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ABSTRACT

The Bristol Bay stock of beluga whales ( Del phi napt er us
| eucas) is genetically distinct and resides in Bristol Bay year-
round. We_estimated the abundance of this population using
genetic mark-recapture, whereby genetic markers from skin
biopsies, collected between 2002 and 2011, were used to identify
individuals. " We"identified 516 individual belugas in two inner
bays, 468 from Kvichak Bay and 48 from Nushagak Bay, and
recaptured:75elugas in separate years. Using a POPAN Jolly-

Seber model, abundance was estimated at 1,928 belugas (95% CI =
1,611-2,337), not including calves, which were not sampled. Most
belugas were sampled in Kvichak Bay at a time when belugas are
also known to occur in Nushagak Bay. The pattern of genetic
recapturessand‘data from belugas with satellite transmitters
suggestedithatbelugas in the two bays regularly mix. Hence, the
estimate of abundance likely applies to all belugas within

Bristol Bay«=Simulations suggested that POPAN estimates of
abundance are robust to most forms of emigration, but that
emigration causes negative bias in both capture and survival
probabilities=Because it is likely that some belugas do not

enter the sampling area during sampling, our estimate of
abundance is best considered a minimum population size.

Key words: beltiga whales, Del phi napt erus | eucas, Bristol Bay,
Bering Sea, genetic mark-recapture, POPAN, Program MARK.

Beluga whales ( Del phi napt erus | eucas) are small cetaceans
(£5.5 m), #&hat live in seasonally ice covered waters in arctic
and subaretic regions. Populations are typically named for where
they summer and, in Alaskan waters, five populations are
commonly recognized by their summer ranges: Cook Inlet, Bristol

Bay, eastern Bering Sea, eastern Chukchi Sea, and Beaufort Sea
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(Frost and Lowry 1990; O’Corry-Crowe et al. 1997, 2002). The
focus of this manuscript is the Bristol Bay population. The
Bristol Bay population is largely restricted to an estuarine
system characterized by large tidal fluctuations and turbid
water. Satellite‘telemetry studies and aerial surveys show that
Bristol Bay belugas are mostly located within Kvichak and
Nushagak'Bays during the ice-free seasons (Lowry et al. 2008;
Citta et al !/ 2016a, b). When ice forms in winter, they often
range intothesnorthern and western regions of greater Bristol
Bay (Citta et al. 2016a). However, even in winter, their
distribution appears to be restricted to Bristol Bay (Citta et
al. 2016a, b).
Understanding the abundance and trend of a population is
important fersmanagement, especially for populations that may
occupy restricted areas, exhibit low growth rates, are small, or
potentially.exposed to high levels of harvest or disturbance.
Belugas in.Bristol Bay are harvested by Alaska Natives and
estimates of population abundance and trend are necessary to
determineiwhether the harvest is sustainable. Bristol Bay also
has the largest. commercial sockeye salmon ( Oncor hynchus nerka)
fishery in the world; between 1992 and 2011, an average of 37.3
million sockeye salmon were commercially harvested annually
(ADFG,unpublished data). Indeed, the impetus for studies of
Bristol Bay belugas in the 1970s, 1980s, and early 2000s was
concern that beluga predation was causing salmon stocks to
decline. Belugas in Bristol Bay are known to consume both
spawningssalmon and outmigrating salmon smolt (Brooks 1955,
Quakenbush et al. 2015). In order to interpret trends in salmon
fisheries, information on the trend of beluga numbers, a primary

salmon predator, is useful. There may also be incidental
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mortality of belugas due to the salmon fisheries (Frost et al.
1984), and potential impacts from climate change on the

population are currently unknown. Finally, there is periodic

interest in eikand gas development within Bristol Bay and

mining within the headwaters of Bristol Bay rivers that may be

detrimental'to belugas, either by direct contamination or

disturbance, or'because development may have negative effects on

prey.

Aerial surveys were conducted in Bristol Bay periodically
between 1993-and 2016 (Lowry et al. 2008; Alaska Beluga Whale
Committee [ABWC], unpublished data). Aerial surveys are prone to
many sources of bias, which usually result in raw counts that
underestimate the true number of animals. For example, belugas
below the surface are unavailable to be sampled (availability
bias) or observers might not see all the belugas at the surface
due to wind or sun (perception bias). Counts from aerial surveys
are commonly adjusted by “correction factors” in an attempt to
calculate the true population size. However, estimating a
correctionifactor is problematic at best. For example, many
correction faetors only consider availability bias, most do not
incorporate. measures of uncertainty, and most are based upon a
small samplesize that may not represent the entire population
or may 'only reflect behavior at a particular time of year or
location. Hence, it is difficult to determine how counts from
aerial surveys relate to true abundance and independent methods
for estimating.abundance and trends are useful.

A"premising technique for estimating abundance of cetaceans
involves collecting skin samples from many individuals for
genetic identification. In effect, molecular markers are used to

genetically identify individual belugas and repeated sampling
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allows genetic “recaptures” to be analyzed within a mark-
recapture framework. Estimates of abundance based upon mark-
recapture methods are not reliant on estimating correction

factors andsprevide an independent estimate of abundance. In
addition torabundance, mark-recapture data can also be used to
estimaté survival rates, movements between population segments,
recruitment into’'the population, and trends in abundance.

The beluga population in Bristol Bay is well-studied and
provides asgood system for the application of genetic mark-
recapture methods because (1) there are aerial surveys of
abundance thatallow for an independent comparison between
aerial surveys and genetic mark-recapture methods; (2) there are
satellite tagging studies that provide information on how beluga
whales move-bétween inner bays within greater Bristol Bay and
how this may affect the sampling of belugas and genetic mark-
recapture.estimates of abundance, and (3) ultimately it may be
possible to.use the genetic mark-recapture estimate of abundance
to correct estimates of abundance from aerial surveys (
the mark-recapture estimate to develop a correction factor for
aerial surveys).

Here ,weseport on a genetic mark-recapture study conducted
in Bristol Bay from 2002 to 2011. We provide a “best” estimate
of beluga'abundance in Bristol Bay. We then assess the
reliability of our estimate using empirical data on the
movements of belugas with satellite transmitters and simulations
of beluga movement patterns that may cause our estimator to be
biased oryield confidence intervals with poor coverage. We also
compare our best estimate of abundance for Bristol Bay belugas
with correction factors that have been developed for aerial

surveys conducted there. Our results are timely because the
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North Atlantic Marine Mammal Commission (NAMMCO) is reviewing
the status of all beluga stocks worldwide.
METHODS

Sanpl i ng«Met hods

We sampled belugas in two bays within greater Bristol Bay:
(1) Kvichak'Bay, near the community of Levelock, during 2002—
2011, and(2)"Nushagak Bay, between Dillingham and the mouth of
the Snake River, in 2008 and 2011 (Fig. 1). Immediately
following “break-up,” when the river ice washes out into the
bay, belugas are known to travel up the rivers to forage upon
rainbow smelt ( Gsner us nor dax) and outmigrating salmon smolts
(Oncor hynchus spp.; Brooks 1955). Local observers in Levelock
would notify us when belugas had arrived and when ice conditions
were condueive to boating, and we would begin sampling. There
was one sampling session per year that typically lasted 3—7 d.
When the.smolt/smelt runs slowed, belugas would cease migrating
up the river-and would remain in the outer bay where the water
was too deep to effectively sample them. We typically used two
open aluminum boats with outboard motors. Each boat had a driver
and a belugassampler was located in the bow. Boat drivers were
Alaska Native beluga hunters who knew where to find belugas, how
to get close to them, and how to navigate the mud bars during
extremé-tide cycles.

Thebeluga sampler had a jab stick or pole that was 1.8-2.4
m long. The pole has a threaded bolt in one end to allow metal
biopsy tips to.be attached and detached. Biopsy tips are hollow;
the outerrim has a cutting edge that allows the tip to
penetrate the skin and prongs inside retain the skin biopsy. The
end of the pole provides a stop so that the biopsy tip cannot

penetrate deeper than the length of the tip (20-40 mm).
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Thickness of the skin and blubber along the back and side is ~6
cm or greater, so there was little risk of harming the beluga.
Biopsy poles were tied to the boat with a long, thin line so
that the poleseould be thrown and retrieved. We initially
experimented.with other methods of collecting skin biopsies,
such as'using crossbows with biopsy tips mounted on crossbow
bolts. We found that beluga hunters had no trouble getting close
to belugas with/boats and that using a pole to collect biopsies
was much.faster and safer that using a crossbow in a moving
boat.

At the end of each day, the biopsy samples were removed
from the tips and the skin was either placed in a solution of
20% dimethyl sulfoxide (DMSO) saturated in salt (NaCl) or
frozen. A label'was placed inside the bottle and the outside of
the bottle was.also labeled. All used tips were washed with
soap and-water, rinsed, dipped in bleach, and placed in a
container of-chlorohexidine diacetate solution for at least 20
min.
Genet i cuMet hods

nt DNA.extracti on and anpli fi cati on—Total cellular DNA was
isolated using. QlAquick Dneasy kits (QIAGEN Ltd.) or salt
extractionimethods. The concentration and quality of resultant
DNA was estimated by spectrophotometry. Each sample was screened
for polymaorphism within seven unlinked, hypervariable
microsatellite loci previously demonstrated to consistently
amplify, be inherited in a Mendelian fashion, and have no null
alleles orevidence of allelic dropout in beluga whales
(O’Corry-Crowe et al . 2010). The original project design
examined eight microsatellite loci; however, one locus, CS

468/469, proved difficult to genotype in the lab and was

This article is protected by copyright. All rights reserved



[4484]-8

discontinued after 2008. PCR products were run on an Applied
Biosystems Genetic Analyzer, and analyzed using Genemapper v3.7
software (Applied Biosystems). The binning option in Genemapper
was used tesautomatically call allele sizes, although all
genotypeswere inspected visually for amplification quality and
calling accuracy. Roughly 10% of samples were also chosen for
genotype replication (both at the PCR and screening stage).

Ceneti ¢ matching and the |ikelihood of scoring errors—There
are two typessof errors that may occur when determining if two
genotyped'samples are from the same individual ( i .e.,genetic
matching). First, we may erroneously conclude that two samples
come from the same beluga when they actually do not. Different
individuals.may share the same genotype at several independent
loci, especially.if allelic diversity within loci is low.

However, ifienough loci with high allelic diversity are

screened,.the probability that two individuals will have the

same multilocus genotype, known as the probability of identity

(Ppp; e.g.,Walits et al. 2001), becomes very low. If Pp isone
or two orders of magnitude lower than the inverse of population

size, then thesproject design has sufficient discriminating

power so that each individual is likely to be unique for the

loci screened. When Pio is high the false identification of
“recaptures™artificially inflates the recapture rate and

results in estimates of abundance that are biased low and levels

of precision that are biased high ( e. g., Mills et al. 2000). We
used the program Cervus (Kalinowski et al. 2007)to conduct
genetic'matching and to estimate Pio and employed locus

jackknifing to determine the minimum number of loci needed to
discriminate among individuals. This equates to the minimum

number of loci required where an exact match among samples
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indicates they are from the same individual. We also compared
our multilocus estimates of Pip to those estimated from an
independent set of Bristol Bay samples collected prior to this
study.
The secend. type of error occurs when we conclude that two
samples came from different individuals when they are actually
from the same animal. Genotyping errors due to allelic dropout,
null alleles, or miss-calls may result in situations where two
samples fremsthe same animal differ at one or two loci. This
results in the aoverestimation of unique individuals, which
artificially decreases the recapture rate and results in
inflated estimates of abundance ( e. d., Creel et al. 2003,
McKelveyand Schwartz 2004). If genotyping error rates are low
and sufficientdl@ci are screened we expect that most errors
would cause'samples from the same individual to mismatch

(differ) at-only one locus. By contrast, if enough loci are

screened,.and thus Pio is low, we expect different individuals to
differ at two or more loci (Kalinowski et al. 2006). We used the
program MM-Dist (Kalinowski et al. 2006) to distinguish between

mismatches-due to (1) genotyping errors between two samples and
(2) genotype differences between two individuals. The program
calculatesfprobability distributions for how many loci
individuals in‘a’population will differ by. We used independent
data from'the Bristol Bay subsistence harvest to estimate
allelic diversity, and probabilities of mismatches at different
numbers of loeit
Mar k- recapt ure Anal ysi s

The theory for estimating abundance for open populations
(1. e., populations with gains and losses due to birth, death,

emigration, and immigration) was developed by Jolly (1965) and
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Seber (1965); the models they developed became known as Jolly-
Seber (JS) models. The original JS model has been reformulated a
number of . times ( e. g., Burnham 1991, Pradel 1996), with each
form estimating slightly different parameters and having

different assumptions.

Here, ' we use a version of the JS model that Schwarz and
Arnason (1996) developed and originally implemented in the
computeripackage POPAN. Schwarz and Arnason directly model the
size of N,.which denotes the “super-population”™—a hypothetical
population‘that'serves as a source of individuals for the
population of interest. The super-population consists of the
pool of all the animals that entered the population during the
study, through birth and immigration, and includes animals that
leave the pepulation through death or emigration. POPAN models

have four parameters, pi, ¢, bi,and N (Fig. 2; Schwarz and

Arnason 1996, 2017). The parameter pi is the probability of

capture_ofsboth marked and unmarked animals that are alive at

occasion i, p; isthe survival probability of animals between

occasions, i and i +1,and b; is the probability that an animal

from the super-population would enter (by immigration or birth)

the sampled.population between occasions i and i +1andwould

also survive to i +1. N, the size of the super-population, is

not specific to a specific period but is the total number of

animals that existed during the study. The number of animals

entering the population at time i , denoted Bi, is equal to N*b; .
Furthermoregfor K sampling occasions, N= By + By + By +...+Bg.1.
Here, Beguis the number of animals that were present in the

sampled population just prior to sampling. The super-population

model is of particular use for our situation because the

estimate of N is not for the region being sampled ( e. g., Kvichak
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or Nushagak Bays), but for the larger super-population ( e.g.,
greater Bristol Bay). A key feature of the model is that members
of the super-population need not be present within the sampling
area at all times. The POPAN JS model is also available in
Program MARK (White and Burnham 1999), which we used for model
fitting.

Themodel makes the following assumptions: (1) animals
retain their marks and marks are read properly; (2) sampling
occasions.aresinstantaneous and there is no birth, death,
emigrationsorimmigration within sampling periods; (3) survival
probabilities are the same for marked and unmarked animals; (4)
the probability of capture is the same for marked and unmarked
animals within sampling periods; (5) the size of the study area
does not change over time; if the size of the study area
changes, we'may draw from a larger or smaller super-population
and this'would change the population size. More information on
the super-population approach and POPAN models can be found in
section 18.3 of Williams et al. (2002) and Schwarz and Arnason
(2017).

The POPAN model is appropriate for our study design because
most samples.were collected in Kvichak Bay, our primary sampling
area, at ajime when belugas are also known to occur in Nushagak
Bay. Dueto logistic constraints, we only sampled in Nushagak
Bay in 2008 and 2011. This is not a problem as long as all
belugas have an equal chance of occurring in Kvichak Bay during
sampling perieds. Belugas are known to travel back and forth
between'Kvichak and Nushagak Bays and can do so in as little
time as a day (Citta et al. 2016a). However, movement into and
out of the sampling area ( i . e.,temporary emigration) and how

such movement may affect the POPAN model is largely unknown.
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If temporary emigration is completely random, estimates of
N should still be unbiased (Burnham 1991), although precision
should decline as temporary emigration increases (Kendall et al.
1997). However, the probability that a beluga is outside the
study areaat time i + 1 may depend upon a beluga’s location at
time i"("i."e., a Markov process). Kendall et al. (1997) examined
the role of'Markovian temporary emigration on survival and
capture probabilities and found that they were biased low if
animals outside the sample area were more likely to remain
outside during:the next sampling period. However, the model used
by Kendall et al. (1997) was not a POPAN model and did not
estimate N for an open population. Another scenario results from
the fact that belugas often travel in groups. Although the
membership-ef/groups is not well understood, it is likely that
groups of females with calves travel together. As such, if one
member-of.a group is outside the sample area, then so is the
entire grouprHence, the probability an animal is a temporary
emigrant may not be completely random ( i . e.,lackindependence)
over timefisuch as with Markovian temporary emigration, and/or
also not be.ecempletely random between individuals, if belugas
travel in groups.
Kendall™ et al. (1997) provided methods for identifying if
temporary emigration is present and if its form is random or
Markovian. These methods rely on Pollock’s Robust Design
(Pollock 1982), where there are multiple primary periods
separated by.leng periods of time and multiple secondary periods
or capture,occasions within each primary period (see description
in Kendall et al. 1997 or Williams et al. 2002). Although our
data collection adheres to the Robust Design in that we have

multiple sampling days (secondary periods) within each year
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(years are primary periods), we typically do not recapture

whales on different days within years. As such, there was not
enough data to,apply the Robust Design or use the methods of
Kendall _etwal . (1997) to identify temporary emigrants. Although
we cannot formally test for temporary emigration, it almost

certainly exists'in our study system. To explore the effects of
different forms of temporary emigration, we simulated data sets
generated under different patterns of emigration and then fit
POPAN madels to those data.

We examined five sets of simulations. All simulations
assumed the true population size was 2,000 belugas, the
approximate number of belugas that we think occur within the
population, and were repeated for three levels of encounter
probability:( p = 0.05, 0.10, and 0.15). The first set of
simulations:assumed there was no temporary emigration. The
second'set of simulations assumed that there was random
temporary.emigration; we examined two levels of random temporary
emigration, 0.5 and 0.75. In effect, each animal had a 50%, and
75% chance of being outside the study area in each sampling
occasion. The.third set of simulations assumed that emigration
was random, but that belugas emigrated in groups of 50. We have
no knowledge of how large groups are, so the choice of 50 is
arbitrary."However, this will let us assess how a lack of
independence among animals may affect our estimate of abundance.
Again, we examined two levels of random temporary emigration,
0.5, and 0.75.Fhe fourth set of simulations assumed that
temporary.emigration was Markovian. Belugas were randomly
assigned a starting state ( i . e.,inside or outside the sample
area) with a probability of 0.5 and then given a 0.75

probability that they remained in the same state at time i +1
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as they were at time i . Last, we simulated the effects of
Markovian temporary emigration on groups of belugas. Again, we
assumed that the probability of remaining within the prior state

was 0.75 andithat belugas emigrated in groups of 50. To examine

how survival may affect estimation of abundance, we repeated all
simulations with two levels of annual survival probability, 0.97

and 0.95. This"population of belugas is thought to be increasing

or stable (Lowry et al . 2008; ABWC, unpublished data); as such,
survival ratessare likely high. Assuming a population size of

2,467, the eurrent Potential Biological Removal (PBR) 2 for this
population is 59 belugas (Muto et al . 2016). For our simulated
population size (2,000), removing 59 belugas annually would

yield an annual survival probability of approximately 0.97. To

determine hewdower survival rates may affect estimation, we

repeated our'simulations with an annual survival probability of

0.95. Each,simulation was repeated 1,000 times and each

simulated. dataset was fit to a POPAN model. Mean parameters were
calculated as the mean value of the 1,000 POPAN parameter sets.
Confidence intervals (95%) were obtained by ordering the output

and then seleeting values at the upper and lower 2.5% tails with

the data. For 1,000 simulations, the lower 95% confidence

interval ishe 25th largest observation and the upper 95%

confidence interval is the 975th largest observation. Simulated

data sets were generated in R (R Core Team 2017) and were fit

using package Rmar k, version 2.2.2 (Laake 2013), as an interface
between R and*Program MARK.

To explore,how belugas may move into and out of the study area

and determine which simulations may be appropriate, we also

examined the pattern of genetic recaptures by bay and used

movement data available from belugas tagged with satellite-
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linked transmitters to examine how many tagged belugas entered
the sampling area while sampling was occurring. Prior to
plotting the location data, we filtered it by removing locations
resulting in.elocities greater than a fixed threshold
(McConnell._et_al . 1992); a threshold of 1.78 m/s was chosen
after considering a variety of sources. Smith and Martin (1994)
found belugas-traveling at 1.4 m/s, Lydersen et al. (2001)
documented 1.67 m/s as a maximum sustained velocity, and Richard
et al. (200%) documented velocities of 1.17 to 1.78 m/s, which
included the fastest observed velocity in any of the studies.

RESULTS

From 2002 to 2011, 695 skin biopsies were collected from
belugas inNlMay (Table 1). Sampling methods and efficiency
improved and-the number of biopsies collected increased over
time, as did the number of biopsies allowed by research permits.
The number of biopsies we were allowed to collect increased from
30/yr during®2002—-2005, to 100/yr during 2006—2009, and then to
350/yr after 2010. The low number of biopsies collected in 2009
(n =17) accurred because few belugas were found in Kvichak Bay
that year. Mest of the biopsies were collected from belugas in
Kvichak Bay (+ n =628); fewer samples ( n = 67) were collected in
Nushagak'Bayin 2008 and 2011. As stipulated by our permits, no
newborfrcalves were sampled.

Within these samples, we identified 516 genetically unique
belugas, 468 in'Kvichak Bay and 48 in Nushagak Bay (Table 2).
There were 85srecapture events in separate years, from 75
different'belugas. Seventy-six recapture events occurred in
Kvichak Bay and nine occurred in Nushagak Bay. A total of 67
belugas were recaptured once, six were recaptured twice, and two

were recaptured three times. Eleven recaptures were based upon

This article is protected by copyright. All rights reserved



[4484]-16

exact matches when only four loci were available to be compared
among sample pairs, 16 were based upon five loci, 25 were based
upon six loci, and 33 were based upon all seven loci.

Eightef.our recaptures ( i . e., matching samples) were
“fuzzy matehes” that were the same at all but one locus. As
stated in the'Methods, if Pip is not very low, then there is a
higher likelthood of incorrectly identifying two different

individuals as the same individual. Within our sample of

recaptures; the Pip averaged 2.3 x 10 “®and ranged from 3.6 x 10 -
to 7.6 x 10 “° (Table 3). For as few as four loci, Pip averaged 1.9
x 10 °. Similarly, in the jackknife analysis we found that the P

among matched pairs was low when as few as four loci were
comparedi(mean Pjp =1.18 x 10 ~%: Table 3). We suspect that the
jackknife estimates of Pip in Table 3 are biased high because we
found that'when two beluga samples matched at four loci, they
always matched at many more. Based upon the independent sample
of harvestedbelugas ( n = 66), MM-DIST calculated that
approximately 95% of belugas in Bristol Bay will differ at six
or more loci. Hence, when two biopsies differ at a single locus
out of the seven screened, the overwhelming probability is that
they came.from the same animal, thereby providing justification
for including “fuzzy matches” as recaptures.
Mar k Recapture Estimate

With relatively few recaptures, the POPAN models were not
capable of supporting time dependent structure. Although the
capture probability ( pi ) and the probability that animals enter
the sampled population from the super-population ( b; ) almost
certainly vary over time, models that included temporal
variation in these parameters either did not converge or

produced results that were nonsensical. Hence, we relied on a
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time-invariant model. Within the time invariant model, survival

probability ( ¢ ) was estimated to be 1.0 (95% CI = 1.0-1.0), Pi
was 0.062 (95% CI = 0.050-0.075), and b; was 0.108 (95% CI =
0.106-0.111)=The estimate of b; translates into an average

annual prebability-of 0.11 (95% CI = 0.106—0.111) that animals
from the super-population enter the sampled population. The
super-population was estimated to consist of 1,928 belugas (95%
Cl=1,611-2,337).

Excluding data collected in Nushagak Bay had little effect
on the estimate of abundance. After removing Nushagak data, the
super-population was estimated to consist of 1,801 belugas (95%
Cl =1,491-2,207). Likewise, removing “fuzzy matches” from the
data set had little effect on the estimate of abundance. After
removing fuzzy matches, the super-population was estimated to
consist of 2,145 belugas (95% CI = 1,771-2,631). This estimate
does not'include the number of newborn calves, as permits
stipulated-that no calves be sampled.
Si mul ati ons

Simulations indicated that estimates of abundance from the
POPAN medelwere largely robust to the forms of emigration that
we considered/(Tables 4, 5). In general, estimates of abundance
were within 200 belugas of the true value ( i .e.,asimulated
population of 2,000 belugas) and 95% confidence limits contained
the true value. For non-Markovian patterns of emigration,
abundance was biased high, and for Markovian patterns, abundance
was biased.lew. The largest bias occurred when belugas only had
a 25% chance of being within the sampling area during any year
and capture probabilities were lowest (0.05); in these
scenarios, abundance was biased high by as many as 463 belugas

(1.e., 23%). However, in all cases, confidence limits widened to
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include the true value. In contrast, capture and survival
probabilities were biased low for all forms of temporary
emigration. The.confidence limits for capture probability
generally did=not include the true value (Tables 4, 5). The
confidencelimits_ for survival probability sometimes did not
include‘thetrue'value for forms of Markovian emigration.
Movenent™ Between Sanpling Areas

Evidence of movement between the Kvichak and Nushagak
sampling areas,comes from satellite tags deployed in Nushagak
Bay in the'spring of 2008 and 2011 and the limited amount of
genetic sampling that was also conducted there in 2008 and 2011
(Table 1). In 2008, 10 belugas were tagged in Nushagak Bay from
17 to 21 May and genetic sampling in Kvichak Bay occurred from
17 to 19 May=Two belugas tagged in 2008 were males and the rest
were females..Of the belugas tagged in 2008, 50% (5 of 10) moved
into the"genetic sampling area during 23-28 May ( i.e.,2-5d
after the genetic sampling period; Fig. 3). In 2011, belugas
were tagged on 18 and 20 May in Nushagak Bay and genetic
sampling in Kvichak Bay occurred from 24 to 30 May. One of the
belugas tagged in Nushagak Bay moved into the genetic sampling
area on 24, May and was present until 9 June. This tagged beluga
was not seen or biopsied.

Of'the 25 belugas biopsied in Nushagak Bay in 2008 (Table
2), six were later recaptured in Kvichak Bay, one in 2010 and
five in 2011. Na belugas from the Kvichak were found in the
Nushagak in.2008, however, two whales biopsied in the Kvichak
were found.in the Nushagak in 2011.

DiscussioN

Enpirical Estimate of Abundance

Most of our sampling was in Kvichak Bay, thus we need to
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know if the estimate of abundance more appropriately applies to
belugas within Kvichak Bay or belugas within all of Bristol Bay.
Based upon the, movements of satellite tagged belugas and the
movements-of,genetically marked belugas, it appears that belugas
readily move back and forth between bays. Likewise, the estimate
of abundance that included samples from both sample areas ( N=
1,928) was similar to that when only considering the Kvichak
sampling area ( N=1,801). As such, we conclude that the
estimate of:abundance more appropriately applies to the entire
population‘rather than just belugas found in the Kvichak River.

The high'survival rate we estimated from our empirical data
was clearly not possible. Mark-recapture models often have
difficulty estimating parameters that are near the limits or
boundaries-ef-what is possible ( e. g., values of 0 or 1). With a
relatively lowrecapture rate, the POPAN model simply cannot
distinguish.a very high survival rate from 1. In fact, some of
our simulatiens that assumed survival was 0.97 and 0.95 had
confidence limits that included 1, meaning that at least 2.5% of
those simulations had survival rates equal to 1 (Tables 4, 5).
When estimating abundance with our empirical data, fixing
survival atlower values only slightly increases our estimate.
If we fix the"value of survival at 0.97, the estimated size of
the super-population increases from 1,928 belugas (95% CI =
1,611-2,337) to 1,953 (95% CI = 1,630-2,370). If we fix the
value of survival to 0.95, abundance further increases to 1,968
(95% CI = 1,641-2,390). Such increases in abundance are not
biologically. significant.

Exactly what time period that the estimate of abundance
applies to is also an important consideration. The estimate

provided above applies to all belugas that were present during
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the study. Due to mortality, this number present at the end of
the study should be less than the number present during the
entire study period. However, due to immigration, this is not

the case. Insour model, time-specific estimates of abundance
increased from'50.(95% CI = 23-108) belugas during the first
sampling period to 1,925 belugas (1,597-2,320) in the last
sampling period, only three belugas less than that for the

entire study period. The majority of this increase is due to
immigration, net birth. To illustrate how less than perfect

survival affects estimation, we repeated this analysis and set
survival to 0.97, Time-specific estimates of abundance increase
from 46 belugas (95% CI = 21-99) in the sampling period to 1,726
belugas (95% CI = 1,430-2,083) in the last sampling period. The
overall super-population estimate is 1,982 belugas (95% CI =
1,430-2,083)approximately 250 belugas more than the final
time-specific estimate. In both cases, the growth of the
population«ds*mostly due to immigration and not birth. We would
need a much higher estimate of encounter probability to reliably
estimate abundance for each sampling period; however, the
overall population estimate in our case is equal to the final
population.estimate. Because the population was growing due to
immigration, we think it unlikely that all belugas were exposed

to sampling risk. As such, all of these estimates are expected

to be biased low by an unknown amount.

We were concerned that collecting biopsies may cause some
belugas to abandon sampling areas, resulting in the probability
of recapture being lower than the probability of initial
capture. Current forms of the POPAN model do not allow the
probability of recapture to differ from the initial probability

of capture. We suspect that the probability of capture declines
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on days following the initial capture event. A total of 96
belugas were recaptured within years; however, only 19 of these
belugas were resampled on different days within the same year.
Belugas typieally enter rivers and shallow areas with incoming
tides and thendeave with the outgoing tide; we suspect that
some groups we sample do not come back up the rivers until we
leave. However, for this to affect our estimate of abundance
avoidance would have to extend across years and this is highly
unlikely. Firstybelugas are chasing seasonal food sources up
the rivers; we are sampling belugas where they are finding food
and belugas are found within our sampling sites every year.
Second, they are exposed to small-boat traffic during the entire
ice-free season, including exposure to the boats we use to
sample when-we are not sampling. Third, when we begin sampling
varies andiis‘probably unpredictable for belugas. Last, they are
harvested.before, during, and after our sampling sessions, both
inside and.eutside our sampling areas; as such, greater levels
of disturbance commonly occur inside and outside where we
sampled them and they are probably familiar with being pursued
by small boats. Hence, avoidance of the sampling areas seems
unlikely across/years.
| nf erences from Si nmul ati ons

In"orderfor the POPAN estimate of abundance to be
approximately unbiased, it is not necessary for all animals to
be exposed to capture risk in all years. Simulations show that
POPAN estimates of abundance were largely robust to emigration
and weresgenerally within 10% or 200 belugas of the true value.
The exception to this was for the combination of random
emigration and very low capture probabilities ( p = 0.05), where

estimates of abundance were only within 20% of the true value.
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These simulations yielded estimates of capture probability
between 0.02 and 0.03 (Tables 4, 5). In our empirical data, the
estimate of capture probability was 0.06 (95% CI = 0.05-0.08).
As such, itissunlikely that the simulations with the most bias
are indicative.of our estimate of abundance for belugas in
Bristol Bay.
Interestingly, both capture and survival probabilities were
biased low in simulations that included any form of emigration.
This was espeeially true for capture probability, estimates of
which typically“had confidence limits that did not include the
true value. Thisiis expected because temporary emigration
functionally decreased the probability that a beluga is
available to be captured. The negative bias in survival was most
pronouncedswhen emigration was Markovian (Tables 4, 5). This is
because somesbelugas are only captured once, emigrate, and then
are never.encountered again. These belugas are essentially
permanent.emigrants within the confines of the study and the
POPAN model cannot distinguish permanent emigration from death.
When emigration occurs, it has a confounding effect on the
probability ef-eapture and survival in POPAN models. Although
this statistical confounding might seem to be a bad thing, and
certainly results'in capture and survival probabilities that are
biased,the POPAN model can still provide valid estimates of
abundance. One thing we discovered when fitting simulation
models is that we do not want to fix parameters to constant
values. In Table 4, the simulation of Markovian movements with
capture and survival probabilities of 0.1 and 0.97,
respectively, yielded an abundance of 1,988 belugas (95% CI =
1,676-2,334). To illustrate how fixing parameters may affect

estimation, we fixed survival within Program MARK to 0.97 ( i.e.
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the value we used to simulate the data) and then re-ran the
simulation. The resulting estimate of abundance was biased low
(N=1,737) and the confidence intervals did not include the
true value 02000 (95% CI = 1,528-1,966). This is an important
finding for practitioners of mark-recapture studies. A survival
probability of 0.97 will typically be statistically

indistinguishable from 1. Furthermore, when using logit link
functions survival is bounded between 0 and 1, and parameters
near boundaries are notoriously difficult to estimate and often
cause convergence issues. To avoid convergence issues,
practitioners of imark-recapture analyses often fix parameters to
set values ( e. g., 0 or 1). However, by fixing survival to the
known value, we created a model that no longer accounted for
belugas that.emigrate out of the sampling area and provided a
biased estimate of abundance and confidence intervals with poor
coverage:.

In order to understand how our empirical estimate may be
biased, it would be useful to know what form of movement (
random or.Markovian temporary emigration) was most likely for
belugas in_Bristol Bay. The satellite tag data suggested that
there was'extensive movement between sampling areas within
years, even while we were sampling. The genetic data also
suggests a high amount of movement between years. Of 25 belugas
sampled in Nushagak Bay in 2008, one was recaptured in Kvichak
Bay in 2010 (4%) and five (20%) in 2011. We are not suggesting
that movementof belugas between Nushagak and Kvichak bays is
random."We are collecting genetic samples when belugas are
moving up the bays to pursue spawning rainbow smelt and
outmigrating salmon smolt. Although our efficiency in collecting

biopsies from belugas certainly increased over time, the drop in
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the number of samples collected in 2009 ( n = 15) was not due to
our inability to sample belugas, rather it was because few
belugas were present. Likewise, there is probably a reason why
few of the Nushagak belugas biopsied in 2008 were found in the
Kvichak until 2011, when we recaptured six. As such, movement
between the 'bays is probably not random, nor Markovian. We
suggest that'belugas are responding to variations in food
availability, which is something we did not sample.
Regardless of why belugas move between bays in our study
area, we think:it is very likely that some belugas never entered
our sampling areas when we were sampling. Therefore, Markovian
simulations are probably most appropriate because they allow for
some belugas to never be exposed to sampling effort. Our
Markovianssimulations of abundance were only biased low by <50
belugas and were within 5% of the true value. Given that the
bias in the, Markovian models was small and that we observed high
levels of mevement between the sampling areas, our estimate of
abundance should be useful. However, the estimate we provide is
best considered a minimum population estimate because it is
likely that seme belugas were never exposed to sampling effort.
Correction Factors and Counts from Aerial Surveys
Counts from aerial surveys are typically corrected for the
number-of beltgas that are diving and not available to be
sampled and/or for the number that are available but missed by
the observer. Because beluga calves and yearlings are small and
gray in color and are typically not detected in the silty ( i.e.
gray-colored) water, a separate correction is sometimes used for
them ( e. g., Brodie 1971). In Bristol Bay, however, correction
factors have only been developed to correct for the number of

adults at the surface ( i . e., availability correction). Frost et
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al . (1985) used VHF transmitters to estimate an availability
correction factor of 2.75. This estimate was later revised to

2.62 by Frost and Lowry (1995). Citta et al. (ABWC, unpublished
data) used.satellite transmitters to estimate a correction

factor of 3.3 (standard deviation = 4.52). Although such
calculations are warranted because estimates of abundance are
needed for management, assuming correction factors do not vary
with circumstances is unrealistic. Counts of belugas often vary
widely, even when surveys are conducted on the same day and
cover the exact same area. In 2016, replicate counts during
aerial surveys ranged from 484 to 1,024 on days with good
viewing conditions (ABWC, unpublished data). In fact, these two
counts were collected on the same day, within a few hours of
each other=lf:the true number of adult belugas was 2,000, the
availabilityscarrection factor for those surveys would range

from approximately 1.95 to 4.13.

The_ estimate of abundance for Bristol Bay belugas in the
most current National Marine Fisheries Service Stock Assessment
Reports is12,877 (Muto et al. 2016) and was derived by
multiplying.the average of the maximum count from surveys in
2004 (794),and 2005 (1,067) by the availability correction
factor (2.62) from Frost and Lowry (1995) and by a correction
for the Aumber-of calves (1.1) and yearlings (1.08) from a study
of belugas in Cumberland Sound, Baffin Island, Canada (Brodie
1971). We sampled no newborn calves, so our estimate would only
have to be corrected for the number of calves to be comparable.
Brodie (1971) estimated that roughly 10% of a beluga population
was composed of calves; after correcting the mark-recapture
estimate for calves, there are 2,121 belugas ( i.e., 1,928 x

1.1), which is approximately 700 fewer belugas than stated in
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the current stock assessment report (Muto et al. 2016).

Comparing estimates of abundance from our genetic mark-
recapture study.and aerial surveys is difficult, because the
implementation of each method was imperfect. The genetic mark-
recapture study should have sampled belugas in each bay
consisténtly.”As a consequence, our estimate is almost certainly
biased low because some belugas were likely never available to
be genetically sampled. However, there is also considerable
uncertainty:inrestimates of abundance from aerial surveys,
mostly because correction factors (or survey methods) that
correctly account for availability and the number calves and
yearlings need to be better developed in Bristol Bay. Further
discussion.of how to improve upon the design of aerial surveys
is outside the=sCope of this manuscript.
Pot enti al “Bi ol ogi cal Renoval

Under the 1994 reauthorized Marine Mammal Protection Act
(MMPA), marine mammal Stock Assessment Reports (SARs) must
contain an estimate of the Potential Biological Removal (PBR)
level for the population and the information used to calculate
it (Wade and-Angliss 1997). PRB is calculated as the product of
the minimum _population estimate, one-half the maximum
theoretical’'net productivity rate, and a recovery factor: PBR =
Nvin X 0057 " Ruaxx Fr (Wade and Angliss 1997). Ruvaxis the maximum
net productivity rate (4.8%; Lowry et al. 2008)and Fg isthe
“recovery factor,” which is equal to 1.0 when a population is
stable or increasing. Nmin is the lower 20th percentile of a log-
normal distribution that represents the minimum number of whales

after accounting for uncertainty in the estimates. Wade and
Angliss (1997) calculated Nvin @s: Nwin = Nexp 110.842 x  [n{l +

[CV( N)] 2} ). Because most counts of belugas do not include
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reliable estimates of variability, a default CV of 0.2 is
typically used. Muto et al. (2016) used the average of the
maximum,.counts from aerial surveys in 2004 and 2005, corrected
to accountfer-availability and the number of calves/yearlings,
to calculate.a.PBR of 59 belugas (2,467 x 0.024 x 1.0) in
Bristol Bay.
If we calculate PBR with the genetic mark-recapture
estimate, we get a lower value. We used the CV of the mark-
recapture estimate (CV = 0.1) instead of the default value of
0.2. Without coerrecting for the number of calves, N min equals
1,773 belugas and the PBR equals 43 belugas. If we adjust
abundance by 10% to account for calves, which were not sampled,
Nmin equals 1,949 and the PBR equals 47 belugas ( i.e., 1,949 x
0.024 x 1.9)=Although this calculation of PBR is lower than
that calculated#rom aerial surveys, it is still approximately
twice thescurrent annual subsistence harvest of 23/yr (ABWC,
unpublished-data), even though the mark-recapture estimate is
almost certainly biased low.
Fishery observers monitored the groundfish trawl, longline,
and pot fisheries within greater Bristol Bay during 1990-1997
and no incidental mortalities or injuries were observed (Muto et
al . 2016)¢Aerial surveys occur in late June and early July,
during the'sockeye fishery, and belugas are observed swimming
around gill net sets suggesting belugas could be caught in the
commercial salmon set gill net and drift gill net fisheries that
occur in Nushagak and Kvichak Bays. During May—July 1983, Frost
et al ."(2984) conducted beach surveys in the inner bays from
airplanes and boats and found 27 dead belugas, at least 12 of
which were clearly attributed to fisheries. The commercial gill

net fisheries have never been monitored for bycatch and there
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are no current, reliable data on incidental take. There is also
a large subsistence gill net fishery for salmon in Bristol Bay
in which four belugas were reported taken during 2005-2012
(Allen and. Angliss 2011, Muto et al . 2016). Some belugas caught
in subsistencegill net fisheries are reported as harvest
because theyare consumed by Alaska Natives, however, the
proportion“of'bycatch that is reported as harvest is unknown.
Using the/mark-recapture estimate, bycatch would have to be
approximately=24 belugas per year, after accounting for an
average annual harvest of 23 belugas, to exceed PBR as
calculated fromithe mark-recapture study. However, as stated
above, the mark-recapture estimate is almost certainly biased
low. Regardless, better monitoring of bycatch is warranted.
Consi deratisons for Future Monitoring in Bristol Bay
Approximately 25% of the population is now marked (516
marked belugas from a population size of ~2,000). This provides
an opportunity to estimate population growth and survival in the
future if more genetic sampling occurs. If biopsy collection in
spring continues, we stress that sampling must occur
simultaneaously. in both bays; this will help increase the
probability.of encounter and also help ensure that we are
sampling the entire population. We cannot use simulations to
overcome poor sampling design and our efforts to simulate bias
in the estimate of abundance could have been avoided by
consistently sampling in both Kvichak and Nushagak Bays at the
same time. When the project started, we did not know if
collectingsbiopsies was possible and permits limited us to 30
biopsies per year. Hence the project began as a pilot study to
develop methods for sample collection. Later, when it was clear

that many biopsies could be collected, there was neither the
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monetary nor the logistic support to sample both bays
simultaneously. We only collected samples in the Nushagak during
satellite tagging.projects in 2008 and 2011. Future efforts need
to better sample the complete distribution of belugas in Bristol
Bay. Otherparameters such as contaminant load and kinship could
be explored with the existing data set.
Methodsfor monitoring populations are evolving and the
choice of how best to proceed is not limited to aerial survey
methods or mark-recapture methods as they are currently
implemented in Bristol Bay. One promising approach is the
“close-kin marksrecapture” method developed by Bravington et al.
(2016), whereby abundance can be estimated by using more genetic
information from captured individuals such that the capture of
closely relatedsindividuals (kin) can be used as recaptures,
even though'they have not been captured before. In effect, this
uses the'samples taken from kin as recapture information and
allows estimation of abundance within a single sample year.
Consi derations for O her Studies Using POPAN Model s
During the course of our study, we learned a number of
things that.may be useful for practitioners of POPAN models.
First, we suggest careful consideration of how the area to be
sampled relates to the range of the population (see also section
18.3 of Williams et al. 2002 and Schwarz and Arnason 2017). If
not all animals are within the sampling area during the time of
sampling, then some form of emigration is occurring. We suggest
that when estimating abundance with POPAN models, parameters
never besset to fixed values if there is a possibility that some
animals are not within the sampling area while sampling is
occurring. In simulations, confidence intervals of abundance

were more likely to cover the true value if parameters were not
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set to fixed values. If all animals are not within the sampling
area at the time of sampling, then probabilities of emigration
and survival will likely be biased low. This is especially
important when considering survival rates because they may be
used in other studies to model population trajectories. Last,
although estimates of abundance were generally robust to the
forms of emigration we considered, this may not be true in a
different system where survival is lower than what we considered
or if patterns of.,emigration are markedly different.
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Fi gure, 1. Bristol Bay study area; crosshatching shows the
primary (red: Kvichak) and secondary (green: Nushagak) sampling
locations.

Fi gure™ 2. Process model for the POPAN parameterization of

the Jolly-Seber/model. For each sample occasion ( t ), parameter Pi
is the probability of capture at occasion i; ¢ isthe
probability an animal surviving between occasions i and i +1;

and b; is the probability that an animal from the super-
population.( N) would enter the population between occasions i
and i + l.and survive to the next sampling occasion, i +1.This
figure is adapted from Schwarz and Arnason (2017).

Fi gure” 3. Locations of 12 belugas tagged in Nushagak Bay in
May of 2008, ( n =10) and May of 2011 ( n =2).

! Corresponding author (e-mail: john.cita@alaska.gov).
2 PBR is defined by the Marine Mammal Protection Act as the
maximum number of animals, not including natural mortalities,
that may besremoved from a marine mammal stock while allowing
that stock(to reach or maintain its optimum sustainable
population. See Wade and Angliss (1997) for information on how
the PBR iS calculated.
Tabl e 1. Samples collected in the Kvichak Bay and Nushagak
Bay sampling-areas (see Fig. 1) during May 2002—-2011.

Year Kvichak Bay Nushagak Bay Total

2002 6 6
2003 5 5
2004 30 30

This article is protected by copyright. All rights reserved



2005
2006
2007
2008
2009
2010
2011
Total

13
58
93
102
17
148
156
628

30

37
67

13
58
93
132
17
148
193
695

Tabl e™2. Unique belugas identified in Kvichak Bay and

Nushagak Bay'sampling areas (see Fig. 1) and the location of

between-year recapture events, during May 2002—-2011.

[4484]-37

Unique belugas

Recapture events

Total Total
Year Kvichak Nushagak . Kvichak Nushagak
unique recaptures
Bay Bay Bay Bay
2002 6 6
2003 5
2004 28 28
2005 11 11
2006 46 46
2007 70 70
2008 74 25 99 21 21
2009 15 15 2 2
2010 115 115 16 16
2011 98 23 121 35 3 38
Total 468 48 516 82 3 85

Tabl e 3. Probability of identity (

loci amplified for the mark

- recapture data set (

Pip) as a function of the number of

jackknife estimator.that simulates randomly dropping loci.

Data set Number loci n Average Pp Minimum Pp Mximum P
7- locus 4 11 19x10 > 19x10 ' 76x10
5 16 13x10 ° 35x10 ° 43x10 '
6 25 29x10 7 29x10 ' 15x10 °°
7 33 40x10 ® 36x10 " 6.1x10 7

This article is protected by copyright. All rights reserved

i.e.,7 -locus)and from the



Jackknife 108 1.2x10 % 29x10
99 29x10 ¢ 1.2 x10
81 3.7x10 7 4.2x10

91 37x10 * 29x10

N o o1 b~

-10

-11

9.0x 10
25x10
2.6 x10
3.2x10
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Tabl e 4. Estimates of abundance (

N), capture probability (

[4484]-39

p), and survival (

simulations of beluga movement into and out of the sampling area. All simulations assume a population size

of 2000 and an/annual survival probability of 0.97. Estimates are bolded when 95% confidence limits do not

cover the truesvalue.

@) for different

Simulated"emigration

pattern

Probability of being

Description

within sampling

area

Truep

EstimatedN (95%
Cl)

Estimatedp
(95% ClI)

Estimated
#(95% ClI)

No emigration

Random temperary

Random group

No emigration; entire population is within the

sampling area.

Belugas move in and out of the sampling area
randomly; groups have a probability of 0.5 or 0.25

of being within the sampling area.

Belugas move in and out of the of sampling are
randomly in groups of 50; each group has a
probability of 0.5 or 0.25 of being within the

sampling area.

This article is protected by copyright. All rights reserved

1

0.5

0.5

0.5
0.25
0.25
0.25

0.5

0.5

0.5
0.25
0.25
0.25

0.05

0.1
0.15

0.05
0.1
0.15
0.05
0.1
0.15

0.05
0.1
0.15
0.05
0.1
0.15

2,083 (1,7822448)

2030 (1,8872,229)
2,013 (1,9182,117)

2,192 (1,5933,117)
2,083 (1,77-2,477)
2,046 (1,8332,307)
2,438 (1,2824,711)
2,198 (1,5933,128)
2,110 (1,706-2,684)

2,182 (1,5743,120)
2,086 (1,7462,533)
2,059 (1,8202,355)
2,463 (1,2605,165)
2,244 (1,5583,315)
2,157 (1,6142,862)

0.05 (0.040.06)

0.1 (0.090.11)
0.15 (0.140.16)

0.03 (0.020.04)
0.05 (0.040.06)
0.08 (0.070.09)
0.02 (0.0%0.03)
0.03 (0.020.04)
0.04 (0.030.05)

0.03 (0.02-0.04)
0.05 (0.040.07)
0.08 (0.070.09)
0.02 (0.0%0.04)
0.03 (002-0.05)
0.04 (0.030.06)

0.96 (0.920.99)

0.97 (0.950.98)
0.97 (0.96:0.98)

0.95 (0.851)
0.96 (0.920.99)
0.96 (0.940.99)

0.92 (0.681)

0.95 (0.851)
0.96 (0.96:0.99)

0.94 (0.851)
0.96 (0.9%1)
0.96 (0.931)
0.91 (0.641)
0.94 (0.8%1)
0.95 (0.861)



Markovian Initial state assignment (in or out of sampling  See description

area) is random; then a 0.75 probability of See description
remaining in prior state and a 0.25 probability of See description
switching.

See description

Markovian.graip Same as Markovian movement (see above),

except belugas move in groups of 50. See description

See description
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0.05
0.1
0.15

0.05
0.1
0.15

1,980 (1,43%2,725)
1,988 (1,6762,334)
1,977 (1,78%2,161)

1,998 (1,4372,739)
1,991 (1,6142,381)
1,987 (1,7062,300)

0.04 (0.020.06)
0.07 (0.06:0.09)
0.11 (0.090.13)

0.04 (0.020.06)
0.07 (0.060.09)
0.11 (0.090.13)

0.91 (0.86:0.99)
0.92 (0.870.97)
0.92 (0.89:0.95)

0.91 (0.791)
0.91 (0.850.98)
0.92 (0.87.0.96)

Table 5. Estimates of abundands)( capture probabilityp), and survival §) for different simulations of beluga movement into and out of

the sampling-area. All simulations assume a population size of 2000 and an annual swhaklity of 0.95. Estimates ab®lded when 95%

confidence limits do not cover the true value.

Probability of

Simulated-emigration Estimated Estimated
Description being within Truep EstimatedN (95% CI)
pattern ) (95% CI) #(95% ClI)
sampling area
No emigration No emigration; entire population is within the 1 0.05 2,082 (1,7722,495)  0.05 (0.040.07) 0.94 (0.890.97)
sampling area. 1 0.1 2,035 (1,8762,208) 0.1 (0.09-0.11) 0.95 (0.920.96)
1 0.15 2,015 (1,9042,121) 0.15(0.140.16) 0.95 (0.930.96)
Random temporary Belugas move in and out of the sampling area 0.5 0.05 2,165 (1,5432,972) 0.03 (0.020.04) 0.93 (0.830.98)
randomly; groups have a probability of 0.5 or 0.25 0.5 0.1 2,071 (1,7562,476)  0.05 (0.040.07) 0.94 (0.890.97)
of being within the sampling area. 0.5 0.15 2,047 (1,8422,284)  0.08 (0.0#0.09) 0.94 (0.920.97)
0.25 0.05 2,371 (1,2434,700) 0.02 (0.030.03) 0.90 (0.680.99)
0.25 0.1 2,163 (1,5643,080) 0.03 (0.020.04) 0.93 (0.820.98)
0.25 0.15 2,093 (1,6732,656) 0.04 (0.030.05) 0.94 (0.870.97)
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Random:group

Markovian

Markovian group

Belugas move in and out of the @inspling area
randomly in groups of 50; each group has a
probability of 0.5 or 0.25 of being within the

sampling area.

Initial state assignment (in or out of sampling
area) is random; then a 0.75 probability of

0.5

0.5

0.5
0.25
0.25
0.25

See description

remaining in prior state and a 0.25 probability of See descriptin

switching.

Same as Markovian movement (see above),

except belugas move in groups of 50.

See description

See descriptio

See description

0.05
0.1
0.15
0.05
0.1
0.15

0.05

0.1
0.15

0.05
0.1
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2,167 (1,5343,080)
2,083 (1,7482,530)
2,047 (1,7952,313)
2,395 (1,2124,855)
2,199 (1,5003,185)
2,143 (1,6202,851)

1,919 (1,3762,612)

1,918 (1,6322,244)
1,925 (1,7362,121)

1,954 (1,3872,765)
1,926 (1,5582,325)

0.03 (0.020.04)
0.05 (0.040.07)
0.08 (0.070.09)
0.02 (0.0%0.04)
0.03 (0.020.05)
0.04 (0.030.06)

0.04 (0.020.06)

0.07 (0.060.09)
0.11 (0.090.13)

0.04 (0.020.06)
0.07 (0.050.09)

0.93 (0.86:0.99)

0.94 (0.890.98)

0.94 (0.96:0.98)
0.89 (0.66-1)
0.92 (0.791)
0.93 (0.841)

0.90 (0.879
0.97)

0.89 (0.850.95)

0.90 (0.870.94)

0.89 (0.760.98)
0.90 (0.83.0.96)
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