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Abstract InPrinceWilliamSound (PWS), changes in abundanceof humpbackwhales
(Megaptera novaeangliae), one of PWS’s primary marine predator species, have until
now been largely unknown.Using a historical dataset (1978–2009), we constructed the
first time series of estimated humpback whale abundance in western PWS that is also
one of the longest time series used in analyses of humpbackwhalemark-recapture data.

Handling Editor: Pierre Dutilleul.

Electronic supplementary material The online version of this article (doi:10.1007/s10651-014-0301-8)
contains supplementary material, which is available to authorized users.

S. F. Teerlink (B) · T. J. Quinn II
Juneau Center, School of Fisheries and Ocean Sciences, University of Alaska Fairbanks, 17101 Point
Lena Loop Road, Juneau, AK 99801, USA
e-mail: s.teerlink@alaska.edu

T. J. Quinn II
e-mail: terry.quinn@alaska.edu

O. von Ziegesar
Eye of the Whale Research, P.O. Box 15191, Homer, AK 99603, USA
e-mail: olgavonziegesar@hotmail.com

J. M. Straley
Sitka Campus, University of Alaska Southeast, 1332 Seward Avenue, Sitka, AK 99835, USA
e-mail: jan.straley@uas.alaska.edu

C. O. Matkin · E. L. Saulitis
North Gulf Oceanic Society, 3430 Main Street, Suite B1, Homer, AK 99603, USA
e-mail: comatkin@gmail.com

E. L. Saulitis
e-mail: elsaulitis@gmail.com

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s10651-014-0301-8&domain=pdf
http://dx.doi.org/10.1007/s10651-014-0301-8


346 Environ Ecol Stat (2015) 22:345–368

Photographs from this dataset were used to “mark” and re-sight individual animals
using the unique pigmentation pattern on the ventral flukes of each whale in a mark-
recapture analysis. Specifically, the POPAN implementation of the Jolly-Seber mark-
recapturemodel in programMARKwas used. Estimates of probabilities of capture and
survival, recruitment parameters, and total abundance over the study were obtained,
leading to a time series of abundance estimates. Our results show an increase from
39 (SE = 26) to 194 (SE = 17) whales (≈500%) over the time series. The average
annual rate of increase (ROI) was 4.53% (95%CI 3.28–5.79%) which is only slightly
lower than the 5–7% ROI estimated for the North Pacific. Trends in the number of
whales encountered per unit effort were not consistent with abundance estimates from
mark-recapture, showing that sightability changes annually.

Keywords Humpback whale · Jolly-Seber · MARK · Mark-recapture · Megaptera
novaeangliae · Photo identification · POPAN · Rate of increase

1 Introduction

Humpback whale (Megaptera novaeangliae) populations in the North Pacific Ocean
were severely overexploited by whaling and were reduced by over 90 % from an
estimated pre-exploitation population size of 15,000 individuals (Johnson andWolman
1984; Rice 1978). By the end of commercial whaling in the 1960’s, this populationwas
at an all-time low, estimated at 1,200 by Johnson and Wolman (1984), and 1,400 by
Gambell (1976). Various protective measures were implemented to support recovery
of this overexploited population, including: an International Whaling Commission
(IWC) ban on humpback whale harvest in 1965, humpback whales were listed under
theMammal ProtectionAct (MMPA)of 1972, and listed under theEndangeredSpecies
Act (ESA) in 1973. Today, four decades later, humpback whales are still listed under
theMMPA and ESA and are protected from commercial harvest by the IWC; however,
abundance estimates of this species in the North Pacific Ocean are rare and often rely
on limited data.

Since the end of large-scale industrial whaling, humpback whales in the North
Pacific have been increasing in abundance. Using mark-resighting from 1990 to 1993,
it was estimated that there were 10,000 individual humpback whales in the central
and eastern North Pacific Ocean (Calambokidis et al. 1997). In 2004–2006 an inter-
national, collaborative research effort known as SPLASH (Structure of Populations,
Levels of Abundance and Status of Humpbacks) was conducted throughout the entire
North Pacific Basin (Calambokidis et al. 2008). As part of this study, population
estimates were made using photographic identification in a mark-recapture analysis.
They concluded that, at the end of their study in 2006, there were nearly 20,000 hump-
back whales in the North Pacific. Given a historic estimate of 15,000 individuals, the
SPLASH abundance estimate suggests that there were more humpback whales in the
North Pacific in 2006 than there had been prior to the onset of exploitation. In addition
to estimating population size, SPLASH also calculated annual rate of increase (ROI)
(Calambokidis et al. 2008). When they contrasted their estimates to that of 1993 of
approximately 10,000 in the North Pacific (Calambokidis et al. 1997), they found a
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4.9% ROI over the 13 year period. However, when they instead compared against
the 1966 population estimate of 1,400 (Gambell 1976), they found a 6.8% ROI over
the 39 year period. Given these results, SPLASH concluded that humpback whale
abundance in the North Pacific is increasing at 5–7% annually. In a different study,
the maximum theoretical biological ROI was estimated for humpback whales using
best-case scenario values for adult survival, young-of-the-year survival, pregnancy
rates, and age at first reproduction. Here, it was found that the maximum plausible
ROI due to biological reproduction is 11.8% (Zerbini et al. 2010). While these studies
arrived at different estimates of ROI, it still can be concluded that the humpback whale
population of the North Pacific Ocean is increasing and may have reached or exceeded
pre-exploitation abundance levels.

Humpback whales are migratory; in the North Pacific Ocean they generally spend
summers in northern latitudes feeding and winters in tropical waters breeding and
calving (Johnson andWolman 1984).While on the feeding grounds, humpbackwhales
use their baleen to filter small schooling forage fish and invertebrates, such as Pacific
herring (Clupea pallasii), capelin (Mallotus villosus), the juvenile stages of Pacific
salmon (Oncorhynchus spp.), and euphausiids (Nemoto 1970; Straley 2009, pers.
comm.). Based on energetic analyses it was estimated that humpback whales consume
approximately 0.4 tons of prey each day while on the feeding grounds (Witteveen et
al. 2006). While humpback whales can be found feeding in Alaska every month of the
year, their abundance peaks in summer and fall months and they are least abundant in
the late winter and spring (Baker et al. 1992; Rice et al. 2011; Straley 1990, 1994).

One important feeding ground for humpback whales in the North Pacific is Prince
William Sound (PWS). At present, very little information exists on the current and
historic abundances of humpbackwhales inPWS.Only a fewhistoric point estimates of
humpbackwhales in PWShave beenmade including 84 (SE=11) individuals in 1980–
1983 and 100 (SE= 20) individuals in 1983–1984, both found using a Chapmanmark-
recapture estimator (Matkin and von Ziegesar 1985) and an estimate of 19 individuals
in 1985 using a Schnabel estimator in a low effort year with few whales encountered
and identified (von Ziegesar and Matkin 1986). From these estimates, the population
in PWS was estimated to increase at 6% annually, which is in the range of estimates
for the entire North Pacific Basin determined by SPLASH (von Ziegesar and Matkin
1986).Noother estimates of abundanceweremade until 2007–2009,when afield study
was undertaken to investigate the magnitude and composition of prey consumption
by humpback whales in PWS (Rice et al. 2011). Using mark-recapture methods, late-
season abundance of humpback whales was estimated at 135 (SE = 12) whales in
September-March of 2009 (Rice et al. 2011).

In this paper we use a comprehensive dataset of 30 years, from 1978 to 2009,
of humpback whale surveys in PWS from Eye of the Whale Research (EOW) and
North Gulf Oceanic Society (NGOS) to examine trends in abundance and develop
estimates of humpback whale population size. This dataset has been used to catalog
individual humpback whales in the area and for various other analyses (von Ziegesar
and Matkin 1985; von Ziegesar 1992; von Ziegesar et al. 2001; von Ziegesar 2010,
2012); however, no recent estimates of humpback whale population size or population
change over time have been generated from these data.
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This project uses this dataset to develop the first time series of humpback whale
abundance in western PWS. Specifically, we employ sightings per unit of effort and
mark-recapture to evaluate relative and absolute abundance, respectively. Estimates
are then used to characterize the trends in abundance for this area and compare them
to the trends documented for the entire North Pacific Basin over the same time period.
Given that such long datasets of mark-recapture data are rarely available, this presents
an opportunity for evaluation of the performance of a commonly used open population
model. To our knowledge, this is the longest time series used in any mark-recapture
analysis of humpback whale abundance.

2 Methods

2.1 Study area

Prince William Sound is located in the Gulf of Alaska (60◦35′ N, 147◦10′ W), and is
comprised of numerous islands, glacial fjords, and bays. The western portion of PWS
was designated as our study area (Fig. 1), as this is where the majority of surveys from
the dataset were conducted. The dataset also includes some data from neighboring
areas; however, because these areas are not consistently surveyed over the time series,
these data were removed from our analyses.

2.2 Effort

Three measures of effort were available from the dataset: nautical miles traveled,
hours spent searching, and number of boat-days. For early years, where track lines
were recorded by hand on photocopied maps, track lines were manually digitized. In
more recent years,many of the surveys had digital track lines fromhandheldGPSunits.
For surveys conducted within the defined study area, each measure of effort (nautical
miles, hours, and days) was totaled by year, and the different measures were analyzed
to determine which was most appropriate for this study (Table 1). Many surveys had
no record of the track line taken and/or the number of hours spent searching; years
known to have >10% missing effort data are indicated in Table 1.

2.3 Description of available data

The dataset includes humpbackwhale sightings and identification photos of the ventral
surface of humpback whale flukes, taken annually between April and September from
1978 to 2009. The documentation of the unique pigmentation patterns of the ventral
flukes is a commonly used method to identify and track individual humpback whales
over time (Katona et al. 1979). No data were collected in 1982, and data from 1981
was thrown out because effort in this year was relatively small and data collection was
compromised by weather complications. Photos were taken using single-lens reflex
cameras from 1978 to 2002 and using digital cameras from 2003 to 2009. Photo
identification records include >5,000 photographic sightings of ∼ 575 individual
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Fig. 1 Map of PrinceWilliam Sound, Alaska, showing the designated study area of western PrinceWilliam
Sound (circled)

humpback whale flukes over the time series. Depending on the year, between one
and three research teams collected data on separate boats. Research teams however
had different specific goals; namely, some specifically targeted humpback whales
(von Ziegasar, EOW), while others targeted killer whales (Orcinus orca) and gathered
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Table 1 Days, nautical miles (nm), and hours of effort in western Prince William Sound by year

Year Days nm Hours Count Whales ID’ed New IDs

1978 11 N/A N/A 18 12 12

1979 8 N/A N/A 23 16 13

1980 36 N/A N/A 181 26 1

1981 – – – – – –

1982 – – – – – –

1983 29 N/A N/A 93 36 17

1984 135 6,124 N/A 78 38 18

1985 65 2,404 165 39 15 4

1986 55 2,527 223 55 27 7

1987 29 1,111 154 59 12 1

1988 73 2,331 286 200 40 15

1989 215 8,738 718 340 60 24

1990 252 10,585 1,172 595 70 19

1991 187 8,451 670 252 63 14

1992 134 5,665 684 316 86 26

1993 72 3,019 56* 82 46 13

1994 83 3,413 136* 189 62 12

1995 125 5,976 123* 132 49 10

1996 92 4,158 111* 298 69 21

1997 126 5,722 194* 262 83 27

1998 98 4,451 159* 157 63 11

1999 98 4,514 120* 121 39 8

2000 83 4,001 195* 188 59 10

2001 87 4,272 149* 197 79 11

2002 107 5,226 162 186 73 15

2003 79 3,722* 67* 94 41 6

2004 142 7,785 61* 122 51 5

2005 112 4,686* 81* 391 73 6

2006 61 2,696* 58* 148 58 4

2007 71 4,013* 42* 180 67 16

2008 54 814* 15* 176 56 8

2009 64 473* 74* 218 104 36

An asterisk indicates that the effort measure is unavailable for >10% of the surveys. This table also shows
total whales counted throughout the survey season (Count), total number of unique whales photo identified
in that year (Whales ID’ed) and of those, the number of whales identified that were new to the study (New
IDs)
a No sampling occurred in 1981–1982

humpback whale data only opportunistically (Matkin and Saulitis, NGOS). The total
number of whales sighted, unique identifications, and newly identified individuals are
summarized by year (Table 1).
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2.4 Data organization

Data describing effort, humpback whale sightings, and individual characteristics in
Microsoft Excel files (EOW)were transferred into the Alaska HumpbackWhale Data-
base, a Microsoft Access database designed specifically for storage and querying of
humpback whale photographic data (developed by co-author Straley and colleagues).
The database contains tables to hold information pertaining to a givenwhale at the time
of the sighting, unique and long-lasting characteristics of that whale, and information
specific to the survey effort. During this entry process, sighting histories were error-
checked by verifying Excel entries with actual photos and with hard-copy datasheets.
The best photograph of each individual whale each year was identified and, for years
where photos were archived as negatives (1987–2002), the photos were digitized by
scanning the negatives.

2.5 Humpback whale time series: count per unit effort

All recorded sightings of humpback whales—both those whales that were pho-
tographed and those that were sighted and noted only—were tallied for each year.
An annual index of relative abundance was calculated as the number of sightings
divided by the amount of effort. A quadratic regression line was fitted to determine if
there was a linear or curvilinear trend over time. Additionally, an index of the num-
ber of unique whales identified each year divided by the amount of effort was also
constructed. Again, a quadratic regression line was fitted to assess any trend over time.

2.6 Humpback whale time series: mark-recapture modeling

2.6.1 Mark recapture modeling consideration: photo quality

Quality of identification photos was considered for the mark-recapture portion of
this analysis, as poor quality photos can cause misidentification of individuals and
result in bias in a mark-recapture setting. Typically, in the case of photo identification
of humpback whales, it is unlikely to have false positive errors; namely, instances
where photos are wrongly designated as re-sightings. However, the occurrence of false
negative errors-instances where photos are wrongly designated as new sightings when
they are actually resightings-increaseswith the inclusion of poor quality photos (Friday
et al. 2000, 2008; Stevick et al. 2001). Efforts were taken to reduce the occurrence
of this type of error by removing the photographs determined to be of poor quality.
This was done by ranking the quality of the photo with a value of 1 through 3 in six
categories. Values from each of the six categories were then summed to generate an
overall index of quality for each photo; thus, index values could range from 6 to 18,
with lower values indicating a better quality photo. Criteria used to rank these photos
are a modified version of the protocols described by others1 (Calambokidis et al. 2008;
Friday et al. 2000). We deemed all photos with a total photo quality index greater than
or equal to 9 to be “poor” and removed them from the analysis.

1 See Electronic Supplementary Materials, Figure 1, for descriptions of these criteria.
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2.7 Mark recapture modeling consideration: fluke distinctiveness

Fluke distinctiveness could also play a role in producing false negative errors, instances
where photos arewrongly designated as new sightings,whichwould introduce positive
bias in abundance in a mark-recapture analysis (Friday et al. 2000, 2008; Stevick et al.
2001). Flukes bear wildly different patterns and markings, making some individuals
more identifiable than others. Thus, it is more likely that a match of an individual with
nondescript flukes would be overlooked resulting in a false negative error. To evaluate
the importance of fluke distinctiveness in the sighting histories of this dataset, we
evaluated all flukes in this analysis (4306 sightings of 356 individual whales) by
ranking them with four criteria. The ranking system used2 is a modified version of
that by Friday et al. (2000). Each pair of flukes was assigned a value, 1 through 3, in
each category. Values from each of the four categories were then summed to generate
an overall index of fluke distinctiveness for each pair of flukes; index values could
therefore range from 4 to 12, with lower values indicating more distinct flukes. This
index was then used to measure the importance of fluke distinctiveness in recapture
probability (after the photo quality standardwas applied) by assessing the relationship,
if any, between total number of sightings for each individual and the distinctiveness
index of its flukes. Additionally, this index was used as an individual covariate to the
probability of capture in mark recapture models as explained in later sections.

2.7.1 Mark recapture modeling

For this study, we chose only open-population models, because population-level
changes of humpbackwhales over many years result from recruitment (births or immi-
gration) and loss (death and emigration). The mark-recapture program MARK was
used to obtain maximum likelihood parameter estimates (MLE’s) and to compare var-
ious models using the POPAN implementation of the Jolly-Seber model (Schwarz and
Arnason 1996;White and Burnham 1999). Like most commonly-used mark-recapture
models, the Jolly-Sebermodel generates estimates of parameters bymodeling sighting
histories as a multinomial distribution. Its structure allows several model configura-
tions to be estimated, permits the inclusion of covariates, and allows for parameters to
be added, fixed, and set equal across time periods, groups, and strata. Sightings of all
first year calves were removed from the mark-recapture analyses as their probability
of capture is complicated by co-occurrence with their mothers.

The POPAN procedure in program MARK runs a variety of the widely used and
accepted models for open populations (Schwarz and Arnason 1996; Schwarz 2001)
and was chosen because it generates annual estimates of abundance (N̂t ) to form a
time series. This model is a modified version of the traditional open Jolly-Seber model
and, based on the sighting histories, estimates survival, φt , and probability of capture,
pt , “births” or net number of new entrants into the population (pent) in year t , and
N̂ , the overall population size. Estimates of standard error come from the variance-
covariance matrix, and the estimates of the lower and upper 95 % confidence intervals

2 See Electronic Supplementary Materials, Figure 2, for descriptions of these criteria.
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of the φ’s andp’s are made using the likelihood profile for the MLE (Lebreton et al.
1992).

We also examined a commonly-used alternativemodel from Pradel (1996), because
of the addition of a population growth rate parameter. However, we limit our reporting
on the Pradel model, because its estimates are very similar to those of the Jolly-Seber
model yet less precise.

The assumptions for the Jolly-Seber model are as follows Seber (1982):

1. Each animal in the population has the same probability of capture, pt , at sampling
occasion t .

2. Each animal has the same probability of survival, φt , at a given interval between
sampling occasions t and t + 1.

3. Marks are not lost or misidentified, and all marks are reported.
4. Sampling is instantaneous, relative to the interval between sampling occasions.

Various Jolly-Seber model configurations were developed within MARK and com-
pared to identify the best model. The φ parameters were modeled as dependent on
time period, denoted φ(t); or constant, φ(.). The p parameters were modeled with
the following scenarios: time-dependent, p(t); constant, p(.); a linear function of
effort, p(eff); dependent on fluke distinctiveness through use of an individual covari-
ate, p(FD); and dependent on a combination of both time and fluke distinctiveness,
p(t,FD). It was expected that there would be variability in capture, but unknown if rel-
ative effort or themore flexible time effects would best explain this variability. Further,
fluke distinctiveness was suspected to affect sightability (see Sect. 4.3.1). Therefore,
models with all possible combinations of φ and p configurations were constructed,
because no combination could be ruled out in terms of biological plausibility. The
parameter for the probability of new recruits (entrants), pent, was modeled dependent
on time in all cases because it is well known that the number of births varies from year
to year. The overall population estimate, ̂N , was estimated, which is the superpopula-
tion size or the number of whales available at some point throughout the duration of
the study. From ̂N , annual estimates of abundance, ̂Nt were derived within theMARK
software.

Competing models were evaluated using the Akaike’s Information Criterion (AIC)
adjusted for small sample sizes, AICc (Burnham andAnderson 2002, pg 128). The best
model was selected using the guidelines offered by Burnham and Anderson (2002),
pg 128: the model with the lowest AICc value is considered “best” and other models
are given in terms of the difference, �AICc with the best model. Any model with
�AICc ≤ 2 has “…no credible evidence that the model should be ruled out”. Models
with �AICc of 2–4 offer “weak evidence of not being the best model”, models with
�AICc of 4–7 offer “definite evidence”, �AICc of 7–10 offer “strong evidence”, and
�AICc >10 offer “very strong evidence of not being the best model”. Goodness of
fit was examined through deviance residuals and no unwanted patterns were seen.

2.7.2 Sensitivity analysis: early year photo quality

Photos from some early yearswere not available to be assessed for quality (specifically:
1980, 1983–1985, and 1987). Because there is nomeans ofmeasuring or compensating
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for this, we anticipated that there would be some level of bias introduced by data from
these years. To address this, we conducted a sensitivity analysis to determine the effect
of these early years on the remainder of the time series. We did this by re-running the
selected Jolly-Seber model using only data from 1988 to 2009, years where all photos
were assessed for quality. Estimates from this model were then compared to estimates
from the complete time series both graphically and by calculating the correlation
coefficient for the overlapping portion of both time series.

2.7.3 Sensitivity analysis: survival

To assess the impact of emigrating whales on the abundance estimates, another sensi-
tivity analysis was conducted. Survival probability fixed equal to 0.98 in the selected
model and the other parameters were re-estimated. A survival probability of 0.98 was
selected because this is the rate that was found in the only other assessment of survival
of humpback whales in PWS (Mizroch et al. 2004). The results were then compared to
those from the base Jolly-Seber model to assess how a different survival would affect
the model outputs.

2.8 Comparison of time series approaches

Abundance time series results from all four time series models, the two count per
effortmodels and the abundance estimates from Jolly-Seber andPradelmark-recapture
models, were compared in a correlation analysis to evaluate their similarity for this
dataset.

2.9 Rate of increase

The ROI, frequently used in demography, is defined as the geometric mean of the
average annual population growth rate minus 1 (expressed as a percentage rate of
increase). It is calculated in Eq. (1) from the changes in logarithms of abundance
estimates

{

�y = � ln(̂Ny)
}

produced by the Jolly-Seber model

ROI = exp

(

1

Y

∑

� ln
(

̂Ny
)

)

− 1 = exp
(

�
) − 1, (1)

in which � = ∑

�y/Y and Y is the number of years. The approximate SE of ROI
(equal to the SE of ROI + 1) was found from the delta method (Seber 1982, pp. 7–9).
It is calculated as in Eq. (2)

SE(ROI ) = �SE
(

�
) = (ROI + 1) SE

(

�
)

, (2)

for which the standard error SE(�) is found empirically in Eq. (3):

SE
(

�
) =

(

1

Y

)
√

∑

SE2(�y), (3)
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Fig. 2 Average humpback whale count per day of effort for each year; all whales seen and recorded were
included in the count, regardless of whether or not the whale was photographically identified. Error bars
are 1 standard deviation. Trend line is a linear regression

from the estimates {SE(�y)} produced by the MARK software. This calculation
ignores estimated covariances between the {�y} values, but thesewere small compared
to the variances of N̂ . Equation (4) was used to approximate a 95% confidence interval
for ROI.

LCI(ROI),UCI(ROI) = ROI ± 1.96SE(ROI) (4)

This method is the same used by Calambokidis et al. (2008) to generate ROI estimates
for the SPLASH study, and was employed to make direct comparisons possible.

3 Results

3.1 Effort

From examination of effort data (Table 1), our preferred effort measure for this study
is in days, as it was available consistently for all years. Furthermore, effort in days
is comparable to effort in nautical miles, which normally would be thought to be
a more accurate measure.3 In years where nautical miles traveled were consistently
recorded, 1984–2002 and 2004, nautical miles and number of days on the water were
significantly correlated (Pearson r = 0.99, p < 0.001).

3.2 Humpback whale time series: count per unit effort

Counts of humpback whale sightings from this study ranged from 0.58 whales per day
in 1984 to 5.03 whales per day in 1980 (Fig. 2). There was no significant trend in this

3 See Electronic Supplementary Materials, Figure 3, for a graph of these data.
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Fig. 3 Number of sightings of each individual showed plotted by fluke distinctiveness index value

time series (p = 0.19). Number of unique individuals identified each year divided by
days of effort ranged from 0.23 in 1985 to 2.00 in 1979 with a trend that was similar
to the average rate.4 As in the sightings per effort time series, there was no significant
trend in the unique individual per effort time series (p = 0.48).

3.3 Humpback whale time series: mark-recapture modeling

3.3.1 Mark recapture modeling consideration: fluke distinctiveness

The number of sightings of all individuals as a function of their fluke distinctiveness
index had a slight, yet significantly increasing trend (p = 0.015, Fig. 3). This indi-
cates that some level of heterogeneity bias may be present in the dataset based on
recognizability of flukes.

3.3.2 Mark recapture modeling

Models including φ(t) were unrealistic due to parameter estimates converging too
close to the boundary of 1. This is likely indicative of too sparse data and the difficulty in
detecting survival for a species with such high survival rates; results from thesemodels
are not presented. Model φ(.), p(t), pent (t), N was selected as the best Jolly-Seber
model (Table 2). This model has constant survival, φ, over the time series, estimated at
0.94 (95%CI 0.93–0.95), and time dependent probability of capture, p, with estimates
ranging from 0.16 to 0.57 (Table 3), and no obvious trend over years (Fig. 4). Further,
there were no issues with parameters converging on the boundary in this model, so
therewas no need to fix parameters equal andwe had separate estimated parameters for
p in each year of the time series. Themark-recapturemodelwith an effort covariate had
a significantly poorer fit with �AIC much greater than the criterion of 10. Estimates
of p, did, however, show a significant linear relationship (p = 0.034) with effort
(Fig. 5), which was not improved by adding a quadratic term. The addition of fluke

4 See Electronic Supplementary Materials, Figure 4, for a graph of these results.
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Table 2 Summary of Jolly-Seber mark-recapture model fits, analyzing sighting histories from 1978–2009,
based on survival (φ), and probability of capture (p)

Jolly-Seber model K AICc � AICc

φ(.)p(t) pent (t) N 56 4202.2 –

φ(.)p(t, FD) pent (t) N 57 4202.7 0.5

φ(.)p(eff) pent (t) N 27 4233.2 31.0

φ(.)p(FD) pent (t) N 25 4243.8 41.6

φ(.)p(.) pent (t) N 23 4244.4 42.2

The number of parameters (K), the corrected Akaike Information Criterion (AICc), and the difference in
AICc compared to the best fit model (� AICc) are found for each model described in this table. Models
with time dependent φ are not included in this table because many φt parameters converged too close to the
boundary of 1, and therefore did not produce realistic results. All models have time dependent parameters
for probability of new entrants (pent) and an overall estimate of abundance (N )

distinctiveness index values as an individual covariate did not improve the model fit
(Table 2). The general trend in abundance (N̂t ) was quadratic and both variables in
the polynomial were significant (Year, p = 0.0030,Year2, p = 0.0031; Fig. 6). The
overall abundance estimate, N̂ , was 396 (95 % CI 371–431). Estimates of the pent
parameter are not reported in this paper, but are available from the senior author.

3.3.3 Sensitivity analysis: early year photo quality

Abundance estimates from the same Jolly-Seber model, φ(.) p(t), pent (t), N that
was re-run using only years with complete assessments of photo quality (1988–2009),
showeda statistically significant correlationbetweenpairedpoints in overlappingyears
of 0.99 (p < 0.001; Fig. 7). This high degree of correlation indicates that photographs
from early years were not introducing bias in estimates of later years.

3.3.4 Sensitivity analysis: survival

The Jolly-Seber model, φ(.), p(t), pent (t), N , was rerun with a pre-defined constant
survival (making the model, φ = 0.98, p(t), pent (t), N ; Fig. 8). There was a high
correlation between the paired annual abundance estimate points of thesemodel results
and the original Jolly-Sebermodel, however, it had amuch poorer fit (�AICc= 114.6).

3.4 Comparison of time series approaches

Neither of the count per effort time series was correlated with either the Jolly-Seber
or Pradel mark-recapture time series5 (Table 4). The count per effort and the number
of unique IDs per effort time series had a small amount of correlation. The time series
from the twomark-recapture approaches were highly correlated (p < 0.001), showing
that they produced extremely similar trends (Table 4).

5 See Electronic Supplementary Materials, Figure 5, for a graphic comparison between Jolly-Seber esti-
mates and sightings per day.
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Table 3 Estimates and corresponding estimated standard error (SE) for probability of capture, p̂, and the
derived estimates of abundance, N̂ , by year in the selected Jolly-Seber model, φ(.), p(t), pent (t), N

Year p̂ Estimate p̂ SE N̂ (Derived) N̂ SE

1978 – – 38.5 26.8

1979 0.23 0.14 51.3 29.5

1980 0.49 0.12 52.0 12.2

1983 0.57 0.09 52.8 8.6

1984 0.44 0.08 73.3 11.3

1985 0.20 0.05 71.1 12.2

1986 0.37 0.06 66.9 8.1

1987 0.16 0.05 62.7 7.7

1988 0.28 0.06 84.3 13.7

1989 0.46 0.06 95.9 11.5

1990 0.49 0.06 96.7 9.7

1991 0.52 0.05 91.6 8.3

1992 0.56 0.05 117.0 10.3

1993 0.27 0.04 124.6 13.3

1994 0.44 0.05 120.9 10.2

1995 0.33 0.05 125.0 11.4

1996 0.38 0.05 156.9 14.7

1997 0.41 0.05 154.1 12.4

1998 0.36 0.04 147.9 11.4

1999 0.25 0.04 148.8 10.2

2000 0.38 0.04 139.5 9.9

2001 0.47 0.05 141.8 10.3

2002 0.40 0.04 144.2 10.0

2003 0.26 0.04 135.2 9.9

2004 0.30 0.04 131.7 10.8

2005 0.50 0.05 124.7 9.6

2006 0.46 0.05 118.7 9.4

2007 0.39 0.05 143.3 11.4

2008 0.31 0.04 134.3 11.2

2009 0.47 0.05 193.9 17.4

3.5 Rate of increase

The ROI estimate from the Jolly-Seber model results was 4.53 % (95% CI 3.28–
5.79 %). This estimate of ROI is comparable to the SPLASH ROI estimate (Calam-
bokidis et al. 2008) with UCI overlapping with the lower end of the SPLASH estimate
of 5–7 %. There was no significant change in the individual annual rate of population
change over time (p = 0.68). Our estimates are feasible as they are well within the
estimatedmaximum theoretical biological ROI of 11.8%per year (Zerbini et al. 2010).
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Fig. 4 Capture probability parameter estimates and corresponding approximate 95% confidence intervals
the parameters in the selected Jolly-Seber model, φ(.), p(t), pent (t), N

Fig. 5 Estimates of probability of capture, p, from the selected Jolly-Seber model versus the number of
effort days. Error bars indicate approximate 95 % confidence intervals

4 Discussion

4.1 Effort

Although we found the number of survey days to be the best effort measure for this
analysis, a finer scale would have been preferable because the time and distance cov-
ered in a given survey day are expected to be variable. However, due to missing data
values, the number of survey days per year was the only complete measure of effort
available over the complete time period. In addition, we were able to show that this
measure of effort was a reasonable proxy by demonstrating that it was highly cor-
related with nautical miles for those years where nautical miles was available. We
attempted to include effort as a covariate to probability of sighting as this would have
decreased the overall number of parameters in the model; however, effort data was not
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Fig. 6 Abundance estimates from the selected Jolly-Seber model (black squares) by year. The number of
unique individuals for each year is shown in gray diamonds. No data were available for 1981 or 1982. Error
bars indicate the approximate 95% confidence intervals

Fig. 7 Abundance estimates of humpback whales in PWS from Jolly-Seber models using all available
data, 1978–2009 (black squares), or using only 1988–2009 data (gray diamonds). The gray diamonds are
offset to make them separate from the black squares. No data were available for 1981 and 1982

related to probability of sighting in the mark-recapture models. Therefore, we did not
select models that included effort covariates for this dataset.

4.2 Humpback whale time series: count per unit effort

Count per unit effort time series, in the form of number of sightings and number of
unique individuals sighted per unit of effort, did not appear to provide reliable infor-
mation about population trends for this dataset. Based on local knowledge, and known
broader scale population trends (specifically, the North Pacific wide study, SPLASH),
we would have expected to see a generally increasing trend in abundance over time.
That we did not is likely due to a saturation effect inherent in the data collection
procedures. Each whale seen in a survey requires an appreciable dedication of time
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Fig. 8 Abundance of humpback whales in Prince William Sound from Jolly-Seber models where survival
is estimated (black squares) and where survival is fixed to 0.98 (gray diamonds). The gray diamonds are
offset to make them separate from the black squares. Polynomial trend lines for both model results are
displayed on the graph; the black solid line shows the trend for the model with estimated survival and the
gray dashed line shows the trend for the model with fixed survival

in order to successfully photograph the ventral flukes of the animal for identification.
This generally limits a researcher to amaximum of 10–20 individual whale encounters
in a day. So, even if whale densities were increasing, it would not be possible to detect
these changes beyond a certain density.

Another contributing feature to the implausibility of the count per effort series is
that field sightings are complicated by many factors aside from the actual time or
length of the survey in our study, including: weather conditions, sightability, prior
knowledge of humpback whale locations, logistical issues, and some research teams
gathering humpback whale data opportunistically only. Without the addition of more
personnel, any combination of these factors would make the traditional time and
distance measurements less reliable. To avoid these issues it would be necessary to
design a rigorous study with predefined transects, weather and sightability constraints,
and consistent on- and off-effort time and distance measurements.

The large variability in estimates is likely reflective of the nature of the survey
logistics. First, the complex geography of the study area makes surveys more chal-
lenging as whales can be found deep in bays and inlets that are not observable from
the main water channels. Secondly, the study area is larger than could be covered in
a single day’s survey, and because humpback whales are not found homogeneously
throughout the study area, some survey days had relatively highwhale counts, whereas
others yielded zero whale counts.

4.3 Humpback whale time series: mark-recapture modeling

4.3.1 Mark recapture modeling consideration: fluke distinctiveness

We know from the relationship between sighting frequency and the fluke distinctive-
ness index that there is some bias toward more distinct flukes in the sighting histories.
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Table 4 Correlation matrix comparing the different time series models

Mark-recapture models Count per effort Unique IDs
per effort

Jolly-Seber
abundance
estimate

Pradel
abundance index

Jolly-Seber
abundance estimate

1 0 0 0

Pradel abundance index 0.939 1 0 0

Count per effort −0.001 0.096 1 0

Unique IDs per effort 0.089 0.182 0.623 1

Correlation values that are shown in bold are significant (p < 0.05)

There are two possible mechanisms in the photo identification process that could have
contributed to this bias: (1) removal by photo quality cutoff and (2) misidentification
errors. Despite attempts to evaluate photo quality and distinctiveness of flukes inde-
pendently, it is possible that more distinct flukes were more likely to meet the photo
quality criteria than less distinct flukes since these measures are inherently subjective
and rankers easily mistake recognizability with photo quality. In a mark-recapture
setting, this bias works to give more distinct flukes a higher probability of capture
and thus is a violation of the homogeneity assumption for capture probability of all
animals. The over-dispersion parameter, ĉ, is estimated in program MARK, but we
were not confident in its reliability because there are many capture histories with low
frequencies of occurrence. Therefore we did not attempt to correct for over-dispersion
in this manner. Further, heterogeneity usually creates a negative bias, which is not of
much concern here.

Alternatively, the relationship between sighting frequencies and the fluke distinc-
tiveness index could occur by false negative misidentification errors, or instances
where matches are overlooked. This could be caused by a significant change in pattern
on the flukes between sightings, or may simply be the result of a matching error. Both
are more likely to occur if the fluke is originally less distinct (Friday et al. 2000).
One study of Atlantic humpback whales demonstrated that over eight years, 4.6% of
the 152 flukes analyzed showed a major pattern change, 31.8% showed a moderate
change, and 63.6% showed little or no change (Carlson et al. 1990). Given the partic-
ularly long temporal scale of the sightings used in this analysis, it is likely that some
portion of these flukes underwent a degree of change in fluke pattern, contributing
to the misidentification error. Misidentification is equivalent to a tag loss in a mark-
recapture setting, which works to inflate population size estimates. If the degree of
bias toward more distinct flukes was consistent over the time series, our ROI estimates
would not be affected.

Studies that have specifically addressed bias from humpback whale photo identifi-
cation have shown that misidentification and heterogeneity error is small, and can be
mitigated for. A double tagging study by Stevick et al. (2001) showed that false pos-
itive errors were absent altogether and false negative errors were negligible (0.1%).
Heterogeneity was assessed in a study by Friday et al. (2008) where the authors con-
cluded that the most accurate results could be found by simply removing poor quality
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photos. In the present study, we implemented a photo quality standard and built mod-
els including fluke distinctiveness covariates and found that they were not selected
based on AICc values. Consequently, we conclude that the overall influence from
fluke distinctiveness and heterogeneity in this study was minimal.

4.3.2 Jolly-Seber models

In our Jolly-Seber mark-recapture model, an overall increasing trend in abundance
demonstrates that the western PWS humpback population is in recovery from the past
over-exploitations of whaling with a 5.0-fold increase in abundance. However, there
appears to be a decline from approximately 2000 to 2006. The cause of this decline
is unknown, though it could represent a temporary emigration from the study area.
Other studies have noted that while humpback whales demonstrate a general fidelity
to the feeding grounds, it is common for them to move between feeding areas with the
magnitude and frequency of these movements varying from individual to individual
(Baker et al. 1992; Calambokidis et al. 1996, 2001, 2008; Straley et al. 2008; Waite et
al. 1999). Further, humpback whales are known to be generalist feeders (Nemoto and
Kasuya 1965;Witteveen et al. 2008), and it is commonly believed that theirmovements
within feeding grounds can be linked to food availability. In a Gulf of Maine study
(Weinrich et al. 1997), movements in Atlantic humpback whales were directly linked
to food availability. Humpback whale abundance was documented to decline by over
95 % in one area and increase dramatically in a neighboring area, simultaneously to
the same geographic shift in a humpback whale prey species.

The abundance estimate for 2009 is much higher than the overall trend in the
model, but at this point it is unclear if this is a reflection of variability in the data
or a surge in immigration into the area. There was an exceptionally high number of
unique individuals identified in 2009 (n = 89), which leads us to believe that this high
abundance estimate is, at least in part, driven by an increased number of individuals
coming into the study area (immigration). Sightings of new individuals were seen in
each year.6 In a closed population, sightings of new individuals would decrease over
time as all individuals are discovered. However, in this open population, we see that
the discovery of new individuals persists through the time series. Particularly, in this
last year, 2009, we see an exceptionally high number of new sightings.

The overall abundance, estimated by the MARK software (P) was 396 (95% CI
371–431). The number of unique individuals that went into the analysis was 322,
indicating that the model estimates approximately 74 whales that were in the area at
some point in the study, but were undetected.

4.3.3 Sensitivity analysis: early year photo quality

Because of the high correlation found in this sensitivity analysis, we concluded that
the influence of poor quality photos in some early years is negligible in their effect
on later years in the full time series models. However, it is possible that photos from

6 See Electronic SupplementaryMaterials, Figure 6, for a discovery curve that showsmore detail on number
of new sightings by year.
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these years are altering the results of the years they are in (1980, 1983, 1984, 1985,
and 1987). In these years, inclusion of poor quality photos may have increased the
risk of false negative errors-instances where photos are wrongly designated as new
sightings—which may have led to an inflation of the population estimates. Though,
without a way to estimate any direct or proxy measure of false negative errors in these
years, we cannot measure the magnitude of this effect. Inflated estimates in these years
would lead to an overall underestimation of ROI in this study. This means that our
estimate of ROI could be biased low for this reason.

4.3.4 Sensitivity analysis: survival

In the selected model, the estimate of φ (set constant throughout the time series) was
0.94. This is lower than the only other humpback whale survival rate estimate from
PWS made by Mizroch et al. (2004) of 0.98 (95% CI 0.95–1.0). However, it is con-
sistent with other estimates made by the same research group, namely: 0.93 (95% CI
0.91–0.95) for all of Alaska, 0.94 (95% CI 0.92–0.95) for Southeast Alaska, and 0.96
(95% CI 0.94–0.98) for Hawaii (Mizroch et al. 2004). Further, our estimates are con-
sistent with a survival estimate of 0.95 (95% CI 0.93–0.97) made for North Atlantic
humpback whales (Buckland 1990), and within range of the 0.96 (SE = 0.008) sur-
vival estimate also made for North Atlantic humpback whales (Barlow and Clapham
1997). While humpback whales exhibit some level of feeding site fidelity, many stud-
ies have documented movements that contradict complete fidelity (Baker et al. 1992;
Calambokidis et al. 1996, 2001, 2008; Straley et al. 2008; Waite et al. 1999). This
is true for our study area as well; other analyses from our same dataset show clear
evidence of exchange of individuals with adjacent areas (von Ziegesar and Matkin
1986; von Ziegesar 2012). This means that because we have no way of distinguishing
between death and emigration in our models, our estimates of survival may be incor-
porating emigration caused by movements in addition to actual mortalities. That said,
we believe our estimate to be a good representation of the averaged survival over the
entire time series for western PWS.

4.3.5 Comparison to previous abundance estimates

Humpback whales in PWS were estimated using a Chapman estimator at 100
(SE = 20) individuals in 1984 (Matkin and von Ziegesar 1985). Our Jolly-Seber abun-
dance estimate from the same year was slightly lower, at 73 (95%CI 54–99), although
the confidence intervals for these estimates nearly overlap. The difference in these esti-
mates ismost likely due to the fact that photo qualitywas not considered in the previous
study, and the inclusion of poor quality photos leads to inflated population estimates.

We estimated humpback whale abundance at 134 (95%CI 114–158) and 194 (95%
CI 162–231), for the summer of 2008 and 2009, respectively, while an independent
study estimated 135 (SE= 12) humpbackwhales in the 2008–2009winter season using
a Huggins closed capture model (Rice et al. 2011). It is important to note that these
abundance estimates are not directly comparable because our data are from the summer
and only fromwestern PWS,while their datawere collected in thewinter and represent
sound-wide observations. We would expect abundance to drop substantially in winter
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months as the vast majority of humpback whales are thought to spend winter months
in the tropical breeding grounds (Darling andMcSweeney 1985; Johnson andWolman
1984). So, despite the difference in spatial coverage, it is somewhat surprising that
estimates from both studies are of similar magnitude given the seasonal differences.
This suggests that a large portion of summer whales are staying late into the winter
season, and is supported anecdotally by sightings of individuals seen in both summer
and into fall and winter (Moran 2011, pers. comm.). One theory is that these late-
season humpback whales are staying in PWS to capitalize on the local winter stocks
of Pacific herring (Rice et al. 2011).

4.3.6 Model performance

In our analysis of this humpback whale dataset of exceptionally long time-frame,
various limitations in model estimation were discovered. First, we were unsuccessful
in estimating time-dependent survival, φt , in our mark-recapture models due to a high
portion of the parameters converging on the boundary of one rather than producing
realistic estimates. This is likely due to the particularly long life span of humpback
whales (Gabriele et al. 2010). Because humpback whales are living so much longer
than the time period between sampling intervals, the model is not able to generate
fine-scale estimates of ϕ during these times.

After managing the specific problematic parameters, these long-term data were
successfully described by realistic parameter estimates. Therefore, we feel that the
Jolly-Seber model is an appropriate option for analyzing long-term humpback whale
datasets. With this study, the first time series of humpback whale abundance from
1978–2009 has been constructed and should be of use for further investigations of
ecological processes in PWS.

4.4 Rate of increase

As previously mentioned, the SPLASH study generated estimates of abundance for
humpback whales in the North Pacific Basin (Calambokidis et al. 2008). These esti-
mates are biologically feasible given they are below the maximum theoretical ROI
estimate of 11.8 % (Zerbini et al. 2010). Given the earlier estimates of humpback
whale abundance in the North Pacific, the population has been recovering at a rate of
5–7 % annually in order to reach current North Pacific population estimates. In PWS,
we found a slightly lower ROI, 4.53 % (95 % CI 3.28–5.79 %) where the 95 % CI
of overlaps with the lower end of the SPLASH ROI estimate (4.9 %). The lower end
of the SPLASH ROI estimate was found using more recent data, 1993–2006; because
these years are overlappingwith our time series, it makes sense that our estimatewould
align closer with the lower end of the SPLASH estimate. The upper end (6.8%), on
the other hand, uses data spanning back to 1966—over a decade before the start of our
time series. Further, estimates of ROI from SPLASH are generally higher for the west-
ern Pacific regions, and between 5.5 and 6.0% when assessing the population without
considering the western Pacific (Calambokidis et al. 2008). Therefore, the ROI results
are consistent with the broader trends of humpback whale recovery seen for the North
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Pacific. Thus, like the North Pacific population, the western PWS population has been
rapidly recovering from past over-exploitation and may be reaching levels at or even
exceeding those before commercial exploitation.

Acknowledgments We thank Beth Goodwin, Shelley Gill, and Gerry Sanger for their substantial data
contributions and to Woods Hole Oceanographic Institute for the contribution of the 1978–1979 data to
the database used in this analysis. We are grateful to John Moran, Ron Heintz, and Jeep Rice at NMFS,
Auke Bay Labs for their collaboration and to Nicola Hillgruber at UAF for advice and insight and to the
reviewers of this manuscript who provided very helpful comments. Also, we acknowledge funding support
from the Exxon Valdez Oil Spill Trustee Council (Project 10100128) and the Cooperative Institute for
Arctic Research with funds from the National Oceanic and Atmospheric Administration under cooperative
agreement NA17RJ1224 with the University of Alaska.

Open Access This article is distributed under the terms of the Creative Commons Attribution License
which permits any use, distribution, and reproduction in any medium, provided the original author(s) and
the source are credited.

References

Baker SC, Straley JM, PerryA (1992) Population characteristics of individually identified humpbackwhales
in southeastern Alaska: summer and fall 1986. Fish Bull 90:429–437

Barlow J, Clapham PJ (1997) A new birth-interval approach to estimating demographic parameters of
humpback whales. Ecology 78:535–546

Buckland ST (1990) Estimation of survival rates from sightings of individually identifiable whales. Rep Int
Whal Comm Special Issue 12:149–153

Burnham KP, Anderson DR (2002) Model selection and multi-model inference: a practical information-
theoretical approach, 2nd edn. Springer, Berlin

Calambokidis J, Steiger GH, Evenson JR, Flynn KR, Balcomb KC, Claridge DE, Bloedel P, Straley JM,
BakerCS, vonZiegesarO,DahlheimME,Waite JM,Darling JD,EllisG,GreenGA (1996) Interchange
and isolation of humpback whales off California and other north pacific feeding grounds. Marine
Mamm Sci 12(2):215–226

Calambokidis, J, Steiger GH, Straley JM, Quinn TJ, Herman LM, Cerchio S, Salden DR, Yamaguchi M,
Sato F, Urban JR, Jacobsen J, von Zeigesar O, Balcomb KC, Gabriele CM, Dahlheim ME, Higashi
N, Uchida S, Ford JKB, Miyamura Y, Ladron de Guevara P, Mizroch SA, Schlender L, Rasmussen
K (1997) Abundance and population structure of humpback whales in the North Pacific basin. Final
Contract Report 50ABNF500113 to Southwest Fisheries Science Center, P.O. Box 271, La Jolla, CA
92038, 72 pp

Calambokidis J, Steiger GH, Straley JM, Herman LM, Cerchio S, Salden DR, Urban RJ, Jacobsen JK, von
Ziegesar O, Balcomb KC, Gabriele CM, Dahlheim ME, Uchida S, Ellis G, Mlyamura Y, Ladron PP,
Manami Y, Sato F, Mizroch SA, Schlender L, Rasmussen K, Barlow B, Quinn TJ (2001) Movements
and population structure of humpback whales in the North Pacific. Marine Mamm Sci 17(4):769–794

Calambokidis J, Falcone EA, Quinn TJ, Burdin AM, Clapham PJ, Ford JKB, Gabriele CM, LeDuc R,
Mattila D, Rojas-Bracho L, Straley JM, Taylor BL, Urban J, Weller D, Witteveen BH, Yamaguchi
M, Bendlin A, Camacho D, Flynn K, Havron A, Huggins J, Maloney N (2008) SPLASH: structure
of populations, levels of abundance and status of humpback whales in the North Pacific. Final report
for contract AB133F-03-RP-00078, U.S. Dept of Commerce Western Administrative Center, Seattle,
WA, 57 pp

Carlson CA, Mayo CA, Whitehead H (1990) Changes in the ventral fluke pattern of the humpback
whale (Megaptera novaeangliae), and its effect on matching; evaluation of its significance to photo-
identification research. Rep Int Whal Comm Special Issue 12:105–111

Darling JD, McSweeney DJ (1985) Observations on the migrations of North Pacific humpback whales
(Megaptera novaeangliae). Can J Zool 63(2):308–314

Friday NA, Smith TD, Stevick PT (2000) Measurement of photographic quality and individual distinc-
tiveness for the photographic identification of humpback whales, Megaptera novaeangliae. Marine
Mamm Sci 16(2):355–374

123



Environ Ecol Stat (2015) 22:345–368 367

Friday NA, Smith TD, Stevick PT, Allen J, Fernald T (2008) Balancing bias and precision in capture-
recapture estimates of abundance. Marine Mamm Sci 24(2):253–275

Gabriele CM, Lockyer C, Straley JM, Jurasz CM, Hidehiro K (2010) Sighting history of a naturally marked
humpback whale (Megaptera novaeangliae) suggests ear plug growth layer groups are deposited
annually. Marine Mamm Sci 26(2):443–450

Gambell R (1976) World whale stocks. Mamm Rev 6:41–53
Johnson JH, Wolman AA (1984) The humpback whale (Megaptera novaeangliae). Marine Fish Rev

46(4):30–37
KatonaS,BaxterB,BrazierO,KrausSD,Perkins J,WhiteheadH (1979) Identification ofHumpbackWhales

by fluke photographs. In: Winn HE et al (1979) Behavior of marine animals: current perspectives in
research, vol 3. Cetaceans. Plenum Press, New York, pp 33–44

Lebreton JD, Burnham KP, Clobert J, Anderson DR (1992) Modeling survival and testing biological
hypotheses using marked animals: a unified approach with case studies. Ecol Monogr 62:67–118

MatkinCO, vonZiegesarO (1985)Humpbackwhales in PrinceWilliamSound in, (1984)Report for contract
41 USC 252. National Marine Fisheries Service, National Marine Mammal Laboratory, Seattle 14 pp

Mizroch SA, Herman LM, Straley JM, Glockner-Ferrari DA, Jurasz C, Darling J, Cerchio S, Gabriele CM,
SaldenDR, von Ziegesar O (2004) Estimating the adult survival rate of central North Pacific humpback
whales (Megaptera novaeangliae). J Mammal 85(5):963–972

Nemoto T (1970) Feeding patterns of baleen whales in the oceans. In: Steele JH (ed) Marine Food Chains.
University of California Press, Berkeley, pp 241–252

Nemoto T, Kasuya T (1965) Foods of baleen whales in the Gulf of Alaska of the North Pacific. Sci Rep
Whales Res Inst 19:45–51

Pradel R (1996) Utilization of capture-mark-recapture for the study of recruitment and population growth
rate. Biometrics 52:703–709

Rice DW (1978) The humpback whale in the North Pacific: distribution, exploitation, and numbers. In:
Norris KS, Reeves R (eds) Report on a workshop on problems related to humpbackwhales (Megaptera
novaeangliae) in Hawaii. Report to the Marine Mammal Commission, July 1977, Washington, DC,
21 pp

Rice SD,Moran JR, Straley JM, Boswell KM, Heintz RA (2011) Significance of whale predation on natural
mortality rate of Pacific herring in Prince William Sound, Exxon Valdez Oil Spill Restoration Project
Final Report (Restoration Project: 100804). National Marine Fisheries Service, Juneau

Schwarz CJ (2001) Jolly-Seber model: more than just abundance. J Agric Biol Environ Stat 6:195–205
Schwarz CJ, Arnason AN (1996) A general methodology for the analysis of capture-recapture experiments

in open populations. Biometrics 52:860–873
Seber GAF (1982) The estimation of animal abundance, 2nd edn. Wiley, New York
Stevick PT, Palsoll PJ, Smith TD, Bravington MV, Hammond PS (2001) Errors in identification using

natural markings: rates, sources, and effects on capture-recapture estimates of abundance. Can J Fish
Aquatic Sci 58:1861–1870

Straley JM (1990) Fall and winter occurrences of humpback whales (Megaptera novaeangliae) in south-
eastern Alaska. Rep Int Whal Comm Special Issue 12:SC/A88/ID26

Straley JM (1994) Seasonal characteristics of humpback whales (Megaptera novaeangliae) in southeastern
Alaska. Thesis, University of Alaska, Fairbanks

Straley JM, Quinn TJ II, Gabriele CM (2008) Assessment of mark-recapture models to estimate the abun-
dance of a humpbackwhale feeding aggregation in Southeast Alaska. J Biogeogr Special Issue 36:427–
438

von Ziegesar O (1992) A catalog of PrinceWilliam Sound humpback whales by fluke photographs between
the years 1977 and 1991. Prepared by North Gulf Oceanic Society for the National Marine Fisheries
Service, National Marine Mammal Laboratory Seattle, WA

von Ziegesar O (2010) A catalog of humpback whales In Prince William Sound and Kenai Fjords, Alaska
1977–2010. Printed and distributed by Eye of the Whale Research, P.O. Box 15191, Fritz Creek, AK
99603

von Ziegesar O (2012) The Humpback whales of Prince William Sound: population characteristics and
ecology, 1980–2009. Report to the Exxon Valdez Trustees Council

von Ziegesar O, Matkin C (1985) A catalog of humpback whale flukes in Prince William Sound, Alaska
identified by fluke photographs between the years 1977 and 1984. Report on contract no. 41 USC 252.
National Marine Fisheries Service, National Marine Mammal Laboratory Seattle, WA

123



368 Environ Ecol Stat (2015) 22:345–368

von Ziegesar O, Matkin C (1986) Humpback whales in Prince William Sound in 1985. Report on contract
no. 41 USC 252. National Marine Fisheries Service, National Marine Mammal Laboratory Seattle,
WA

von Ziegesar O, Goodwin B, Devito R (2001) A catalog of humpback whales In Prince William Sound,
Alaska 1977–2001. Printed and distributed by Eye of the Whale Research, P.O. Box 15191, Homer,
AK 99603

Waite JM, DahlheimME, Hobbs RC, Mizroch SA, von Ziegesar-Matkin O, Herman LM, Jacobsen J (1999)
Evidence of feeding aggregation of humpback whales (Megaptera novaeangliae) around Kodiak
Island, Alaska. Marine Mamm Sci 15:210–220

Weinrich M, Martin M, Griffiths R, Bove J, Schilling M (1997) A shift in distribution of humpback whales,
(Megaptera novaeangliae), in response to prey in the southern Gulf ofMaine. Fish Bull 95(4):826–836

White GC, Burnham KP (1999) ProgramMARK: survival estimation from populations of marked animals.
Bird Study 46(Supplement):120–138

Witteveen BH, Foy RJ, Wynne KM (2006) The effect of predation (current and historical) by humpback
whales (Megaptera novaeangliae) on fish abundance near Kodiak Island, Alaska. Fish Bull 104:10–20

WitteveenBH,FoyRJ,WynneKM,TremblayY (2008) Investigation of foraging habits and prey selection by
humpback whales (Megaptera novaeangliae) using acoustic tags and concurrent fish surveys. Marine
Mamm Sci 12(3):516–534

Zerbini AN, Clapham PJ, Wade PR (2010) Assessing plausible rates of population growth in humpback
whales from life-history data. Marine Biol 157(6):1225–1236

Suzanne F. Teerlink is a Ph.D. student at the University of Alaska Fairbanks, in the Marine Sustainabil-
ity in the Arctic and Subarctic (MESAS) program under advisement of Dr. Lara Dehn-Horstmann. Her
research focuses on humpback whale population dynamics, and mixed-method approaches to estimating
population parameters. She has a Master’s degree in Fisheries from University of Alaska Fairbanks, under
advisement of Dr. Terrance Quinn.

Olga von Ziegesar is the founder and president of Eye of the Whale Research that focuses on humpback
whales in Prince William Sound.

Janice M. Straley is an associate professor of Marine Biology for University of Alaska Southeast. Her
research focus is humpback whales and other whales in Southeast Alaska.

Terrance J. Quinn II is Professor of Fish Population Dynamics at the Juneau Center, School of Fisheries
and Ocean Sciences, University of Alaska Fairbanks. He teaches classes in population dynamics and sam-
pling theory and published the textbook Quantitative Fish Dynamics in 1999 with Dr. Richard Deriso. He
also publishes applications of mathematical, statistical, and computer methods in fisheries. He is an Asso-
ciate Editor of the Canadian Journal of Fisheries and Aquatic Sciences and serves on the Scientific and
Statistical Committee of the North Pacific Fishery Management Council.

Craig O. Matkin has conducted research on marine mammals in southern Alaska since 1977. He com-
pleted work on harbor seals and Steller sea lions and their interactions with fisheries in 1977–1979 leading
to an M.S. degree. In 1977 he initiated long-term photo-identification projects on killer whales and hump-
back whales in Prince William Sound that continue on today.

Eva L. Saulitis completed a M.S. degree in Zoology at the University of Alaska Fairbanks. Her research
focuses on killer whales in the Gulf of Alaska.

123


	First time series of estimated humpback whale (Megaptera novaeangliae) abundance in Prince William Sound
	Abstract
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Effort
	2.3 Description of available data
	2.4 Data organization
	2.5 Humpback whale time series: count per unit effort
	2.6 Humpback whale time series: mark-recapture modeling
	2.6.1 Mark recapture modeling consideration: photo quality

	2.7 Mark recapture modeling consideration: fluke distinctiveness
	2.7.1 Mark recapture modeling
	2.7.2 Sensitivity analysis: early year photo quality
	2.7.3 Sensitivity analysis: survival

	2.8 Comparison of time series approaches
	2.9 Rate of increase

	3 Results
	3.1 Effort
	3.2 Humpback whale time series: count per unit effort
	3.3 Humpback whale time series: mark-recapture modeling
	3.3.1 Mark recapture modeling consideration: fluke distinctiveness
	3.3.2 Mark recapture modeling
	3.3.3 Sensitivity analysis: early year photo quality
	3.3.4 Sensitivity analysis: survival

	3.4 Comparison of time series approaches
	3.5 Rate of increase

	4 Discussion
	4.1 Effort
	4.2 Humpback whale time series: count per unit effort
	4.3 Humpback whale time series: mark-recapture modeling
	4.3.1 Mark recapture modeling consideration: fluke distinctiveness
	4.3.2 Jolly-Seber models
	4.3.3 Sensitivity analysis: early year photo quality
	4.3.4 Sensitivity analysis: survival
	4.3.5 Comparison to previous abundance estimates
	4.3.6 Model performance

	4.4 Rate of increase

	Acknowledgments
	References




