Abstract—The abundance and popu-
lation density of cetaceans along the
U.S. west coast were estimated from
ship surveys conducted in the summer
and fall of 1991, 1993, 1996, 2001,
and 2005 by using multiple-covari-
ate, line-transect analyses. Overall,
approximately 556,000 cetaceans of
21 species were estimated to be in
the 1,141,800-km? study area. Delphi-
noids (Delphinidae and Phocoenidae),
the most abundant group, numbered
~540,000 individuals. Abundance
in other taxonomic groups included
~5800 baleen whales (Mysticeti),
~7000 beaked whales (Ziphiidae), and
~3200 sperm whales (Physeteridae).
This study provides the longest time
series of abundance estimates that
includes all the cetacean species in
any marine ecosystem. These esti-
mates will be used to interpret the
impacts of human-caused mortality
(such as that documented in fish-
ery bycatch and that caused by ship
strikes and other means) and to evalu-
ate the ecological role of cetaceans in
the California Current ecosystem.
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Estimates of cetacean abundance,
biomass, and population density are
key to assessing the potential effects
of anthropogenic perturbations on
cetacean populations (Carretta et al.,
2006) and in understanding the eco-
logical role of cetaceans in marine
ecosystems (Trites et al., 1997). Along
the U.S. west coast, most cetacean
species are vulnerable as bycatch in
gillnet fisheries (Julian and Beeson,
1998; Carretta et al., 2005), and fish-
eries catch many of the same species
that cetaceans consume (Trites et al.,
1997). Large whales also die from ship
strikes (Carretta et al., 2006). West
coast cetaceans may be affected by
anthropogenic sound (e.g., sonar, ship
noise, and seismic surveys) and cli-
mate change. There is little published
information on current abundance to
evaluate direct anthropogenic impacts
on cetacean species and to estimate
their resource needs.

The abundance of cetaceans along
the U.S. west coast was previously es-
timated for some species in some ar-
eas, but most available estimates are
based on surveys that were conducted
16 to 30 years ago (Dohl et al., 1986;
Barlow, 1995). In addition, most esti-
mates are based only on surveys that
were conducted within 185 km of the
coast. There was only one survey (in
1991) in waters greater than 185 km
offshore of California, and there are
no published estimates of cetacean
abundance for far offshore waters of
Oregon or Washington. The lack of
recent estimates and the lack of es-

timates for offshore waters represent
clear gaps in our knowledge of west
coast cetaceans.

In this study, new estimates of
abundance were determined in order
to fill our gaps in knowledge about
cetaceans in the California Current
ecosystem. Line-transect methods
were used to analyze data collected
from Southwest Fisheries Science
Center (SWFSC) ship surveys in
1991, 1993, 1996, 2001, and 2005
off the U.S. west coast. A new mul-
tiple-covariate, line-transect approach
(Marques and Buckland, 2003) was
used to account for multiple factors
that affect the distance at which ce-
taceans can be seen in different con-
ditions. Because cetaceans dive and
can be missed by visual observers,
the probability of detecting a group
of cetaceans directly on the transect
line was estimated from observa-
tions made by independent observ-
ers on those 1991-2005 surveys and
from other sources. Observer-specific
corrections were applied to remove a
bias in estimating group sizes. These
results represent one of the most
comprehensive analyses of cetacean
abundance and density for any large
marine ecosystem.

Materials and methods

Survey

Surveys in 1991, 1993, 1996, 2001,
and 2005 were conducted in summer
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and fall with the same line-transect survey methods
from two National Oceanographic and Atmospheric
Administration (NOAA) research vessels: the 53-m RV
McArthur and the 52 m RV David Starr Jordan. A third
ship, the 62-m RV McArthur II, was also used for a
very short time in 2005. Transect lines followed a grid
that was established before each survey to uniformly
cover waters between the coast and approximately 556
km (300 nmi) offshore. Surveys were designed with a
uniform grid of transect lines anchored by a randomly
chosen start point. Ships traveled at 16.7-18.5 km/h
(9-10 kt) through the water. The 1991 and 1993 surveys
only covered waters off California, but the subsequent
surveys also included waters off Oregon and Washington
(Fig. D).

Experienced field biologists (henceforth referred to
as “observers”) searched for cetaceans from the flying
bridge deck of the ships (observation height ~10.5 m
for the two primary vessels, 15.2 m for the RV McAr-
thur II). Typically, six observers rotated among three
observation stations (left station, where 25x binoculars
were used; forward station where the data recorder was
positioned; and right station, where 25x binoculars were
used). Each observer and recorder watched for 2 hours
and then rested for 2 hours. The recorder searched
with unaided eyes (and occasionally 7x binoculars) and
entered effort and sighting data using a data entry
program on a laptop computer. The observers were se-
lected on the basis of previous experience searching
for and identifying marine mammals at sea; at least
four observers on each ship had previous line-transect
experience with cetaceans and at least two were ex-
perts in marine mammal identification at sea. Before
each survey, observers were given a refresher course in
marine mammal identification and group size estima-
tion. Group size and the percentage of each species in a
group were estimated and recorded independently and
confidentially by each on-duty observer. Generally, after
a group of cetaceans was seen, observers took as much
time as necessary to estimate group size and species
composition. Starting in 1996, at least one hour was
allocated to group size estimation for sperm whales to
provide reasonable confidence that all members of the
group surfaced at least once. Species determinations
were recorded only if observers were certain of their
species identification; otherwise, animals were identified
to the lowest taxonomic level or general category (e.g.,
large whale or baleen whale) that an observer could de-
termine with certainty. Observers were also encouraged
to record separately the most probable species if the ac-
tual species could not be determined with certainty. In
this article, we used probable species identifications if
certain identifications were missing, rather than prorat-
ing the unidentified sightings into species categories, as
done in other studies (Gerrodette and Forcada, 2005).
If probable species identifications were not available,
species were classified as unidentified delphinoids, small
whales, beaked whales, rorqual whales, or large whales.
Common and scientific names for all species are given
in Table 1.

Most surveys were conducted in closing mode during
which the ship diverted from the trackline as necessary
to allow closer estimation of group size and species
composition. The ship was not diverted if observers felt
that group size and species could be determined from
the transect line, as was frequently the case of nearby
sightings of Dall’s porpoise or large baleen whales. To
investigate potential biases associated with the use
of closing mode surveys, every third day of effort in
1996 was conducted in passing mode during which the
ship did not divert from the trackline except for spe-
cies of particular interest (sperm whales, short-finned
pilot whales, and Baird’s beaked whales). No consis-
tent biases were found between the two survey modes;
however, group size estimation and species determina-
tion suffered in passing mode, and therefore the latter
(passing mode) was not undertaken during subsequent
surveys.

Frequently, a fourth observer searched for cetacean
groups that were missed by the primary team of three
observers. Sightings made by this fourth observer were
recorded after the group had passed abeam and had
been clearly missed by the primary team. The data
from the fourth observer were considered conditionally
independent of the primary team (conditioned on the
animals not being seen by the primary team) and were
used to estimate the proportion of sightings missed by
the primary team.

Calibration of group size

Individual observers may tend to over- or under-esti-
mate group sizes, and their estimates can be improved
by calibration based on a subset of groups with known
size (Gerrodette and Forcada, 2005) or based on compari-
son to data from an unbiased observer (Barlow, 1995).
Calibration factors were used to correct estimates made
by observers who were previously calibrated by using
aerial photographic estimates of group size taken from
a helicopter on dolphin surveys in the eastern tropical
Pacific (Gerrodette and Forcada, 2005). These calibra-
tions were not applied to groups whose size was outside
the range of sizes used in the calibration study. A direct
helicopter calibration could not be used on these west
coast surveys because the weather was too rough and
the water is too turbid. Therefore, we used an indirect
calibration method (Barlow, 1995) to calibrate these
remaining observers in relation to the directly cali-
brated observers. The indirect calibration coefficient, 3,
for a given observer was estimated by comparison to
calibrated estimates of directly calibrated observers by
using log-transformed, least-squares regression through
the origin:

InS'=B,+InS, (1)

where S* = the observer’s best estimate of group size;
_and
S = the mean of calibrated, bias-corrected esti-
mates for all other calibrated observers.
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Figure 1

Transect lines (gray) surveyed during 1991 and 1993, 1996, 2001, and 2005
surveys. Thick transect lines were surveyed in Beaufort sea states of 0-2
and thin lines in Beaufort sea states 3-5. Black lines on all maps indicate

the boundaries of the four geographic regions.

Logarithms were used in Equation 1 because stan-
dard errors were found to be proportional to the mean.
Sightings were included in calculating indirect calibra-
tion coefficients if group size estimates were made by at
least two other directly calibrated observers. We use a
weighted geometric mean of the individual, calibrated
group-size estimates (weighted by the inverse of the
mean squared estimation error) as the best estimate
of overall group size in all of the analyses presented
here.

Estimation of abundance from line-transect data

Cetacean abundance was estimated by using line-tran-
sect methods (Buckland et al., 2001) with multiple covari-

ates (Marques and Buckland, 2003). The entire study
area (1,141,800 km?) was divided into four geographic
strata (Fig. 1): 1) waters off Oregon and Washington
(322,200 km?2 north of 42°N); 2) northern California
(258,100 km?2 south of 42°N and north of Point Reyes
at 38°N); 3) central California (243,000 km2 between
Point Conception at 34.5°N and Point Reyes); and 4)
southern California (318,500 km? south of Point Concep-
tion). The OR-WA region was not surveyed in 1991 or
1993 and thus received less survey effort. The density,
D,, for a given species within geographic region i was
estimated as

1 ~af0lz)s;
Di = — S J B
2L, ; g;(0) (2)



512

Fishery Bulletin 105(4)

Table 1
Species groups that were pooled and the range of Beaufort sea states used in estimating line-transect detection probabilities as
functions of perpendicular sighting distance and other covariates. Within a group, the indicated subgroups were identified and
tested as covariates in the line-transect parameter estimation. When sample size and patterns of species co-occurrence permit-
ted, groups and subgroups comprised only one species. Mean effective strip widths (ESWs) are the product of the truncation
distance (W) and the mean probability of detection within that distance for each group.
Species group Beaufort Mean Truncation
Subgroup sea ESW distance,
Common name Scientific name(s) state (km) W (km)
Delphinids
Small delphinids
Short-beaked common dolphin Delphinus delphis 0-5 2.22 4.0
Long-beaked common dolphin Delphinus capensis 0-5 2.85 4.0
Unclassified common dolphin Delphinus spp. 0-5 2.28 4.0
Striped dolphin Stenella coeruleoalba 0-5 241 4.0
Pacific white-sided dolphin Lagenorhynchus obliquidens 0-5 2.24 4.0
Northern right whale dolphin Lissodelphis borealis 0-5 2.05 4.0
Unidentified delphinoid 0-5 1.71 4.0
Large delphinids
Bottlenose dolphin Tursiops truncatus 0-5 2.54 4.0
Risso’s dolphin Grampus griseus 0-5 2.37 4.0
Short-finned pilot whale Globicephalus macrorhynchus 0-5 2.70 4.0
Dall’s porpoise Phocoenoides dalli 0-2 1.09 2.0
Small whales
Small beaked whales
Mesoplodon spp. Mesoplodon spp. 0-2 2.85 4.0
Cuvier’s beaked whale Ziphius cavirostris 0-2 2.68 4.0
Unidentified ziphiid whale Mesoplodon spp. or Z. cavirostris 0-2 2.95 4.0
Kogia spp. Kogia breviceps or Kogia sima 0-2 1.01 4.0
Minke whale Balaenoptera acutorostrata 0-2 2.16 4.0
Unidentified small whale 0-2 2.71 4.0
Medium-size whales
Baird’s beaked whale Berardius bairdii 0-5 1.94 4.0
Bryde’s whale Balaenoptera edeni 0-5 3.54 4.0
Sei whale Balaenoptera borealis 0-5 1.59 4.0
Sei or Bryde’s whale B. edeni or B. borealis 0-5 2.89 4.0
Fin, blue, and killer whales
Fin whale Balaenoptera physalus 0-5 2.61 4.0
Blue whale Balaenoptera musculus 0-5 2.58 4.0
Killer whale Orcinus orca 0-5 2.65 4.0
Humpback whale Megaptera novaeangliae 0-5 3.20 4.0
Sperm whale Physeter macrocephalus 0-5 2.97 4.0
Unidentified rorqual 0-5 2.70 4.0
Unidentified large whale 0-5 2.78 4.0

where L, = the length of on-effort transect lines in
region i;
f(0lz;) = the probability density function evaluated
at zero perpendicular distance for group j
with associated covariates z;
s; = the number of individuals of that species in
group j;
g;(0) = the trackline detection probability of group
J; and
n; = the number of groups of that species sighted
in region i.

Annual abundances for each species in California
(1991-2005) and in Oregon—Washington (1996-2005)
were estimated from Equation 2 based on the sightings
and search effort for the given year. The California total
was the sum of the three California region. Because
transects covered only 35 km in calm conditions in
the central California region in 2005, that region was
pooled in 2005 with the northern California region
to estimate abundance for Dall’s porpoises and small
whales (whose abundance was based only on surveys in
calm sea states—see below). Only half-normal detection
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models were considered for estimating f(0lz;) because
hazard-rate models have been shown to give highly
variable estimates (Gerrodette and Forcada, 2005) and
because hazard-rate models often did not converge on
best-fit solutions. In estimating f(0lz), data from all
years and geographic strata were pooled, and species
were pooled into groups with similar sighting char-
acteristics (Barlow et al., 2001): delphinids (excluding
killer whales); Dall’s porpoise; small whales; medium
whales; blue, fin, and killer whales; humpback whales;
and sperm whales (Table 1). To improve the ability to
fit the probability density function, f(OIzJJ, sightings
were excluded if they were farther from the trackline
than an established truncation distance (Buckland et
al., 2001): 2 km for Dall’s porpoises and 4 km for all
other species. This procedure eliminated approximately
15% of sightings. The covariates for the f(0) function
were chosen by forward step-wise model building by
using the corrected Akaike information criterion (AIC,).
Potential covariates included the total group size or its
natural logarithm (TotGS or LnTotGS), Beaufort sea
state (Beauf), survey year (Year: 1991, 1993, 1996, 2001,
or 2006), survey vessel (Ship: McArthur or Jordan),
geographic region (Region), the presence of rain or
fog within 5 km of the ship (RainFog), the presence
of glare on the trackline (Glare), the estimated vis-
ibility in nautical miles (Vis), the method used to first
detect the group (Bino: 25x binoculars or other tool),
and the cue that first drew an observer’s attention to
the presence of a group (Cue: splash, blow, or other).
As covariates, TotGS, LnTotGS, Beauf, and Vis were
treated as continuous variables and the others as cat-
egorical. Categorical covariates were used only if all
factor levels had at least ten observations. See Barlow
et al. (2001) for a more complete description of these
covariates and their influence on the distance at which
various species can be seen. When sample size permit-
ted, another covariate (SppGroup, a coded value for
the most abundant species within a group) was added
to sub-stratify a species group, allowing for differences
in detection distances between members of the a priori
species groupings (Table 1). Because very few cryptic
species, such as small whales and Dall’s porpoise, are
seen in rough conditions and sample sizes were too
small to estimate g(0) for those conditions, the abun-
dance of these species was estimated by using search
effort conducted only in calm seas (Beaufort sea state
0 to 2); abundance of other species was based on search
effort in Beaufort sea states 0 to 5.

Some animals sighted could not be identified to spe-
cies or probable species, and, for completeness, we also
estimated the abundance of the cetaceans represented
by these sightings. Sample sizes were small; therefore
these unidentified categories were pooled with other
similar species for estimating (0l z,). Unidentified del-
phinoids were pooled with all delphinids; unidentified
small whales were pooled with Ziphius, Mesoplodon
and Kogia spp.; unidentified rorquals were pooled with
all rorqual species; and unidentified large whales were
pooled with rorquals and sperm whales.

In traditional (noncovariate) line-transect analyses,
effective strip width (ESW) gives a measure of the dis-
tance from the trackline at which species were seen
(with an upper limit defined by a chosen truncation
distance). For the covariate line-transect method, ESW
varies with the covariates for each sighting. The mean
ESW was calculated as the truncation distance mul-
tiplied by the mean probability of detecting a group
within that distance for all sightings of a species.

The total abundance, N, for a species was estimated
as the sum over the four geographic regions of the den-
sities, D,, in each stratum multiplied by the size of the
stratum, A, :

N=) D,-A, (3)

Abundance and density were not estimated for harbor
porpoises (Phocoena phocoena), gray whales (Eschrich-
tius robustus), or the coastal stock of bottlenose dolphins
(Tursiops truncatus) because their inshore habitats were
inadequately covered in our study and because good
abundance estimates are available for these species from
specialized studies (Carretta et al., 1998; Rugh et al.,
2005; Carretta et al., 2006).

The areas, A; , within each stratum were limited to
waters deeper than 20 m (the safe operating limit of
the vessels). The total areas between the coast and the
offshore boundaries were estimated with the program
GeoArea (available from Gerrodettel). The stratum
areas were estimated by subtracting the area between
0 and 20 m depth (and the areas of the Channel Is-
lands in the southern California stratum) from these
total areas. The area between the 0- and 20-m depth
contours in the southern California stratum (including
the Channel Islands) was estimated with the ArcGIS
9.1 software package. The 20-m contour was derived
from a bathymetry data set with grids providing 200
m horizontal resolution, 0.1 m vertical resolution) from
the California Department of Fish and Game, Marine
Region. Coastline data from the NOAA National Ocean
Service Medium Resolution Digital Vector Shoreline
(1:70,000 scale) was used for the 0-m contour.

The coefficients of variation (CV) for abundance were
estimated by using mixed parametric and nonparamet-
ric bootstrap methods (Efron and Gong, 1983). Vari-
ance attributed to sampling and model fitting were
estimated with the nonparametric bootstrap method
by using 150-km segments of survey effort as the sam-
pling unit (roughly the distance surveyed in one day).
Adjacent survey segments, sometimes from different
days, were appended together to make bootstrap seg-
ments. A new bootstrap segment was begun for each
survey and whenever a ship crossed into a new region.
Within each geographic region, effort segments were

1 Gerrodette, T. 2007. National Oceanic and Atmospheric
Administration, Southwest Fisheries Science Center, 8604 La
Jolla Shores Dr., La Jolla CA 92037. Website: http://swfsc.
noaa.gov/prd.aspx (accessed 26 June 2007).
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sampled randomly with replacement from all survey
years, and the sightings associated with those seg-
ments were used with step-wise model building to fit
the multiple-covariate model of f(OIzj). For each of 1000
bootstrap iterations, a parametric bootstrap was used to
choose the values of g(0) by drawing randomly from a
logit-transformed normal distribution with a mean and
variance selected to give the values of g(0) and CV(g(0))
used for abundance estimation.

Probability of detection of a cetacean group
along the trackline

The line-transect parameter g(0) represents the prob-
ability of detecting a group that is located directly on
the transect line. This value is often assumed to be 1.0
in estimating abundance for dolphins that are found in
large groups (Gerrodette and Forcada, 2005); therefore,
in these analyses it was implicit that 100% of the groups
located on the trackline were detected. In our study,
for dolphins, porpoises, and large baleen whales, data
from the conditionally independent observer were used
to estimate the trackline detection probability for the
primary observer team, g,(0), with the method developed
by Barlow (1995):

Nys* f5(0)

0)=1.0 - )
&:(0) n, - f(0)

4)

where the subscript 1 refers to parameters for the pri-
mary observers, subscript 2 refers to parameters for the
conditionally independent observer, and n,, = the number
of sightings within the truncation distance w used for
estimating the line-transect parameter f(0).

Sightings by the primary team were included in esti-
mating n, and f;(0) only if a conditionally independent
observer was also on duty. This estimator (Eq. 4) is
positively biased (Barlow, 1995), which results in an
overestimation of g(0) for the primary observers. Fully
independent observer methods (Buckland et al., 2004)
are generally superior to this conditionally independent
method (referred to as the “removal method” by Buck-
land et al. [2004]); however, such methods could not be
used because of the need to approach groups to deter-
mine species and estimate group sizes. The line-tran-
sect parameter f(0) was estimated independently for
the primary and independent observers with the soft-
ware program Distance 5.0 (available from Thomas?);
half-normal models were fitted with cosine adjust-
ments (Buckland et al., 2001), and the best-fit model
was selected by AIC,. Because of sample size limita-
tions, species were pooled into three categories for
estimating g(0): 1) delphinids (excluding killer whales),

2 Thomas, L. 2005. Research Unit for Wildlife Population
Assessment, University of St. Andrews, Scotland, UK. Web-
site: http://www.ruwpa.st-and.ac.uk/distance/ (accessed 26
June 2007).

2) large whales (most baleen whales and killer whales),
and 3) Dall’s porpoises. Killer whales were included
with large baleen whales because they are very con-
spicuous and are seen at greater distances than are
other delphinids (Barlow et al., 2001). Because track-
line detection probabilities may vary with the size of
the group (Barlow, 1995) or observation conditions,
the numbers of sightings made by primary and inde-
pendent observers were tested with Fisher’s exact test
to determine if the proportion varied with group size
or Beaufort sea state. Delphinids and large whales
were stratified into large and small groups with cut-
points at 20 and 3 individuals, respectively. Because
of sample size limitations, a single detection function
was fitted to large and small groups of delphinids seen
by the independent observer. Estimates of g(0) were
stratified if this test was significant for either factor.
Data for estimating g(0) included transects covered on
the preplanned survey grid and during more oppor-
tunistic survey periods, such as transits from a port
to the starting point on the survey grid. Coefficients
of variation for g(0) estimates from the conditionally
independent method were based on Equation 9 in Bar-
low (1995).

The above conditionally independent observer method
for estimating g(0) requires that all animals be avail-
able to be seen by the primary observer team. This ap-
proach does not work with long-diving species that may
be submerged for the entire time that the ship is within
visual range. Values of g(0) for sperm whales, dwarf
sperm whales, pygmy sperm whales, and all beaked
whales were taken from a model of their diving behav-
ior, detection distances, and the searching behavior of
observers (Barlow, 1999).

Trackline detection probabilities for minke whales
posed a special problem. Insufficient sightings were
made to estimate g(0) from the conditionally indepen-
dent observer method (only one conditionally indepen-
dent sighting was made) and insufficient information
exists on their diving behavior to use the modeling
approach. Here we assumed that g(0) for minke whales
was similar to that for small groups of delphinids (but
see “Discussion” section).

Results

Surveys

Survey effort in Beaufort sea states from 0 to 5 covered
the study areas fairly uniformly (Fig. 1). Although not
all the planned transects were surveyed (because of
inclement weather and mechanical breakdowns), the
holes in the survey grid were small in relation to the
entire study area, and all areas appeared to be well rep-
resented. Survey effort in calm sea conditions (Beaufort
states 0-2) was not as uniformly distributed (Fig. 1) and
was particularly poor in the Oregon-Washington region.
Survey effort varied among years because of the avail-
ability of ship time.
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Table 2
Numbers of sightings (n) and mean group sizes for all species in the four geographic regions. For each group, size was estimated
as the geometric mean of the observers’ individual estimates and therefore is not necessarily an integer. The mean for each region
is an arithmetic mean over all groups used in the abundance estimation. The overall mean group size is an average of all regions
weighted by the number of sightings in each region.
Southern Central Northern Oregon— All
California California California Washington regions
Mean Mean Mean Mean Mean
Species n group size n  group size n group size n group size group size
Short-beaked common dolphin 239 168.0 165 142.7 52 210.2 3 238.3 164.1
Long-beaked common dolphin 16 286.6 3  465.8 0 — 0 — 314.9
Unclassified common dolphin 17 67.6 11 19.8 1 8.0 0 — 474
Striped dolphin 37 67.2 22 28.6 13 33.8 1 2.2 48.7
Pacific white-sided dolphin 15 33.7 19 153.8 18 59.0 19 57.0 78.5
Northern right whale dolphin 12 13.9 13 45.0 17 20.9 18 35.4 29.1
Bottlenose dolphin 31 13.4 4 4.0 3 10.0 0 — 12.2
Risso’s dolphin 50 15.1 25 32.1 13 16.4 22 29.7 22.0
Short-finned pilot whale 1 31.6 1 9.6 3 16.3 0 — 18.0
Killer whale 2 4.1 4.9 5 8.1 10 7.5 6.6
Dall’s porpoise 5 2.5 27 3.8 115 3.6 67 3.7 3.6
Mesoplodon spp. 1 2.3 4 1.3 4 2.4 2 2.2 2.0
Cuvier’s beaked whale 3 2.7 10 2.5 4 2.8 0 — 2.6
Baird’s beaked whale 1 7.0 3 14.5 13.8 8 5.9 9.3
Kogia spp. 0 — 3 1.5 1 1.0 1 1.0 1.3
Sperm whale 19 8.1 5 7.2 22 8.5 9 7.6 8.1
Minke whale 4 1.6 7 1.1 4 1.1 3 1.0 1.2
Bryde’s whale 0 — 1 2.1 0 — 0 — 2.1
Sei whale 0 — 2 1.0 3 1.8 2 1.3 14
Sei or Bryde’s whale 2 1.0 2 1.0 0 — 0 — 1.0
Fin whale 35 2.4 100 2.4 51 2.1 28 1.3 2.2
Blue whale 106 1.8 67 1.8 18 1.5 7 1.0 1.8
Humpback whale 5 2.1 83 2.0 16 1.7 25 1.7 1.9
Unidentified delphinoid 14 44.9 18 13.6 10 5.4 4 4.8 20.6
Unidentified ziphiid whale 2 1.7 1 1.0 3 1.3 0 — 14
Unidentified small whale 7 1.5 1 1.1 3 14 1 1.0 14
Unidentified roqual whale 4 24 26 14 7 1.0 7 1.0 14
Unidentified large whale 12 1.5 8 1.7 7 14 3 14 1.5

The number of sightings of most species varied
among geographic regions (Table 2). Short- and long-
beaked common dolphins and striped dolphins were
seen much more frequently in central and southern
California. Dall’s porpoises were seen much more
commonly in the northern California and Oregon-
Washington regions. The number of sightings of other
dolphin species (including Risso’s dolphins, Pacific
white-sided dolphins, northern right whale dolphins,
and killer whales) showed no clear pattern with geo-
graphic region. Dolphin group sizes were generally
largest for the two species of common dolphin, but
Pacific white-sided dolphins were consistently found
in large groups in the central California region (Table
2). Blue whales were the most commonly seen baleen

whale in the southern region, but were replaced by
fin whales and humpback whales as the most common
baleen whale in the northern regions (Table 2). The
sighting locations are illustrated in Figure 2 for some
common species. Locations of sightings of all species
have been provided in the reports for each survey (Hill
and Barlow, 1992; Mangels and Gerrodette, 1994;
Von Saunder and Barlow, 1999; Appler et al., 2004;
Forney, 2007).

Cetaceans were often found in mixed species assem-
blages. In some cases, species were obviously traveling
together in close association; in other cases, the indi-
vidual species may have been in the same area because
they were feeding on the same resource or were there
by coincidence. Some species (striped dolphins, bottle-
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Figure 2

Sighting locations (®) for the species most commonly seen on the 1991-2005
surveys. Light gray lines indicate transects surveyed, and black lines indicate

the four geographic regions.

nose dolphins, and Pacific white-sided dolphins) were
found with other species more often than they were
found alone, indicating that these associations were
not coincidental.

Calibration of group size

Most regression coefficients for the indirect method of
group-size calibration were less than one, indicating that
observers were more likely to underestimate group size.
For all groups and all species in this study, the ratio of
the sum of all uncalibrated group sizes divided by the
sum of all calibrated group sizes was 0.79. The mean
ratio of calibrated to uncalibrated group size estimates
was 0.92. This difference implies that proportionately
larger corrections were applied to larger groups.

Probability of detection along the trackline

New trackline detection probabilities, g(0), were esti-
mated from sightings that were made by the independent
observers but missed by the primary observers (Table
3). Beaufort sea state was not a significant factor in
the numbers of delphinids or large whales seen by the
independent observers (Fisher’s exact test, P=0.60 and
0.87, respectively). Group size was a significant factor for
delphinids (P<0.0001), but not for large whales (P=0.79).
Consequently, estimates of g(0) for delphinids were
stratified by group size. The number of Dall’s porpoise
sightings by independent observers (n=12) was insuffi-
cient to stratify estimates of g(0) for this species. Values
of g(0) from the literature that were used for other long-
diving species are given in Table 4.
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Figure 2 (continued)

Estimation of abundance from line-transect data

Short-beaked common dolphins dominated the abun-
dance estimates for all regions except Oregon-Wash-
ington (Table 5), both because of the large number of
sightings and the large group sizes for this species.
Dall’s porpoise was, by far, the most abundant small
cetacean in the Oregon-Washington region (Table 5).
Short-beaked common dolphins and Dall’s porpoises
together represented approximately 81% of all del-
phinoids and 79% of all cetaceans, and baleen whales
(mysticetes) represented only about 1% of the total
estimated cetacean individuals along the U.S. west
coast (Table 6).

The estimated abundance of most species varied
considerably among years (Tables 7 and 8). In large
part, the year-to-year variation in abundance for most
species could be attributed to low sample size and sam-
pling variation; however, the distributions of all spe-

cies extended beyond the boundaries of the study area
and some of the annual variation was likely due to a
different portion of a larger population being in the
study area within a given year (Forney and Barlow,
1998). Because all years and all regions were pooled
for estimating the line-transect parameters, the abun-
dance estimates for different regions (Table 5) and for
different years (Tables 7 and 8) were correlated and
these estimates cannot be used in standard statistical
tests of difference among regions or among years.
The most important covariates, z, for estimating line-
transect function f(01z) varied among species and spe-
cies groups (Table 4). Covariates appearing in more
than one model were Bino, Beauf, LnTotGS, Ship, and
RainFog. In addition to these, a covariate that coded
for difference among species within a group (SppGrp)
was chosen in the model for delphinids (large vs. small
delphinids) and for small whales (beaked whales vs.
Kogia spp. vs. minke whales). The mean ESWs for most
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Figure 2 (continued)

species were between 2 and 3 km (Table 1). Dall’s por-
poise and Kogia species had the narrowest effective
strip widths (~1 km), and humpback whales had the
greatest values (~3.2 km).

Discussion

Abundance and density of cetaceans

Delphinidae Delphinids off the U.S. west coast can be
classified as warm-temperate (short- and long-beaked
common dolphins, striped dolphins, and short-finned
pilot whales), cold-temperate (Pacific white-sided
dolphins and northern right whale dolphins), or cos-
mopolitan (Risso’s dolphin, bottlenose dolphins, and
killer whales). The warm temperate species are gener-
ally more common in southern and central California,

and the cold-temperate species are more common
in the northern California and Oregon-Washington
regions. In 1996, when waters were relatively cool
off California, the abundance of striped dolphins
(the most tropical species) was lower than average
and the abundance of the two cold-temperate species
was higher. Four of the five sightings of short-finned
pilot whales were in 1993, a warm year. All four spe-
cies have distributions that extend outside our study
area. These changes in abundance are consistent with
shifts in the distribution of these species into and out
of our study area with changes in water temperature.
The tendency for these species to change distribu-
tion with water temperature is also seen in seasonal
distribution changes (Forney and Barlow, 1998). The
abundance of common dolphins and the cosmopolitan
species did not vary consistently with warm and cold
years (Table 7).
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Table 3

Trackline detection probabilities, g(0), estimated with the conditionally independent observer method for delphinids, large
whales, and Dall’s porpoises. Values of g(0) were derived from the estimated probability density functions evaluated at zero
distance, f(0), for sightings made by primary observers (n;) and independent observers (n,) (Eq. 4). Coefficients of variation (CV)
are given for f(0) and g(0) values. Delphinids include all species except killer whales and are stratified into small (<20) and large
(>20) groups. Large whales include killer whales and all baleen whales, except minke whales.

Primary observers Independent observers

Species groups and group size strata n; (0) CV f(0) ngy (0) CV f(0) g(0) CV g(0)
Delphinids (truncation distance=1 km)

Group size <20 141 2.74 0.13 25 2.23 0.21 0.856 0.056

Group size >20 188 1.60 0.11 4 2.23 0.21 0.970 0.017
Large whales (truncation distance=2.5 km)

All group sizes 296 0.58 0.05 32 0.42 0.19 0.921 0.023
Dall’s porpoises (truncation distance=1 km)

All group sizes 115 1.34 0.09 12 2.30 0.34 0.822 0.101

Table 4

The covariates selected for the best-fit line-transect models and the trackline detection probabilities (g(0) and its coefficient of
variation, CV, in parentheses) for each of the species and species groups used for abundance estimates. Covariates in parenthe-
ses were not included in all of the models that were averaged. The species group (SppGrp) covariate allowed variation in the
scale factor of the detection function for different subgroups within a species group for delphinids (small delphinids vs. large
delphinids—see Table 1) and small whales (small ziphiids vs. Kogia spp. vs. minke whales). Other selected covariates included
binocular type (Bino), total group size (TotGS), the logarithm of total group size (LnTotGS), Beaufort sea state (Beauf), survey
vessel (Ship), initial sighting event (Cue), the presence of rain or fog (RainFog), visibility (Vis), and geographic region (Region).
Values of g(0) are from Table 3, Barlow (1999), and Barlow and Taylor (2005).

Small groups Large groups

Species

Species group Best-fit line-transect model g(0) CV g(0) g(0) CVg(0)
Delphinids Bino+Beauf+LnTotGS+Cue+SppGrp+Ship 0.856 (0.056) 0.970  (0.017)
Dall’s porpoise Bino+Ship (+LnTotGS+RainFog) 0.822 (0.101) 0.822 (0.101)
Small whales SppGrp (+LnTotGS+TotGS+Ship+Beauf)

Mesoplodon spp. 0.450  (0.230) 0.450  (0.230)

Cuvier’s beaked whale 0.230 (0.350) 0.230  (0.350)

Unidentified ziphiid whale 0.340  (0.290) 0.340  (0.290)

Kogia spp. 0.350  (0.290) 0.350  (0.290)

Minke whale 0.856  (0.056) 0.856  (0.056)

Unidentified small whale 0.856  (0.056) 0.856  (0.056)
Medium-size whales Vis+Beauf (+LnTotGS+TotGS+Ship)

Baird’s beaked whales 0.960 (0.230) 0.960 (0.230)

Bryde’s and sei whales 0.921 (0.023) 0.921  (0.023)
Fin, blue, and killer whales Bino+RainFog+Region (+Ship) 0.921 (0.023) 0.921 (0.023)
Humpback whale Null model 0.921 (0.023) 0.921 (0.023)
Sperm whale Null model (+LnTotGS+Ship+Vis) 0.870  (0.090) 0.870  (0.090)
Unidentified rorqual Bino+RainFog+LnTotGS 0.921 (0.023) 0.921 (0.023)

Unidentified large whale Bino+RainFog+LnTotGS (+Ship) 0.921 (0.023) 0.921 (0.023)
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Table 5

Estimated abundances (IV) and coefficients of variation (CV) for each species in each of the four geographic regions. Data from
1991 to 2005 were pooled. CVs were not available (NA) if no sightings were made. Variances were assumed to be additive in esti-
mating the CVs of the column totals. Unidentified large whales and small whales were not sufficiently specified to be included
in the subtotals.

Southern California Central California Northern California  Oregon—Washington

Abundance Abundance Abundance Abundance
Species N CV(V) CV(N) N CV(N) N CV(N)
Short-beaked common dolphin 165,400 0.19 115,200 0.21 66,940 0.42 4555 0.77
Long-beaked common dolphin 17,530 0.57 4375 1.03 0 NA 0 NA
Unclassified common dolphin 4281 0.85 1313 0.49 35 1.00 0 NA
Striped dolphin 12,529 0.28 2389 0.42 4040 0.76 16 1.07
Pacific white-sided dolphin 2196 0.71 9486 0.74 4137 0.54 7998 0.37
Northern right whale dolphin 1172 0.52 2032 0.55 1652 0.46 6242 0.42
Bottlenose dolphin (offshore) 1831 0.47 61 0.77 133 0.68 0 NA
Risso’s dolphin 3418 0.31 3197 0.30 1036 0.41 4260 0.52
Short-finned pilot whale 118 1.04 48 1.02 184 0.60 0 NA
Killer whale 30 0.73 116 0.47 142 0.47 521 0.37
Dall’s porpoise 727 0.99 8870 0.64 27,410 0.26 48,950 0.71
Mesoplodon spp. 132 0.96 269 0.53 341 0.78 435 0.70
Cuvier’s beaked whale 911 0.68 2647 0.74 784 1.18 0 NA
Baird’s beaked whale 127 1.14 159 1.02 200 0.74 520 0.54
Kogia spp. 0 NA 710 0.58 130 1.25 397 1.25
Sperm whale 607 0.57 143 0.66 736 0.40 448 0.63
Minke whale 226 1.02 284 0.74 102 1.56 211 0.84
Bryde’s whale 0 NA 7 1.01 0 NA 0 NA
Sei whale 0 NA 14 0.78 47 0.68 37 1.14
Sei or Bryde’s whale 7 1.07 11 0.79 0 NA 0 NA
Fin whale 359 0.40 992 0.27 448 0.43 299 0.33
Blue whale 842 0.20 528 0.27 115 0.37 63 0.51
Humpback whale 36 0.51 586 0.38 90 0.47 231 0.36
Unidentified delphinoid 2845 0.53 1609 0.54 299 0.47 214 0.58
Unidentified ziphiid whale 226 0.86 65 1.11 172 0.65 0 NA
Unidentified small whale 357 0.66 27 1.44 73 0.60 72 1.14
Unidentified roqual whale 34 0.53 147 0.31 30 0.42 59 0.37
Unidentified large whale 72 0.33 54 0.61 35 0.44 28 0.82
Subtotal: Delphinoids 212,077 0.16 148,695 0.18 106,007 0.27 72,756 0.49
Subtotal: Ziphiidae 1396 0.49 3140 0.63 1497 0.66 955 0.43
Subtotal: Physeteridae 607 0.57 853 0.49 866 0.39 845 0.68
Subtotal: Balaenopteridae 1504 0.21 2568 0.17 831 0.31 900 0.25
Total 216,014 0.15 155,336 0.17 109,309 0.27 75,556 0.47

Dall’'s porpoise Abundance estimation for Dall’s por-
poise is difficult because of their attraction to vessels
(Turnock and Quinn, 1991). To obtain unbiased esti-
mates, these animals must be detected before they react
to the survey vessel. Our data indicate that the behavior
of the vast majority of Dall’s porpoise seen at low sea
states is “slow rolling.” This contrasts with the “rooster-
tailing” or fast swimming behavior seen by animals that
are approaching the ship. However, when effort is limited
to calm conditions (Beaufort states 0-2), the amount of

search effort is greatly reduced (Fig. 1). As a result, the
coefficients of variation for Dall’s porpoise abundance
are greater than would be expected for such a common
species. Off California, the temporal pattern shows
higher Dall’s porpoise abundance in 1996 (Table 7),
mirroring the higher abundance that year of cold-tem-
perate delphinids. Forney (2000) found that sea surface
temperature was a very good predictor of Dall’s porpoise
distribution. In their 12 year time series of surveys off
central California, Keiper et al. (2005) also found that
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Table 6

Total numbers of sightings (n), estimated cetacean abundance (), and density per 1000 km?2 within the entire study area. Data
from 1991 to 2005 were pooled within geographic regions, and estimates of abundance for each region were summed to give total
abundance. Coefficients of variation (CV) apply to both abundance and density estimates. CVs and 95% confidence intervals (CI)
were based on a bootstrap calculation. Variances were assumed to be additive in estimating the CVs of the subtotals and totals.
Unidentified large whales and small whales were not sufficiently specified to be included in the subtotals.

Abundance Lower Upper Density
Species n N CV(V) 95% CI 95% CI per 1000 km?2
Short-beaked common dolphin 459 352,069 0.18 234,430 489,826 309.35
Long-beaked common dolphin 19 21,902 0.50 4833 43,765 19.24
Unclassified common dolphin 29 5629 0.64 1127 14,231 4.95
Striped dolphin 73 18,976 0.28 9286 29,038 16.67
Pacific white-sided dolphin 71 23,817 0.36 9991 40,760 20.93
Northern right whale dolphin 60 11,097 0.26 5654 16,712 9.75
Bottlenose dolphin (offshore) 38 2026 0.44 743 4443 1.78
Risso’s dolphin 110 11,910 0.24 7501 19,255 10.46
Short-finned pilot whale 5 350 0.48 68 708 0.31
Killer whale 23 810 0.27 408 1157 0.71
Dall’s porpoise 214 85,955 0.45 42,318 211,118 75.53
Mesoplodon spp. 11 1177 0.40 311 1648 1.03
Cuvier’s beaked whale 17 4342 0.58 1636 11,555 3.82
Baird’s beaked whale 15 1005 0.37 382 1821 0.88
Kogia spp. 5 1237 0.45 0 4981 1.09
Sperm whale 55 1934 0.31 991 3163 1.70
Minke whale 18 823 0.56 403 2874 0.72
Bryde’s whale 1 7 1.01 0 21 0.01
Sei whale 7 98 0.57 15 227 0.09
Sei or Bryde’s whale 4 18 0.65 0 46 0.02
Fin whale 214 2099 0.18 1448 2934 1.84
Blue whale 198 1548 0.16 1138 2087 1.36
Humpback whale 129 942 0.26 584 1411 0.83
Unidentified delphinoid 46 4968 0.36 2044 8585 4.37
Unidentified ziphiid whale 6 463 0.50 115 986 0.41
Unidentified small whale 12 528 0.50 209 1370 0.46
Unidentified roqual whale 44 270 0.20 170 373 0.24
Unidentified large whale 30 189 0.25 107 292 0.17
Subtotal: Delphinoids 1147 539,509 0.14 474.05
Subtotal: Ziphiidae 49 6987 0.37 6.14
Subtotal: Physeteridae 60 3171 0.26 2.79
Subtotal: Balaenopteridae 615 5805 0.12 5.10
Total 1913 556,189 0.14 488.71

Dall’s porpoise abundance was inversely related to sea
surface temperature.

Balaenopteridae The common baleen whales in Cali-
fornia waters were blue, fin, and humpback whales. The
abundance of these species was consistently high during
the summer and fall study period. Our estimates of
humpback whale abundance increased from 1991 to 1996
and decreased slightly in 2001 and 2005; however, hump-
back whales were observed to be highly concentrated in

productive nearshore waters off California and northern
Washington during 2005 that were not well sampled
during our surveys. A more comprehensive and precise
abundance estimate of 1769 humpback whales (CV=0.16)
was obtained when additional survey effort was included
within these areas (Forney, 2007). More precise esti-
mates from mark-recapture studies also indicate an
increase in abundance from 1991 to 1997 (Calamboki-
dis and Barlow, 2004), a decrease in 1999-2000 and in
2000-2001, and a subsequent increase to about 1400
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Table 7
Number of sightings (n) and estimated abundance (V) for each species in the three California regions for the years 1991, 1993,
1996, 2001, and 2005. The total lengths of transects surveyed were 9893, 6287, 10,251, 6438, and 7779 km for these years, respec-
tively, in Beaufort sea states of 5 or less and were 2160, 1521, 1556, 852, and 1055 km, respectively, in Beaufort sea states of 2 or
less. Unidentified large whales and small whales were not sufficiently specified to be included in the subtotals.
1991 1993 1996 2001 2005

Abundance Abundance Abundance Abundance Abundance
Species n N n N n N n N n N
Short-beaked common dolphin 119 249,044 94 397,813 103 313,994 64 335,365 76 483,353
Long-beaked common dolphin 5 16,714 0 0 6 49,431 20,076 6 11,191
Unclassified common dolphin 8 4568 3 1454 10 2768 1 383 7 18,968
Striped dolphin 21 32,370 14 14,622 13 4796 6 12,570 18 29,037
Pacific white-sided dolphin 11 4843 10 4222 19 37,762 9 9209 13,677
Northern right whale dolphin 14 4554 6 2554 9 7950 12 6337 1 897
Bottlenose dolphin (offshore) 14 2165 2 1058 7 382 9 5375 2066
Risso’s dolphin 28 10,746 15 7510 15 5083 17 8521 13 7036
Short-finned pilot whale 0 0 4 1506 0 0 0 0 1 639
Killer whale 3 193 2 385 4 380 2 270 2 203
Dall’s porpoise 57 59,112 1 206 50 54,501 23 18,125 16 45,373
Mesoplodon spp. 3 697 5 2116 1 202 0 0 0 0
Cuvier’s beaked whale 9 9546 4 5137 2 1152 1 3217 1 2615
Baird’s beaked whale 2 99 3 1591 2 913 0 0 0 0
Kogia spp. 2 1970 2 1345 0 0 0 0 0 0
Sperm whale 11 837 7 1335 6 593 9 2495 13 2795
Minke whale 4 502 0 0 4 522 2 486 5 236
Bryde’s whale 1 28 0 0 0 0 0 0 0 0
Sei whale 0 0 2 117 1 114 1 29 1 47
Sei or Bryde’s whale 2 27 2 75 0 0 0 0 0 0
Fin whale 23 892 29 1514 55 1832 19 1784 60 3082
Blue whale 53 1908 39 1965 74 1927 9 516 16 665
Humpback whale 6 196 15 570 49 1282 14 765 20 662
Unidentified delphinoid 11 1237 5 7697 14 4890 3 587 9 9768
Unidentified ziphiid whale 0 0 2 652 2 615 0 0 2 1104
Unidentified small whale 6 582 0 0 2 482 2 825 1 483
Unidentified roqual whale 3 63 2 93 18 423 2 70 12 296
Unidentified large whale 9 221 1 23 9 246 3 75 5 143
Subtotal: Delphinoids 291 385,546 156 439,027 250 481,937 148 416,818 158 622,208
Subtotal: Ziphiidae 14 10,342 14 9496 7 2881 1 3217 3 3719
Subtotal: Physeteridae 13 2807 9 2680 6 593 9 2495 13 2795
Subtotal: Balaenopteridae 92 3616 89 4334 201 6100 47 3650 114 4988
Total 425 403,114 269 455,561 475 492,238 210 427,080 294 634,335

in 2002-2003 (Calambokidis3). Our estimates of blue
whale abundance decreased markedly in 2001 and 2005
compared to previous estimates, and they were more
widespread in offshore and northern waters than during
the 1990s. The lower abundance estimates, rather than
reflecting a true population decline, appear to be caused
by a redistribution of animals outside of the study

3 Calambokidis, J. 2005. Personal commun. Cascadia
Research, 218% W. 4th Avenue, Olympia, WA 98501.

area. Mark-recapture estimates of blue whale abun-
dance remained high (1781) in the period of 2000-2003,
but blue whales have recently been seen off British
Columbia (Calambokidis3) and in the Gulf of Alaska
(J. Barlow, unpubl. data). The recruitment of krill off
central and northern California was poor during 2005
(Peterson et al., 2006), and given that this is the sole
food for blue whales, the redistribution may be a result
of decreased food supplies. Fin whales appeared to be
monotonically increasing in abundance during the three
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Table 8

Number of sightings (n) and estimated abundance (V) for each species in the Oregon-Washington region for the years 1996, 2001,
and 2005. The total lengths of transects surveyed were 4336, 3100, and 2525 km for these years, respectively, in Beaufort sea
state of 5 or less and were 532, 380, and 292 km, respectively, for Beaufort sea state of 2 or less. Unidentified large whales and
small whales were not sufficiently specified to be included in the subtotals.

1996 2001 2005

Abundance Abundance Abundance
Species n N n N n N
Short-beaked common dolphin 1 3749 1 219 1 11,286
Long-beaked common dolphin 0 0 0 0 0 0
Unclassified common dolphin 0 0 0 0 0 0
Striped dolphin 1 37 0 0 0 0
Pacific white-sided dolphin 7 5812 7 8884 5 10,708
Northern right whale dolphin 5 3397 10 8600 3 8265
Bottlenose dolphin (offshore) 0 0 0 0 0 0
Risso’s dolphin 11 5248 9 5584 1 549
Short-finned pilot whale 0 0 0 0 0 0
Killer whale 3 250 4 881 3 548
Dall’s porpoise 46 79,479 12 17,315 8 28,806
Mesoplodon spp. 1 479 0 0 1 926
Cuvier’s beaked whale 0 0 0 0 0 0
Baird’s beaked whale 3 179 2 348 3 1319
Kogia spp. 1 899 0 0 0 0
Sperm whale 3 318 2 98 4 1103
Minke whale 2 340 1 194 0 0
Bryde’s whale 0 0 0 0 0 0
Sei whale 0 0 0 0 2 147
Sei or Bryde’s whale 0 0 0 0 0 0
Fin whale 8 210 10 334 10 409
Blue whale 0 0 3 87 4 141
Humpback whale 1 13 7 331 17 483
Unidentified delphinoid 2 292 1 126 1 189
Unidentified ziphiid whale 0 0 0 0 0 0
Unidentified small whale 1 162 0 0 0 0
Unidentified roqual whale 1 20 2 60 4 127
Unidentified large whale 1 14 0 0 2 85
Subtotal: Delphinoids 76 98,264 44 41,609 22 60,351
Subtotal: Ziphiidae 4 658 348 4 2245
Subtotal: Physeteridae 4 1217 2 98 4 1103
Subtotal: Balaenopteridae 12 583 23 1006 37 1307
Total 98 100,897 71 43,061 69 65,091

survey periods, and a more detailed study of trends in
fin whale abundance is warranted.

Bryde’s and sei whales are very rare off the U.S.
west coast, and minke whales are not common, par-
ticularly in offshore waters. Bryde’s whales are com-
monly viewed as tropical baleen whales and therefore
their low abundance is expected. However, sei whales
were previously harvested commercially along the west
coast by coastal whaling stations, and their near ab-
sence is more of a mystery. Minke whales are known

to be common in some nearshore areas (Stern, 1992),
which were not well sampled during our broad-scale
cruises, but overall densities were low. Minke whale
densities may have been underestimated in the study
area because trackline detection probabilities were not
directly estimated. There are no previous estimates of
2(0) for minke whales based on observers searching
with 25x binoculars. Skaug et al. (2004) used observ-
ers searching with naked eyes and estimated g(0)
values between approximately 0.7 in Beaufort 1 and
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0.5 in Beaufort 2. We assumed that g(0) for minke
whales in Beaufort 0 to 2 would be the same as for
small groups of delphinids (0.846), but minke whales
are very difficult to detect and an overestimate of this
parameter would lead to an underestimate of minke
whale abundance.

Physeteridae The estimated abundance of sperm whales
is temporally variable off California (Table 7), but the
two most recent estimates (2001 and 2005) were mark-
edly higher than the estimates for 1991-96. Following
the 1997-98 Niio, giant squid (Dosidicus gigas) have
been more frequently observed off northern California
and Oregon, in particular beginning in 2002 (Pearcy,
2002; Field et al., in press). Sperm whales are known
to forage on giant squid, and their increased abundance
within our study area may have been related to the
increased availability of this prey species in recent
years. Compared to baleen whales, sperm whales are
found in larger groups, and fewer groups were seen on
each survey, both of which contribute to more variable
estimates. Also, the sperm whale population is likely to
extend outside the study area, at least during certain
times of the year. Of 176 tags that were implanted in
sperm whales off southern California in winter, only
three were later recovered by whalers (Rice, 1974); of
these three, one was recovered outside the study area
(far west of British Columbia). It is likely that at least
some fraction of the population is absent during part of
the year, and that fraction may vary with oceanographic
conditions. This pattern of distribution differs from the
situation with humpback whales; the majority of the
humpback population appeared to be feeding in U.S.
west coast waters during the time of the surveys. The
density of sperm whales estimated in our study for the
California Current (1.7 per 1000 km2) is similar to the
worldwide global average for this species (1.4 per 1000
km?2; Whitehead, 2002) but is less than recent estimates
for waters in the eastern temperate Pacific (3—5 per 1000
km?2; Barlow and Taylor, 2005) and around Hawaii (2.8
per 1000 km2; Barlow, 2006).

Dwarf and pygmy sperm whales are seldom seen
by people because of their offshore distribution and
cryptic behavior. Nonetheless, the estimated number of
individuals found off the U.S. west coast exceeds the
number of some much more commonly seen species,
such as killer whales.

Ziphiidae Although they are rarely seen, approximately
7000 beaked whales were found in west coast waters—a
number that exceeds that documented for baleen whales.
The absence of California sightings for two beaked whale
genera (Mesoplodon and Berardius, Table 7) since 1996
is disconcerting, especially in light of recent discoveries
about the susceptibility of this group to loud anthropo-
genic sounds (Simmonds and Lopez-Jurado, 1991; Cox et
al., 2006); however, weather conditions were less favor-
able for the detection of beaked whales during the more
recent surveys (Fig. 1) and it is unclear whether this
may have played a role in their apparent decrease. The

distributions of all beaked whale species extend outside
the study area, and it is likely that some individuals
move in to and out of the study area as habitat changes.
An analysis of trends in beaked whale abundance should
include consideration of these effects.

Previous abundance estimates

Estimates presented in this study differ, typically by a
small amount, from previous estimates from the 1991
survey (Barlow, 1995) and preliminary estimates from
the 1993 (Barlow and Gerrodette, 1996), 1996 and 2001
(Carretta et al., 2006), and 2005 (Forney, 2007) surveys.
The differences are primarily due to differences in the
stratification and in the use of multiple covariates in
the line-transect modeling. Both modifications should
result in more precise estimates of cetacean abundance.
In addition, some of these previous estimates did not
include group-size calibration for individual observers,
and therefore our estimates corrected a small negative
bias present in those earlier estimates. The principle
weakness of the current analysis is the small sample size
for several rare species. However, we believe it is better
to include all species for completeness and to properly
quantify uncertainty in the estimates for rare species.
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