a 
fluke-up dive, as we assumed based on long-term 
observation of whale behavior in our study area that 
this indicated that the whale was ‘exiting’ the popu-
lation of whales at risk of collision by diving verti-
cally to depths greater than the ship’s average draft, 
following Dolphin (2017b). For surfacing bouts 
where a fluke-up dive was not observed, the esti-
mation window was centered on the midpoint of the 
encounter history because we did not have any 
information about when the whale dove to depth. 
This was primarily due to the ship passing abeam 
(n = 396) while the whale was still engaged in the 
series of surfacing events and submergences. 

We developed a hierarchical Bayesian implemen-
tation of the TSM to estimate 3 parameters across 
each 20 s encounter period that are relevant to ship−
whale collision risk including (1) the probability that 
a whale was present at or near the surface prior to 

the encounter period of detection (probability of a 
prior surfacing event; PSE), the probability that a 
whale remained present at or near the surface fol-
lowing the period it was initially detected (probabil-
ity of remaining present; PRP), and the probability 
that a whale could feasibly be observed by mariners 
stationed on the bow (probability of availability for 
detection, PAD) (Table 1). Our implementation was 
similar to a hierarchical implementation of the Cor-
mack-Jolly-Seber (CJS) model (e.g. Kery & Schaub 
2012). We used R 3.4.3 (R Core Team 2017) and pack-
age ‘R2jags’ (Su & Yajima 2015) to implement the 
model in JAGS (Plummer 2003). 

Since whale detection probability depends on 
whale-to-ship distance and visibility (Williams et al. 
2016), we incorporated an informative prior distribu-
tion on the initial detection probability (z). We used a 
hazard rate function with a visibility covariate incor-
porated via a scale parameter, which was developed 
in the same study system using whale sighting data 
collected from cruise ships during previous years 
(Williams et al. 2016). This adjusted the initial detec-
tion probability such that whales were more likely to 
be initially detected at close distances and in excel-
lent visibility conditions than at far distances or in 
poor visibility conditions (Williams et al. 2016). 
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Fig. 2. Diagram displaying the relationship between encounter periods and whale surfacing behavior. Each cruise ship track 
was divided into 20 s encounter periods starting with the onset of survey effort. The encounter period in which a whale was 
detected was defined as time i  to i+1. In this scenario, the whale entered the population of whales at risk of collision in period 
i−2 to i−1 and displays its first cue (a blow) during period i−1 to i. Model parameters are estimated across encounter periods
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We also made a key assumption that the initial 
de tection probability of a whale cue is lower than 
the detection probability of other cues in the same 
surfacing bout. This assumption is based on work 
with ship operators who, once a whale is detected, 
focus their search efforts on the small area where 
the whale may resurface following initial detection 
rather than continuing to scan the entire area for-
ward of the ship. Analytically, this equates to a per-
ception probability = 1 for all surfacing events fol-
lowing detection. If the probability of initial 
detection is known and the probability of perception 
equals 1, then we can use the TSM to obtain un -
biased parameter estimates. 

Finally, we assumed that (1) the data 
reflected successive independent bi-
nomial trials, (2) there was no tempo-
rary emigration (except possibly ran-
dom), and (3) all whales were identical, 
uniquely identifiable, and had inde-
pendent fates. We ensured that the as-
sumptions of unique identifiability and 
independent fates were met by exclu-
sively using data from whales traveling 
alone to ensure that consecutive obser-
vations were from the same individual 
and that cow−calf pairs — whose be-
haviors might not be independent —
were excluded. We note that in 2016 
and 2017, over 90% of whales sighted 
in GLBA were singletons. In the appli-
cation of the model to our study, we felt 
that each of these assumptions was 
reasonable. 

3.  RESULTS 

During 65 cruises in 2016 and 2017, we observed 
an average of 17 surfacing bouts per cruise (SD = 
11.0). The location of whales upon first detection var-
ied across the 180° arc forward of the ship (Fig. 3), 
ranging from 150 to 15 000 m away, although for our 
analysis (see Section 2) we truncated initial sighting 
distances to a maximum of 6000 m (Fig. 4). Surfacing 
bouts varied from 1 to 33 surfacing events (x surfac-
ing events per bout = 2.9; SD = 2.7). The inter-surfac-
ing intervals, measured from the beginning of a sur-
facing event to the beginning of the next surfacing 
event, averaged 20 s (SD = 42.5 s, Fig. 5) although the 
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Parameter name                                                          Definition 
 
Initial detection probability                                        Distance-specific probability of detecting a single whale based on 

excellent sighting conditions (from equations in Williams et al. 2016) 

Probability of availability for detection (PAD)          Probability that a whale presents at least one cue during a 20 s 
encounter period (interval) after it is initially detected given the whale 
remains near the surface. This is the probability that a whale can be 
detected during a 20 s interval 

Probability of a prior surfacing event (PSE)              Probability that a whale entered into the population of whales at risk 
of collision (into the strike zone) and presented a cue that went 
undetected in the 20 s encounter period (interval time i−1 to i) prior 
to the encounter period in which it was initially detected (interval i 
to i+1) 

Probability of remaining present (PRP)                     Probability that a whale remains in the strike zone and presents at 
least one cue during the 20 s encounter period (interval time i+1 to 
i+2) immediately following the interval the whale was initially 
detected (time i to time i+1)

Table 1. Parameter definitions from application of the Temporal Symmetry Model (TSM) to whale surfacing behavior around ships

Initial detection ship-to-whale distance (m)
6000 5000 4000 3000 2000 1000 1000 2000 3000 4000 5000 6000

Fig. 3. Aggregate distribution of whale surfacing events upon initial detection 
(black dots) in the 180° arc forward of the ship. Small rectangle at the center of 
the x-axis (short thick black line) is to scale representing the average-sized  

cruise ship (length = 263 m, draft = 7.5 m) boarded during this study
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data were highly skewed with infrequent lengthy 
submergence periods. 

The estimated probability of a PSE was moderate 
(median = 0.54; 95% credible interval [CRI] = 0.52, 
0.57; Table 2, Fig. 6), suggesting that around half the 
time that whales ascended from depth, they surfaced 
to breathe but went undetected in the 20 s encounter 
period prior to the encounter period in which they 
were detected. This estimate was largely consistent 
across initial sighting distances in part owing to the 
visibility-based correction factor applied to the initial 
detection probability (Williams et al. 2016). The esti-
mated probability of a whale remaining present (PRP) 

at the surface after initial detection was high (median = 
0.87; 95% CRI = 0.85−0.88, Table 2, Fig. 6), indica-
ting that, following detection, whales remained in 
the top of the water column for a period of time 
before initiating a fluke-up dive or the ship passed 
abeam (n = 505 fluke-up, n = 396 passed abeam). The 
median probability of being available for detection 
(PAD) was 0.32 (95% CRI = 0.30−0.34, Table 2, 
Fig. 6), showing that in a given 20 s period, the whale 
was only visible to an observer stationed at the bow 
about one-third of the time that it was present. 

Exponentiating the PRP estimates by the number 
of future 20 s encounter periods produced probabili-
ties that the whale would still be at the surface by the 
time a ship covered the ship-to-whale distance after 
initial detection. For example, a whale that was first 
detected 1000 m directly in front of a ship had a 
~50% chance of still being at or near the surface and 
at risk of a collision by the time a ship traveling 20 
knots (10.3 m s−1) covered that distance. This risk is 
reduced by nearly half (probability = 0.34) for a ship 
travelling 13 knots (6.7 m s−1). For a whale first 

detected at 2000 m ahead of the ship, 
there was a 25% chance that it would 
still be at risk by the time a 20 knot 
ship reached it, as opposed to an 11% 
chance for a 13 knot ship (Fig. 7). 

4.  DISCUSSION 

We estimated components of whale 
surfacing behavior around transiting 
cruise ships to better understand the 
opportunities and constraints for whale 
detection and avoidance by ship op -
erators. Detection followed by active 
avoidance maneuvers represents a 
complementary approach to regulatory 
mechanisms such as shifts in shipping 
lanes and/or mandated reductions in 
ship speed, because even mariners 
within new shipping lanes encounter 
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Fig. 4. Histogram of distances for surfacing whales initially 
sighted by an observer stationed at the bow of cruise ships 
(n = 1095). For analyses, the dataset was truncated at 6000 m  

due to concerns about model assumption violations
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Fig. 5. Distribution of within-bout submergence durations, defined as the 
elapsed time between the last cue detected during a whale’s surfacing event  

and the first cue detected during its next surfacing event (n = 6804)

Parameter          Estimate               95% CI                   R̂ 
 
PAD                       0.319             (0.303, 0.336)           1.001 
PSE                        0.540             (0.515, 0.566)           1.001 
PRP                        0.865             (0.854, 0.877)           1.001

Table 2. Parameter estimates for the probability of availabil-
ity for detection (PAD), the probability of a prior surfacing 
event (PSE), and the probability of remaining present (PRP)
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whales, slow ships can be involved in lethal collisions 
(Kelley et al. 2021), and adherence to different regu-
latory efforts is variable (Ebdon et al. 2020). Addition-
ally, cruise ship operators demonstrate willingness 
and ability to change operational state to avoid de-
tected whales (Gende et al. 2019). Our work builds on 
other studies that use data on whale surfacing behav-
ior to quantify risk of ship strikes whereby the time at 
or near the surface equates to their availability to be 
struck (Calambokidis et al. 2019, Keen et al. 2019, 
Rockwood et al. 2021). 

Humpback whales in Glacier Bay surfaced an 
average of 2.9 times during a typical surfacing bout, 
which is slightly lower, but consistent with, results 
that estimated an average of 3.2 blows per surfacing 
bout by humpback whales in Frederick Sound, 
Alaska (Dolphin 1987b). Our results also mirrored 
Dolphin (1987b) inasmuch that the number of surfac-
ing events per bout and submergence durations, 
together constituting the total time at the surface at 
risk of collision, were highly skewed with whales sur-
facing in proximity of an approaching cruise ship on 
4 or more occasions during a surfacing bout, with 
several exceeding 20 surfacing events (Fig. 5). Dol-
phin (1987a) attributed this variation in surfacing to 
dive duration, with longer dives positively correlated 
to more blows per surfacing interval or longer sur-
face times and to the behavioral state of the whale at 
the time of sighting, with certain behaviors, such as 
‘resting,’ producing longer surfacing bouts. In the 
context of our observations being conducted from 
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Fig. 6. Posterior distributions of parameter estimates of the 
availability probability (probability of availability for detec-
tion, PAD), the probability of remaining present following 
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event (PSE)

Fig. 7. Probability that a whale will still be at or near the sur-
face, and thus susceptible to a collision (in the strike zone), 
after the elapsed time it takes for a ship to cover the distance 
to the whale following initial detection. Probabilities and 
credible intervals are based on median parameter estimates 
across all initial detection distances. Thick lines represent 
medians for a ship travelling 13 knots (6.7 m s−1) vs. 20 knots  

(10.3 m s−1)
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cruise ships, it is possible that some of this variation 
could be attributed to changes in respiration by 
whales around ships, although whale-to-ship dis-
tances were typically large and changes in respira-
tion were not obvious. Additionally, feeding whales 
tend not to change their behavior in the presence of 
vessels (Schuler et al. 2019). 

While our study was not designed to explain the 
underlying biological mechanisms driving the varia-
tion in surfacing duration, large skewness in surfac-
ing time is relevant for whale avoidance. Our data 
demonstrate that prudent mariners who detect 
whales surfacing within the ‘cone of concern,’ or the 
area forward of a ship where whales are at risk of 
being struck based on whale swimming and ship 
transit speeds (Gende et al. 2019), should not assume 
that whales will safely dive out of the strike zone 
before the ship reaches the general area where it 
was first detected, particularly for whales surfacing 
closer to the ship where hydrodynamic forces could 
make it more difficult for whales to move out of the 
way (Silber et al. 2010). We observed many instances 
when whales submerged for extended periods of 
time without initiating a fluke-up dive and resur-
faced later, forward of the ship. These long submer-
gences, while potentially deep-feeding dives, could 
have actually been short, shallow dives. Thus, it is a 
tenuous assumption that whales first detected for-
ward of the ship have left the strike zone if a fluke-up 
dive is not detected. 

Ironically, these longer surfacing bouts, which 
were often characterized by a higher-than-average 
number of surfacings, could contribute to the ability 
of ships to avoid whales. In general, the quality of 
information available to mariners is often a measure 
of their willingness to act (Gende et al. 2019). Be -
cause surfacing cues generally persist for only a sec-
ond or two, mariners will often be uncertain in iden-
tifying the precise location or swim direction of a 
detected whale, particularly at larger ship-to-whale 
distances or when environmental conditions such as 
strong winds are present (Williams et al. 2016). More 
detected surfacings may contribute to higher confi-
dence in the whale’s location and behavior, poten-
tially increasing both the willingness of mariners to 
act upon that information and the chance that 
mariners choose the ‘correct’ risk-reducing change 
in operational state, should one exist, such as turning 
behind a whale that is swimming in a crossing pat-
tern. A whale that spends more time on the surface 
may thus result in a reduction in the ability of the 
whale to avoid the ship but potentially increases the 
opportunities for the ship to avoid the whale. 

Our parameter estimates for PSE were consistent 
with previous studies demonstrating imperfect de -
tection of available surfacing cues. In general, the 
op portunities to make an avoidance maneuver are 
maximized when the first detected surfacing event is 
also the first surfacing event available to be detected. 
When this happens, there is an increase in ship-to-
whale distance and the time available for mariners to 
command, and then achieve, a new risk-reducing 
operational state, such as a slight change in heading 
or speed (Gende et al. 2019). Our results demonstrate 
a moderate chance that whales initially surface with-
out immediate detection. These results likely serve 
as a minimum estimate of this probability, as our data 
were collected in lower sea states; heavier seas 
would make it more difficult to detect the first avail-
able cue (Barlow 2015). While we accounted for some 
of this variation using an initial detection function 
derived from the same study area (Williams et al. 
2016), any method that improves detection probabil-
ity, such as adding a designated ‘watch,’ can improve 
the opportunities for avoiding whales. We highlight 
that while cruise ships transiting GLBA are required 
to have a dedicated watch on the bridge, this is not a 
requirement in many waters. 

Our model was parameterized to estimate proba-
bility of remaining at the surface with the key as -
sumption that all surfacing events of a whale were 
associated with the same surfacing bout, i.e. we 
made no attempt to use survival analyses or other 
methods (Crance et al. 2017) to statistically differen-
tiate between submergences and foraging dives. The 
result was that the reduction in collision risk per-
sisted with increasing initial detection distances. In 
reality, the relationship between collision risk and 
initial detection distance is more likely to be U-
shaped. At relatively close distances, whales, on 
average, will complete their surfacing bout and dive 
to depth with the ship safely passing overhead. This 
relationship is likely to invert at comparatively larger 
initial detection distances because the whale will 
have enough time to complete a dive and re-surface 
much closer to the ship. For example, a ship travel-
ling 20 knots (10.3 m s−1) will travel over 1700 m dur-
ing the time it takes for a humpback whale to com-
plete an average foraging dive in this area (170 s; 
Dolphin 1987a). Thus, a whale that completes a sur-
facing bout and dives at 1000 m forward of the ship 
will remain safely at depth long after the ship passes 
overhead. In contrast, a whale that embarks on the 
same dive duration at 2000 m forward of the ship 
would resurface before the ship passed overhead, 
dramatically increasing collision risk. 
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