
98 Marine Fisheries Review

Aerial Surveys of Bristol Bay Beluga Whales,  
Delphinapterus leucas, in 2016

JOHN J. CITTA, KATHRYN J. FROST, and LORI QUAKENBUSH

doi: https://doi.org/10.7755/MFR.81.3–4.5

John Citta (john.citta@alaska.gov) is with the 
Alaska Department of Fish and Game, 1300 
College Road, Fairbanks, AK 99701 and the 
Alaska Beluga Whale Committee.  Kathryn J. 
Frost is with the Alaska Beluga Whale Com-
mittee, 73-4388 Paiaha Street, Kailua Kona, HI 
96740.   Lori Quakenbush is with the Alaska 
Department of Fish and Game, 1300 College 
Road, Fairbanks, AK 99701 and the Alaska Be-
luga Whale Committee.

ABSTRACT—Beluga whales, (Delphi-
napterus leucas), of the Bristol Bay stock 
were counted from 7 to 11 July 2016, during 
aerial surveys in Bristol Bay, Alaska.  These 
surveys were a follow-up of surveys flown 
in Bristol Bay in 1993, 1994, 1999, 2000, 
2004, and 2005, and used the same methods.  
Nine surveys were flown during 7–11 July.  
The total count of belugas per survey ranged 
from 484 to 1,024 (= 660; CV = 0.26).  Cor-
recting the average count for the number of 
belugas that are diving and not available 
to be sampled (2.62) and the proportion 
of calves (1.18) that cannot be seen from 

the aircraft suggests there are ~2,040 belu-
gas (660 × 2.62 × 1.18) in Bristol Bay.  The 
mean and range of counts made in 2016 is 
similar to those in 2004 and 2005 suggesting 
that the population growth observed during 
1993–2005 has slowed or ceased.  The great-
est challenge with how belugas are surveyed 
within Bristol Bay is the difficulty in count-
ing large groups.  Separate counts of large 
groups had high variance and we suggest 
future surveys consider photo-documenting 
groups to determine if groups of belugas can 
be counted more consistently or using video 
to adjust for beluga behavior in real-time. 

Introduction and Methods

Beluga whales, Delphinapterus leu-
cas, are small cetaceans (≤5.5 m), that 
live in seasonally ice-covered waters 
in Arctic and subarctic regions. The 
Bristol Bay stock of beluga whales 
is one of five known stocks that fre-
quent Alaska waters, the other stocks 
being the Cook Inlet, eastern Bering 
Sea, eastern Chukchi Sea, and Beau-
fort Sea stocks (Frost and Lowry,
1990; O’Corry-Crowe et al., 1997,
2002, 2018). The Bristol Bay stock is 
restricted to Bristol Bay year-round
(Lowry et al., 2008; Citta et al., 2016a, 
b) and is genetically distinct from oth-
er stocks (O’Corry-Crowe et al., 1997, 
2002, 2018). 

Periodic monitoring of beluga abun-
dance in Bristol Bay is necessary for a 
variety of reasons. First and foremost, 

 
 

 

the population is relatively small, 
numbering fewer than 3,000 belugas 
(Lowry et al., 2008). Second, this pop-
ulation is important to Alaska Natives; 
during 2006–2016 the annual average 
harvest was 23 belugas (Lowry et al., 
2019). Last, Bristol Bay has a number 
of commercial and subsistence fisher-
ies that pose a risk of entanglement to 
belugas (Frost et al.1), including the 
largest commercial sockeye salmon, 
Oncorhynchus nerka, fishery in the 
world (Jones et al.2). The last aerial 
survey of beluga abundance in Bristol 
Bay was in 2005; therefore, an updat-
ed survey was necessary to assess the 
status of this population. 

Aerial surveys were conducted dur-
ing 7–11 July 2016, to count belugas 

1Frost, K. J., L. F. Lowry, and R. R. Nelson. 1984. 
Belukha whale studies in Bristol Bay, Alaska. In 
B. R. Melteff, (Editor), Proceedings of the work-
shop on biological interactions among marine 
mammals and commercial fisheries in the south-
eastern Bering Sea, p. 187–200. Alaska Sea 
Grant Report 84-1, Univ. Alaska, Fairbanks, AK. 
Alaska Sea Grant. P.O. Box 755040, 201 Elvey 
Building, Fairbanks, AK 99775-5040.
2Jones, M., T. Sands, S. Morstad, P. Salomone, 
G. Buck, F. West, C. Brazil, and T. Krieg. 2013. 
2012 Bristol Bay area annual management re-
port. Alaska Dep. Fish Game, Fish. Manage. 
Rep. 13-20, Division of Commercial Fisheries, 
Anchorage, AK (avail. at www.adfg.alaska.gov/
FedAidPDFs/FMR13-20.pdf).

of the Bristol Bay stock in Bristol Bay, 
Alaska. These surveys were a follow-
up of surveys flown in Bristol Bay in 
1993, 1994, 1999, 2000, 2004, and 
2005 (Lowry et al., 2008), and used 
the same methods. Aerial surveys were 
flown using a high-wing, twin-engine 
Aero Commander3 with oversized 
bubble windows. The survey crew in-
cluded a pilot, a co-pilot, two observ-
ers (one seated behind the pilot and 
the other behind the co-pilot on the 
left and right sides of the aircraft), and 
a data recorder seated in the rear of 
the aircraft. The survey was designed 
to cover Kvichak and Nushagak bays 
(Fig. 1) where essentially all reported 
June–July sightings of belugas have 
occurred (see Fig. 3 in Frost and Low-
ry, 1990), where belugas were sighted 
during previous June–July aerial sur-
veys (Lowry et al., 2008), and where 
all belugas with satellite data recorders 
were known to range in June and July 
(Citta et al., 2016a). 

The standard survey transect fol-
lowed the entire coast of both bays 
0.9 km offshore, including the lower 
parts of major rivers. In the wider por-
tions of the bays, east-west transects at 
1.8 km intervals were flown to cover 
the entire area and observers counted 
whales in a strip 0.9 km wide on each 
side of the plane. Strip widths were 
measured by inclinometers and angles 
were marked on the aircraft windows 
with grease pencils for reference dur-
ing surveys. Survey altitude was 305 
m along the coast and 150 m when 
surveying rivers. Airspeed was approx-
imately 222 km/h during all surveys. 
All surveys were flown in early July 

3Mention of trade names or commercial firms 
does not imply endorsement by the National 
Marine Fisheries Service, NOAA. 
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Figure 1.—Survey lines flown in Bristol Bay, Alaska, 7–11 July 2016. Dark gray areas are mudflats exposed at low tide.

when belugas aggregate near-shore 
and at the mouths of creeks and rivers 
to feed on a large sockeye salmon run.

All belugas visible at the surface 
along the survey track were counted. 
When large groups were encountered, 
multiple counts were made of the same 
group. In those situations the aircraft 
circled after passing by the group and 
flew past again on a line oriented to 
provide one observer the best view of 
the entire group. Multiple counts, usu-
ally by both observers, were recorded 
individually, and observers identified 
which counting pass was best based 
upon viewing conditions, such as min-
imum glare or position of the group 
relative to the aircraft (i.e., no whales 
in the blind spot directly under the 

plane). The best count for each group 
was used in analysis of the data. Be-
luga counts, weather, sea state, glare, 
overall sighting conditions, and other 
observations were entered into a com-
puter database that also recorded the 
aircraft’s position every 60 s. Database 
software was provided by the Nation-
al Marine Fisheries Service (NMFS), 
Marine Mammal Laboratory (MML) 
and is also used during beluga surveys 
in Cook Inlet. 

Results and Discussion

Nine surveys were flown during 
7–11 July. The total count of belugas 
per survey ranged from 484 to 1,024  
(X| = 660; CV = 0.26) on days with 
good or excellent viewing conditions 

(eight of nine survey flights; Fig. 2; 
Table 1). Counts from aerial surveys 
are typically corrected for availability 
bias, defined as the bias in the count 
due to belugas that were diving and 
not available to be sampled. Frost et 
al. (1985) used VHF transmitters to 
estimate an availability correction fac-
tor of 2.75, which was later revised to 
2.62 by Frost and Lowry4. Because be-
luga calves are small and gray colored 
and are typically not spotted in the 
silty (i.e., gray-colored) water, a sepa-

4Frost, K. J., and L. F. Lowry. 1995. Radio tag 
based correction factors for use in beluga whale 
population estimates. Working paper for Alaska 
Beluga Whale Comm. Sci. Workshop, Anchor-
age, AK, 5–7 April 1995, 12 p. Avail. from 
North Slope Borough, Dep. Wildlife Manage., 
Box 69, Barrow, AK 99723.
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Figure 2.—Location of beluga sightings by group size in Bristol Bay, Alaska, 7–11 July 2016.  Dark gray areas are 
mudflats exposed at low tide.

rate correction is sometimes used for 
calves (1.18; Brodie, 1971). Applying 
these corrections to the average count 
of belugas suggests there are 2,040 
belugas (660 × 2.75 × 1.18) in Bristol 
Bay. Lowry et al. (2008) showed that 
the mean count of Bristol Bay belugas 
increased 4.8% per year (95% confi-
dence interval (CI) = 2.1–7.5%) over 
the 12-year period, 1993–2005. After 
including the 2016 data in the regres-
sion analysis, increasing linear trends 
received the same statistical support 
as trends that allowed the growth in 
counts to lessen over time. For exam-
ple, when using Akaike Information 
Criteria (AIC; Burnham and Ander-
son, 2002) to judge model support, we 

found that an increasing linear trend is 
0.1 AIC units better than a curvilinear 
trend (i.e., count = year + year2) that 
would allow counts to plateau or de-
cline over time. Models within 2 AIC 
units of one another are considered 
plausible and two models within 0.1 
AIC units have more-or-less equiva-
lent support (Burnham and Anderson, 
2002). Regardless, the mean and range 
of counts made in 2016 are similar to 
those in 2004 and 2005 (Fig. 3), sug-
gesting that the population growth ob-
served during 1993–2005 has slowed 
or ceased.

One goal of the survey effort in 2016 
was to assess limitations of the cur-
rent design and to determine if future 

surveys would benefit from the use of 
other sampling methods, such as dis-
tance sampling (e.g., Buckland et al., 
1993; Thomas et al., 2010), double-
observer (e.g., Buckland and Turnock, 
1992; Chen, 1999), or photo/video 
methods (e.g., Lydersen et al., 2008; 
Hobbs et al., 2000a, b). We found that 
counts can vary considerably, even for 
surveys conducted on the same day 
and covering the same area. In 2016, 
the largest range of counts from rep-
licate surveys (484 to 1,024) occurred 
on the same day, within a few hours of 
each other and with good or excellent 
viewing conditions (Table 1). Assum-
ing that true population size was 2,000 
belugas, then the availability correc-
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Figure 3.—Bristol Bay beluga counts and averages, 1993–2016.  

Table 1.—Summary of aerial surveys for counting beluga whales in Bristol Bay, Alaska. Visibility rating scores are subjectively based upon the Beaufort wind scale and levels 
of glare (not shown). Because of glare, the view out one side of the aircraft is typically better than the other and large groups of belugas are typically counted from the side 
of the airplane that has the best visibility. Hence, when calculating proportions, we only used the better of the two visibility scores. The first survey (#1 below) was conduct-
ed as a practice run and visibility conditions were not as good as other surveys; hence, we did not use this survey when computing statistics.  

 

 
Survey no. 

  
Date Start time 

 
End time 

Average 
Beaufort scale 

Proportion of visibility rating scores

   
Excellent Good Fair 

Count of 
belugas Comments

1 
2 
3 
4 
5 
6 
7 
8 
9 
 
 
 

7 July 16 
8 July 16 
8 July 16 
9 July 16 
9 July 16 
10 July 16 
10 July 16 
11 July 16 
11 July 16 
 
 
 

15:54 
10:19 
14:03 
10:34 
14:06 
10:31 
14:27 
10:12 
13:52 

      
      
      

18:00 
13:09 
16:23 
13:03 
16:14 
13:35 
16:46 
13:02 
16:08 

2.2 
1.0 
1.0 
1.0 
1.6 
1.8 
2.0 
1.8 
2.2 

0.00 
0.25 
0.40 
0.67 
0.40 
0.29 
0.25 
0.65 
0.80 

0.79 
0.75 
0.60 
0.33 
0.60 
0.71 
0.75 
0.35 
0.20 

0.21 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

200 
484 

1,024 
756 
716 
521 
640 
595 
544 
660 
174.53 

0.26 

Not used to compute statistics

Average count
SD
CV

   

tion factor would have to range from 
approximately 4.13 to 1.95 on the
same day to account for changes in 
beluga behavior and variability in the 
count (i.e., 484 × 4.132 ~ 2,000 and 
1,024 × 1.953 ~ 2,000). Sampling de-
signs aimed at reducing this variabil-
ity will help in identifying the status 
of the stock and population trends. 

We quickly concluded that distance 
sampling, a method that accounts for 
the fact that the probability of obser-
vation declines with distance, is not 
appropriate for surveying Bristol Bay 
belugas. To assess the applicability
of distance sampling during the 2016 

 

 

surveys, the data collector recorded
sighting distances to each group of
belugas. After the first two replicate
surveys, we realized that virtually all
belugas are observed in close prox-
imity to shore (i.e., within about 100
m). Because there is so little varia-
tion in detection distance, there is not
enough information (nor any need)
to fit detection curves. The aircraft is
positioned to provide the best view of
shore and observers only need to scan
the shoreline. Furthermore, belugas at
this time of year are typically aggre-
gated in large groups which are rela-
tively easy to detect. 

 
 
 
 

 

 
 
 
 
 
 

We also conducted an informal ex-
periment to assess if a correction fac-
tor is necessary for detection bias, also 
known as perception bias, which is de-
fined as the bias due to observers not 
detecting belugas that are available
to be counted. These corrections are 
typically estimated using multiple ob-
servers that record observations inde-
pendently from one another, allowing 
the estimation of the probability that a 
group that is available to be detected is 
actually detected. 

Because the sampling unit is a
group of belugas, not individual belu-
gas, we also wanted to know how de-
tection varied by group size. For this 
informal experiment, the data recorder 
acted as the secondary observer and 
recorded the number and size of belu-
ga groups that were missed by the pri-
mary observer on the same side of the 
aircraft. We found that all groups that 
were missed by the primary observer, 
but sighted by the secondary observer, 
had group sizes of one (n = 6) or two 
belugas (n = 2). No groups larger than 
two belugas were missed by the prima-
ry observer. Although groups of two 
or fewer belugas were the most com-
mon group size encountered (Fig. 4) 
and accounted for approximately 44% 
of all groups observed in 2011, these 
groups contributed little to the total 
count. Only 1.1% of the 5,480 belugas 
counted across all surveys occurred in 
group sizes of 1; likewise, only 1.1% 
occurred in group sizes of 2. Hence, 
even if the primary observer missed 
small groups quite often, which they 
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Figure 4.—Proportion of beluga group sizes (bars) observed and the proportion of 
the total count (line) contributed by each group size during aerial surveys in Bristol 
Bay, Alaska, 7–11 July 2016.  Approximately 44% of all groups were composed of 
one or two belugas; however, only 2.2% of the total count occurred in groups of 
one or two belugas.  

apparently do not, small groups proba-
bly do not contribute much to the over-
all count. 

This is also the case for aerial sur-
veys of belugas in Cook Inlet, Alaska, 
where double observers are used to 
estimate the probability of missing a 
group. Cook Inlet is a similar estua-
rine system as Bristol Bay and aerial 
surveys also follow the coastline (but 
also make more offshore flights; see 
Fig. 1 in Hobbs et al., 2015). During 
2009–2016, the correction factor for 
missed groups ranged from 1.001 (in 
2009) to 1.036 (in 2011; Shelden et 
al.5). Hence, in Cook Inlet, counts of 
belugas are typically corrected by less 
than 4% to account for groups that ob-
servers miss. 

A more worrisome issue is how to 
count all the belugas in large groups. 
We conducted multiple counts of

5Shelden, K. E. W., R. C. Hobbs, C. L. Sims, 
L. Vate Brattström, J. A. Mocklin, C. Boyd, and 
B. A. Mahoney. 2017. Aerial surveys, abun-
dance, and distribution of beluga whales (Del-
phinapterus leucas) in Cook Inlet, Alaska, June 
2016. AFSC Proc. Rep. 2017-09, 62 p. Alaska 
Fish. Sci. Cent., NOAA, Natl. Mar. Fish. Serv., 
7600 Sand Point Way NE, Seattle, WA 98115.

 

large groups and let observers identi-
fy which count was best, based upon 
observation conditions. If we look at 
multiple passes (i.e., counts) of the 
same group of belugas, we find that 
counts of group size sometimes varied 
by large amounts (Table 2). Although 
Table 2 includes counts that observers 
stated were not usable due to visibility 
concerns, this illustrates the uncertain-
ty involved in counting large groups. 

The fact that multiple passes are 
necessary to yield a count that observ-
ers think is valid also underscores the 
difficulty in counting large groups. We 
do not think that most of the variabil-
ity in the count is due to our inability 
to count, but rather is due to beluga 
behavior. For example, if the diving 
behavior of individuals is correlated in 
such a way that many belugas dive or 
surface at the same time, then replicate 
counts of groups may exhibit large 
variation. Unfortunately, this cannot 
be assessed with the data available. 

Because of the high variability in 
counts, both within and between sur-
veys, we suggest that future surveys 
investigate how photo- (e.g., Lyder-

sen et al., 2008; Terletzky and Ramsey, 
2016) or video-based (e.g., Hobbs et 
al., 2000a, b) methods may be used 
to yield more precise counts or esti-
mate real-time correction factors that 
account for beluga behavior at that 
moment, at least when counting large 
groups. Photos may allow for more 
precise counts and video may allow 
for the estimation of availability cor-
rection factors in real-time. For ex-
ample, a commonly used correction 
factor (CF) is that of McLaren (1961):

Dive interval
CF = ,

Surface time+Observation time

where the dive interval is the duration 
of time between surfacing events, sur-
face time is the duration of surfacing 
events, and observation time is dura-
tion of time that a group is visible to 
observers. Laake et al. (1997) was able 
to estimate both surface intervals and 
dive intervals for groups of harbor 
porpoises, Phocoena phocoena, but 
only because they dove and surfaced 
as a group. Hobbs et al. (2000a) used 
video to estimate surface intervals for 
belugas in Cook Inlet, Alaska. Because 
belugas in Cook Inlet did not appear 
to dive and surface at the same time 
within groups and because individual 
belugas cannot be identified from the 
air, Hobbs et al. (2000b) could not es-
timate dive durations for individual 
belugas and had to use values from 
elsewhere. As in Cook Inlet, groups 
of belugas in Bristol Bay also do not 
dive and surface at the same time, so 
estimating dive intervals would be 
similarly difficult from an aircraft. We 
question the utility of using video to 
estimate surface intervals for beluga 
groups while assuming that the dura-
tion of dives is constant. Clearly, more 
research is needed to better estimate 
correction factors that account for 
changes in beluga behavior that occur 
during the aerial surveys. 

A larger issue is whether it is better 
to improve aerial survey methods, in-
cluding the development of improved 
correction factors, or to pursue com-
pletely different approaches for es-
timating abundance, such as genetic 
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Table 2.—Counted group size by replicate count (aircraft pass) for 11 large groups of belugas.  

 

Pass 

Group number

1 2 3 4 5 6 7 8 9 10 11

1 
2 
3 
4 
5 
6 
 
Range 

111 
60 
43 

 
 
   
          

68 

283 
552 
302 
332 

 

269 

271 
390 
295 
230 
260 

160 

210 
262 
247 
300 
269 
271   

90 

192 
202 
246 
244 
278 

86 

236 
279 
226 
289 
268 

63 

67 
62 
76 
96 
80 
96    

34 

65 
47 
52 

 
 

18 

69 
54 
74 
90 

 

36 

433 
341 
403 
360 
364 

92 

270
285
289

19

   

mark-recapture. During 2004–11, the 
Alaska Department of Fish and Game 
(ADFG), working with the Alaska Be-
luga Whale Committee and Alaska
Native beluga hunters, collected skin 
samples from the Bristol Bay stock us-
ing biopsy tips mounted on jab-sticks. 
Genetic markers from the skin biop-
sies were used to identify individual 
belugas and these data were analyzed 
in a mark-recapture framework. Using 
a POPAN Jolly-Seber model, abun-
dance was estimated at 1,928 belugas 
(95% CI = 1,611–2,337; Citta et al., 
2018). Most belugas were sampled in 
Kvichak Bay at a time when belugas 
are also known to occur in Nushagak 
Bay (Fig. 1). The pattern of genetic re-
captures between bays and data from 
belugas with satellite transmitters
(Citta et al., 2016a) indicated that be-
lugas in the two bays regularly mix, 
suggesting the estimate of abundance 
likely applies to all Bristol Bay belu-
gas. However, because it is likely that 
some belugas did not enter the sam-
pling area during sampling, this esti-
mate of abundance is best considered 
a minimum population size. 

Results from the genetic mark-re-
capture study (N = 1,928 belugas) are 
consistent with the estimate from the 
2016 aerial surveys, after commonly 
used correction factors were applied 
(N = 2,040 belugas). The mark-recap-
ture approach has the advantage of not 
requiring correction factors, has valid 
confidence intervals, and allows the
estimation of other parameters, such 
as survival. However, as it was imple-
mented, the mark-recapture estimate
required 10 years of data collection 
and survival rates were indistinguish-
able from a value of 1 (Citta et al., 
2018). Although the mark-recapture

 

 

 

 

 

approach could be implemented with 
just a few years of data collection, a 
much higher sampling intensity would 
be necessary, which would add ad-
ditional disturbance to a method that 
already causes more disturbance than 
aerial surveys. Furthermore, the mark-
recapture estimate was likely biased 
low (Citta et al., 2018), so the close 
correspondence in abundance between 
the mark-recapture study and aerial 
surveys was at least partially due to 
chance. 

One last consideration is cost; the 
multi-year genetic-mark recapture
project cost ~$260,000, while the aer-
ial surveys in 2016 cost ~$53,000 and 
yielded a similar estimate of abun-
dance. Although aerial survey costs 
would be higher if photos or video 
methods were implemented, it would 
still likely cost much less than a genet-
ic mark-recapture project. That all the 
surveys flown in 2016 could be repeat-
ed four or five times in lieu of a single 
mark-recapture study is significant. 
We are not stating that another mark-
recapture study in Bristol Bay is un-
warranted because genetic approaches 
are constantly improving. In particu-
lar, the ‘close-kin’ mark-recapture
technique of Bravington et al. (2016), 
which allows use of closely related an-
imals to act as recaptures, may allow 
estimating abundance from a single 
sample year. However, until improved 
methods can be successfully imple-
mented, we conclude that relatively 
simple aerial surveys are cost-effective 
for assessing the status of Bristol Bay 
belugas. 

Acknowledgments

Funding for 2016 aerial surveys 
was provided by National Oceanic and  

 

 

Atmospheric Administration (NOAA) 
grants NA14NMF4390165 and NA15 
NMF4390424 to the Alaska Beluga 
Whale Committee. We thank the pilots 
of Clearwater Air, Channing Wilson 
and Dirk Bowen, for their attention 
to detail, flexibility, and safety. Es-
sential survey equipment, including a 
laptop and software for surveys, were 
provided by the NMFS-MML (Kim 
Shelden). We thank the Alaska Belu-
ga Whale Committee for prioritizing 
and seeking funding for these surveys 
and the Bristol Bay Native Association 
Marine Mammal Council, especially 
Myra Olsen and Helen Aderman, for 
their interest and support of beluga re-
search in Bristol Bay. Two anonymous 
reviewers improved the quality of this 
manuscript. 

Literature Cited

Bravington, M. V., H. J. Skaug, and E. C. An-
derson. 2016. Close-kin mark-recapture. Sta-
tistical Sci. 31(2):259–274 (doi: https://doi.
org/10.1214/16-STS552).

Brodie, P. F. 1971. A reconsideration of aspects 
of growth, reproduction, and behavior of the 
white whale with reference to the Cumber-
land Sound, Baffin Island, population. J. Fish. 
Res. Board Can. 28(9):1,309–1,318 (doi: 
https://doi.org/10.1139/f71-198).

Buckland, S. T., and B. J. Turnock. 1992. A robust 
line transect method. Biometrics 48(3):901–
909 (https://doi.org/10.2307/2532356).

———, D. R. Anderson, K. P. Burnham, and 
J. L. Laake. 1993. Distance sampling: es-
timating abundance of biological popula-
tions. Chapman and Hall, Lond., 446 p. (doi: 
https://doi.org/10.2307/2532812).

Burnham, K. P., and D. R. Anderson. 2002. 
Model selection and multimodel inference: 
a practical information-theoretic approach. 
Springer Science+Business Media, Inc., New 
York, 488 p.

Chen, S. X. 1999. Estimation in independent ob-
server line transect surveys for cluster popu-
lations. Biometrics 55(3):754–759 (https://
doi.org/10.1111/j.0006-341x.1999.00754.x).

Citta, J. J., G. O’Corry-Crowe, L. T. Quaken-
bush, A. L. Bryan, T. Ferrer, R. C. Hobbs, 
and M. J. Olsen. 2018. Assessing the abun-
dance of Bristol Bay belugas with genetic 
mark-recapture methods. Mar. Mammal Sci. 
34(3):666–686 (doi: https://doi.org/10.1111/
mms.12472).

———, L. T. Quakenbush, K. J. Frost, L. Low-
ry, R. C. Hobbs, and H. Aderman. 2016a. 
Movements of beluga whales (Delphinaptrus 
leucas) in Bristol Bay, Alaska. Mar. Mam-
mal Sci. 32(4):272–1,298 (doi: https://doi.
org/10.1111/mms.12337).

———, P. Richard, L. F. Lowry, G. O’Corry 
Crowe, M. Marcoux. R Suydam, L. T. Quak-
enbush, R. C. Hobbs, D. I. Litovka, K. J. 
Frost, T. Gray, J. Orr, B. Tinker, H. Ader-
man, and M. L. Druckenmiller. 2016b. Sat-



104 Marine Fisheries Review

ellite telemetry reveals population specific 
winter ranges of beluga whales in the Bering 
Sea. Mar. Mammal Sci. 33(1):236–250 (doi: 
https://doi.org/10.1111/mms.12357).

Frost, K. J., L. F. Lowry, and R. R. Nelson. 1985. 
Radiotagging studies of belukha whales (Del-
phinapterus leucas) in Bristol Bay, Alas-
ka. Mar. Mammal Sci. 1(3):191–202 (doi: 
https://doi.org/10.1111/j.1748-7692.1985.
tb00008.x).

——— and L. F. Lowry. 1990. Distribution, 
abundance, and movements of beluga whales, 
Delphinapterus leucas, in coastal waters of 
western Alaska. Can. Bull. Fish. Aquat. Sci. 
224:39–57.

Hobbs, R. C., D. J. Rugh, and D. P. DeMaster. 
2000a. Abundance of belugas, Delphinapter-
us leucas, in Cook Inlet, Alaska, 1994–2000. 
Mar. Fish. Rev. 62(3):37–45.

———, J. M. Waite, and D. J. Rugh. 2000b. Be-
luga, Delphinapterus leucas, group sizes in 
Cook Inlet, Alaska, based on observer counts 
and aerial video. Mar. Fish. Rev. 62(3):46–59.

———, K. E. W. Shelden, D. J. Rugh, C. L. 
Simms, and J. M. Waite. 2015. Estimated 
abundance and trend in aerial counts of be-
luga whales, Delphinapterus leucas, in Cook 
Inlet, Alaska, 1994–2012. Mar. Fish. Rev. 
77(1):11–31 (doi: https://doi.org/10.7755/
mfr.77.1.2)

Laake, J. L., J. Calambokidis, S. D. Osmek, and 

D. J. Rugh. 1997. Probability of detecting 
harbor porpoise from aerial surveys: estimat-
ing g(0). J. Wildl. Manage. 61(1):63–75.

Lowry, L. F., K. J. Frost, A. Zerbini, D. DeMas-
ter, and R. R. Reeves. 2008. Trend in aerial 
counts of beluga or white whales (Delphin-
apterus leucas) in Bristol Bay, Alaska, 1993–
2005. J. Cetacean Res. Manage. 10:201–207.

__________, J. J. Citta, G. O’Corry-Crowe, L. 
T. Quakenbush, K. J. Frost, R. Suydam, and 
R. C. Hobbs. 2019. Distribution, abundance, 
harvest, and status of western Alaska beluga 
whale Delphinapterus leucas, stocks. Mar. 
Fish. Rev. 81(3–4):54–71 (doi: https://doi.
org/10.7755/MFR.81.3-4.2).

Lydersen, C., J. Aars, and K. M. Kovacs. 2008. 
Estimating the number of walruses in Sval-
bard from aerial surveys and behavioral data 
from satellite telemetry. Arctic 61(2):119–
128 (doi: https://doi.org/10.14430/arctic31).

McLaren, I. A. 1961. Methods for determin-
ing the numbers and availability of ringed 
seals in the eastern Canadian Arctic. Arctic 
14(3):162–175 (avail. at http://pubs.aina.ucal-
gary.ca/arctic/Arctic14-3-162.pdf).

O’Corry-Crowe, G. M., R. S. Suydam, A. 
Rosenberg, K. J. Frost, and A. E. Dizon. 
1997. Phylogeography, population structure 
and dispersal patterns of the beluga whale 
Delphinapterus leucas in the western Ne-
arctic revealed by mitochondrial DNA. Mo-

lecular Ecol. 6:955–970 (doi: https://doi.
org/10.1046/j.1365-294X.1997.00267.x). 

———, A. E. Dizon, R. S. Suydam, and L. F. 
Lowry. 2002. Molecular genetic studies of 
population structure and movement patterns 
in a migratory species: the beluga whale, 
Delphinapterus leucas, in the Western Ne-
arctic. In C. J. Pfeiffer, Editor, Molecular and 
cell biology of marine mammals, p. 53–63, 
Krieger Pub. Co., Malabar, Fl. 

———, R. Suydam, L. Quakenbush, L. Pot-
gieter, L. Harwood, D. Litovka, T. Ferrer, J. 
Citta, V. Burkanov, K. Frost, and B. Mahoney. 
2018. Migratory culture, population structure 
and stock identity in North Pacific beluga 
whales (Delphinapterus leucas). PLoS ONE 
13(3):e0194201 (doi: https://doi.org/10.1371/
journal.pone.0194201). 

Terletzky, P. A., and R. D. Ramsey. 2016. Com-
parison of three techniques to identify and 
count individual animals in aerial imagery. 
J. Signal Information Proc. 7:123–135 (doi: 
https://doi.org/10.4236/jsip.2016.73013). 

Thomas, L., S. T. Buckland, E. A. Rexstad, J. 
L. Laake, S. Strindberg, S. L. Hedley, J. R. 
B. Bishop, T. A. Marques, and K. P. Burn-
ham. 2010. Distance software: design and 
analysis of distance sampling surveys for 
estimating population size. J.  Applied Ecol. 
47(1):5–14 (doi: https://doi.org/10.1111/j. 
1365-2664.2009.01737.x).




