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ABSTRACT 

The density and total population size of harbor porpoise along the coasts of California, Oregon, and 
Washington are estimated from ship surveys using line transect methods. Surveys were completed 
between September 1984 and May 1986 using teams of 3-5 observers. Data include 852 porpoise groups 
sighted during 6,590 km of transects. Sighting rates vaned more due to effects of sea state than due 
to the presence of rain, fog, or sun glare. Experiments using additional observers indicate that approx- 
imately 22% of trackline groups were missed by a team of 5 observers. Harbor porpoise density is 
calculated from transects along the 18 m isobath and is extrapolated to other depth zones based on a 
model of porpoise abundance as a function of depth. Total population size is estimated as 45,713 (SE 
= 7,865) animals 

Approximately 200-300 harbor porpoise are taken 
annually in central California set net fisheries (Dia- 
mond and Hananz; Hanan, e t  al.3). Little is known 
about porpoise abundance in this area. Dohl e t  aL4 
estimated that 1,600-3,000 porpoise reside in cen- 
tral and northern California based on their aerial 
surveys of coastal cetaceans. However, because har- 
bor porpoise are frequently missed in aerial surveys 
(Kraus et  al. 1983), this estimate is probably low. 
More information is needed on abundance, distribu- 
tion, and population structure to determine the 
significance of harbor porpoise mortality in set 
nets. 

Beginning in 1984, the National Marine Fisheries 
Service (NMFS) has conducted ship and aerial 
surveys of harbor porpoise abundance in California, 
Oregon, and Washington. This report presents 
results from four ship surveys. Results of the aerial 
surveys are presented by Barlow et  al. (1988). 
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Porpoise density is estimated from survey data 
using line transect models (Burnham et al. 1980). 
Total abundance is estimated by extrapolating from 
density observed along transect lines to the entire 
area inhabited. Abundance in offshore regions is 
based on a model of porpoise density as a function 
of water depth. In addition to abundance estimation, 
survey data are used to examine the effect of envi- 
ronmental conditions on sighting efficiency and the 
possibility of temporal changes in harbor porpoise 
distribution. 

METHODS 

Ship Survey Methods 

Surveys were conducted from two National 
Oceanic and Atmospheric Administration (NOAA) 
research vessels, the 52 m RV David Starr Jordan 
(Surveys 1, 3, and 4) and the 54 m RV McArthur 
(Survey 2)6. Both vessels were of similar design with 
viewing stations located on top of the pilothouse 
(viewing height was approximately 10 m above sea 
surface). Transect lines followed as close as possi- 
ble to the 18 m isobath (roughly 2-4 km from the 
coast), although the actual depth along the transect 
varied from approximately 15-45 m, depending on 
the presence of local navigational hazards. The areas 

6Cruise reports available from the Southwest Fisheries Center, 
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surveyed are shown in Figure 1. Survey design 
varied among the four trips: 

(Fig. 1) because of fog and heavy weather. Five 
observation positions were used on these two 
surveys. 

Survq 2 was from 24 January to 9 February 1985 
and was primarily designed to  examine seasonal 
changes in harbor porpoise distribution between 
Point Conception, CA and Cape Flattery, WA. Data 
from this cruise were not used for density or abun- 
dance estimation. 

Surveys 1 and 9 were in September 1984 and 1985, 
respectively. Both were designed to survey harbor 
porpoise density and abundance from Point Concep- 
tion, CA to Cape Flattery, WA. An attempt was 
made to survey the entire coastline on each of these 
cruises, but several sections of the coast were missed 
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FIGURE 1.-Relative sightings per kilometer based on 30-minute latitudinal strata. Lines parallel to the coast indicate areas that were 
surveyed. Histograms indicate relative numbers of harbor porpoise seen per kilometer of transect, with bars to the left indicating rela- 
tive numbers in calm seas (Beaufort 0, 1, and 2) and bars t o  the right indicating relative number in rough seas (Beaufort 3, 4, and 
5). 
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Survey 4 was from 24 April to 5 May 1986 and 
was designed to investigate factors which affect har- 
bor porpoise density estimation. The surveys con- 
centrated on several areas of high porpoise density 
in central California. The vessel's activities were 
coordinated with a helicopter to gather information 
on the avoidance of the ship by harbor porpoise. Ex- 
periments were also conducted on survey 4 to deter- 
mine whether an independent team of 3 observers 
would sight any porpoise that were missed by the 
primary team of 5 observers. Data from this survey 
were not used for density or abundance estimation. 

Typically, 8-10 observers were used on each 
survey, with a rested observer starting every half 
hour and rotating through 5 primary observation 
positions at half-hour intervals. The 5 positions con- 
sisted of port and starboard inboard observers, port 
and starboard outboard observers, and a recorder 
positioned amidship. The inboard observers 
searched with 7 power (7 x ) binoculars from straight 
ahead to 90" (survey 1) or to 45' (surveys 2,3, and 
4) on their respective sides of the vessel. On survey 
1 the outboard observers searched with 25x,  
pedestal-mounted binoculars. Although sightings 
could be made at great distances from the vessel 
using the 25x binoculars, these distant sightings 
contributed little to the estimation of trackline den- 
sity, and use of 25 x binoculars was discontinued. 
On subsequent surveys, both the inboard and out- 
board observers used 7 x binoculars. The outboard 
observers searched from straight ahead to 90" on 
their respective sides of the vessel. The recorder 
searched in the immediate vicinity of the ship using 
unaided eyes and (intermittently) 7 x binoculars. 

On survey 2, only 3 observation positions were 
used from Point Conception to Point Sur, CA and 
from Point Reyes, CA to Cape Flattery, WA. When 
effort was reduced to 3 observers, the inside obser- 
vation positions were eliminated. 

On survey 4, a second team of 3 observers was 
added to monitor the effectiveness of the principal 
team. This monitor team searched using unaided 
eyes and (intermittently) 7 x  binoculars from the 
pilothouse deck (viewing height approximately 7 m 
from sea surface). The principal team and the moni- 
tor team did not communicate sighting information, 
and independent records were kept. 

Data were noted by the recorder on data coding 
forms. Data on search effort included the beginning 
and ending times and positions for continuous legs 
of effort, the ship's heading and speed, personal 
identification codes for the observers, sea surface 
temperature, water depth, Beaufort sea state, sun 

position relative to the ship, and codes indicating 
the presence of rain or fog within 5 km. The ship 
position was determined from a Loran navigational 
system or by triangulation using COBstal landmarks 
and dead reckoning. Ship speed was recorded directi 
ly from the OmegalLoran system or was calculated 
based on time and distance traveled between suc- 
cessive position fixes along straight transect lines. 
Water depth was measured using a 38 kHz acoustic 
depth sounder. 
Data for sightings consisted of the above ele- 

ments, plus estimated group size, distance to shore, 
an estimate of the angle between the trackline of 
the ship and the group, and an estimate of the 
distance from the ship to the group. Group size 
refers to all the individuals associated with a sight- 
ing event. In most caaes, groups were closely asso- 
ciated individuals that surfaced together (mean = 
2.92, median = 2.0). In two cases (Point Arena and 
Monterey Bay, CA), p u p s  consisted of 50-80 loose- 
ly associated individuals that were organized in 
subgroups of 4-10). Group size was estimated and 
recorded independently by each observer; the mean 
of these estimates was used in subsequent analyses. 
The angle from the trackline to the porpoise was 
estimated visually with the aid of a pelorus mounted 
in front of the observer stations, or, when 25x 
binoculars were used, from a calibrated collar on the 
pedestal mount. On surveys 1 and 2, distances to 
harbor porpoise were estimated visually using the 
radar distance-bshore as a reference, or, when 25 x 
binoculars were used, distances were estimated 
using calibrated reticles in the oculars. On surveys 
3 and 4, distances were estimated using calibrated 
reticles in the oculars of 7 x binoculars. Data were 
also collected on the porpoises' direction of travel 
relative to the ship. 

The length of a transect was estimated as the 
product of ship speed and elapsed time. To stratify 
density estimates by sea state, rain, and fog, the 
effort record was divided into segments during 
which the sea state, rain, and fog codes did not 
change. 

In five areas, information was collected on varia- 
tion in harbor porpoise density with water depth. 
During survey 3, three sections of the coast were 
surveyed intensively (Fort Bragg to Cape Vizcaino, 
CA; Cape Blanco to Coquille Point, OR and Cape 
Lookout to Tillamcmk Head, OR), with transect lines 
following the 18, 56, 92, and 185 m isobaths. On 
survey 4, the 18 and 46 m isobaths were surveyed 
in Monterey Bay, CA and in the vicinity of the Rus- 
sian River, CA. These data formed the basis of a 
model (below) to extrapolate porpoise density from 
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molt and Powers 1982; Hammond and L a k e  1983; 
Holt in press). I did not use mean group size explicit- 
ly in abundance estimation, and density of harbor 
porpoise individuals, D, was estimated as 

the usual transect lines (along the 18 m isobath) to 
deeper waters. 

Helicopter Observations 

During survey 4 ,  a Hughes 500-D helicopter was 
used to collect information on harbor porpoise 
behavior in response to the survey ship. The heli- 
copter flew approximately 10 km ahead of the 
vessel, and 3 observers in the helicopter looked for 
harbor porpoise. Once a group of harbor porpoise 
was sighted, the helicopter hovered at 200-300 m 
while observers made behavioral observations and 
periodically recorded the helicopter's position using 
an on-board Loran system. Fluorescein dye pack- 
ages were dropped in the water to allow the heli- 
copter to maintain its position when harbor porpoise 
were diving. Radio communication was maintained 
with personnel on the ship who also kept records 
of the helicopter position using radar distances and 
bearings based on returns from an X-band radar 
transponder in the helicopter. The ship changed 
course, when necessary, to ensure that it passed in 
close proximity to the porpoise that were being 
observed. Porpoise observers on the ship were not 
aware of the helicopter's activities and were not told 
of sightings made by the helicopter observers (al- 
though they were able to see dye patches in some 
cases). Behavioral observations from the helicopter 
included time spent a t  the surface, time spent div- 
ing, and direction of porpoise movement. 

Density Estimation 

Line transect methods were used to  estimate the 
density of harbor porpoise from sightings. The 
assumptions of these methods are considered in 
detail in the discussion. The usual formula for 
estimating density (0) based on line transect 
surveys of small cetaceans is given by 

f(0) . . G 
2 . L  

D =  

where f(0) = the probability density function for 
sightings evaluated at zero perpen- 
dicular distance, 

n = number of sightings of groups, 
G = average group size calculated as the 

total number of individuals in all 
groups divided by the number of 
groups (mln), and 

L = length of the transect. 
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D = f(0) . (R12) 

where R = the number of individuals seen per 
length of transect (%VL) .  

Equation (2) is functionally equivalent to Equation 
(l), but it simplifies variance estimation. Typically 
when using Equation (l), variances (and possibly 
covariances) must be estimated for f(O), G, and n. 
Using Equation (2), variances are needed only for 
f(0) and R,  and covariance between mean group size 
and number of groups is handled implicitly. Sight- 
ing distributions appear to be independent of group 
size, G, (Results section), hence no adjustments were 
made tof(0) for group size bias. 

The parameterf(0) is, in effect, a measure of sight- 
ing efficiency and should not vary with porpoise 
abundance. Sighting efficiency is, however, likely 
to change with sighting conditions, such as Beau- 
fort sea state. Given these expectations and because 
relatively large sample sizes are needed to estimate 
f(0) accurately, values for f(0) were estimated for 
each survey by pooling all sightings within defined 
sea state categories. In order to estimate density 
on a finer scale, estimates of R were stratified by 
geographic region and multiplied by the pooled esti- 
mate of f(0). 

The sighting probability density function evalu- 
ated a t  zero distance, f(O), was determined 
empirically by fitting curves to the frequency 
distribution of sightings as a function of perpen- 
dicular distance from the trackline (Burnham and 
Anderson 1976). Differences in distributions of 
perpendicular distance were tested using the 
Kolmogorov-Smirnov 2-sample test. To avoid bias 
due to rounding error, angle and radial distance data 
were "smeared" (Butterworth 1982; Hammond and 
L a k e  1983). Angles were smeared by adding a 
uniformly distributed random number between - 5" 
and + 5" to angle estimates. Radial distances were 
smeared by adding a uniformly distributed random 
number between 0.2 and + 0.2 times the estimated 
distance. These smearing levels were based on the 
degree of rounding that was apparent from the data 
(Barlowc). 

'Barlow, J. 1987. Abundance estimation for harbor porpoise 
(Phocoena phocoena) based on ship surveys along the coasts of 
California, Oregon, and Washington. Adm. Rep. LJ-87-05, 
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Several models were investigated for estimating 
f(0) from sighting distributions. The FORTRAN pro- 
gram Transect (Laake et al. 1979) was used to fit 
2-, 3-, 4-, and 5-parameter Fourier series and 
%parameter exponential power series models. The 
FORTRAN programs Hazard and Hermite (S. Buck- 
land7) were used to fit the 2-parameter hazard rate 
model (constrained such that parameter P > 2, 
Buckland 1985) and the 1-, 2-, 3-, and 4-parameter 
Hermite polynomial model (Buckland 1985). Of these 
models, the 2-parameter hazard rate model was 
selected based on its ability to fit the observed 
distributions and its lack of dependence on group- 
ing criteria (Buckland 1985). 

Perpendicular distances were grouped into strata, 
the size of which increased with perpendicular 
distance: 0-25 m, 25-50 m, 50-100 m, 100-200 m, 
200-400 m, 400-800 m, 800-1,600 m, and 1,600- 
3,200 m. Several alternative groupings were inves- 
tigated, and the choice of cutpoints made very little 
difference in estimates of f(0). The above strata 
(increasing with distance) gave lower variances in 
f(0) than when each stratum was of equal size 
(possibly because the hazard rate model assumes a 
distinct shoulder in the sighting distribution, and 
that shoulder is lost if the first distance strata are 
large). 

No established criteria exist for choosing an appro- 
priate perpendicular distance at which to truncate 
sighting distributions. Burnham et  al. (1980) recom- 
mend that no more than 1-3% of sightings be 
eliminated by truncation. Using this recommenda- 
tion, models were not able to adequately fit the 
observed sighting distributions. In this report, trun- 
cation distance was chosen in four ad hsc steps: 
1) The hazard rate model was fit to perpendicular 
distance data truncated at distances of 400, 800, 
1,600, and 3,200 m. 2) Truncation distances were 
identified which gave acceptable x2 values (P > 
0.1). 3) Of the acceptable truncation distances, the 
standard error inf(0) was estimated empirically by 
randomly drawing 10 samples (of the same size as 
the original sample) from the observed distribution 
of perpendicular distances and by calculating the 
standard deviation off(0) estimated from each ran- 
dom sample. 4) Truncation distances were chosen 
as those which gave the lowest coefficient of varia- 
tion in f(0). 

Variance in R, the number of porpoise seen per 
kilometer, was estimated using jackknife statistics 

Avail. from Southwest Fisheries Center, P.O. Box 271, La Jolla, 
CA 92038. 

'S. Buckland, Inter-American Tropical Tuna Commission, P.O. 
Box 271, La Jolla, CA 92038, pers. commun. July 1986. 

(Efron 1982). Jackknife estimates were calculated 
by first estimating the value of R using all data. The 
value, Rkr was again estimated excluding the kth 
segment of search effort. This process was repeated 
for each effort segment. To ensure that each kth seg- 
ment was of equivalent length, effort segments with 
the same sea state, rain, and fog codes were com- 
bined in a linear array and were then divided into 
10 segments of approximately equal length. The 
variance in the estimate of R was calculated as 

10 
9 
10 k - 1  

s2 = - . t (Rk - l?)2 (3) 

The variance of D was estimated using the Good- 
man (1960) product variance formula (assuming no 
covariance) using this jackknife variance for R and 
the above Monte Carlo variance for f(0). 

Fraction of Missed Animals 

On survey 4, a second, independent team of 3 
observers were used to estimate the fraction of 
harbor porpoise that are missed by the primary 
team of 5 observers. The fraction of missed animals 
in a sighting survey is analogous to the fraction of 
unmarked animals in a marWrecapture experi- 
ment (Pollock and Kendall 1987). This fraction 
was estimated using the Chapman (1951) modifica- 
tion of the Petersen (or Lincoln) index method 
(Pollock and Kendalll987). Confidence limits were 
estimated using Adams' (1951) method, which 
assumes a binomial sampling distribution. Standard 
error was estimated using standard binomial 
formulas. 

Abundance Estimation 

A model was used to estimate the number of har- 
bor porpoise along the entire coastline based on the 
density that was observed along the 18 m isobath. 
In shallow areas, such as the Bering Sea and 
Georges Bank, harbor porpoise are found a con- 
siderable distance from land (Gaskin 1984), hence 
offshore distribution is better modelled as a func- 
tion of depth than as a function of distance from 
shore. (Although harbor porpoise are also found in 
very deep water in fjords and inland waterways of 
Alaska [Taylor and Dawson 19841, this represents 
a special case that is not applicable to coastal waters 
considered here.) The model used to estimate abun- 
dance was based on data collected on surveys 3 and 
4 and on data from a ship surveys by La Barr and 

421 



FISHERY BULLETIN: VOL. 86, NO. 3 

Equation (4) was applied independently to the dif- 
ferent surveys and, within surveys, to different sea 
state strata. When combining estimates from differ- 
ent sea states or different cruises, abundance was 
calculated as the mean of the densities in each of 
the stratum, weighted by the length of the transect 
line within that stratum. 

In estimating standard error for total abundance, 
variances of products were calculated using the 
Goodman (1960) product variance formula, and vari- 
ances of ratios were estimated using a Taylor 
approximation (Yates 1953, p. 198). Area was 
assumed to be known without error. Statistical error 
in the indices of abundance for the depth strata could 
not be estimated given the paucity of available in- 
formation. To account for uncertainty in the model 
of depth distribution, three versions of the model 
are proposed to span a range of possibilities. 

Ainley8 and Szczepaniakg in central California. The 
number of harbor porpoise seen per kilometer of 
transect was taken as an index of relative density 
along each isobath. A simple descriptive model was 
then constructed to give relative density as a func- 
tion of water depth. 

Fifteen depth strata were used in abundance 
estimation: 0-10,lO-20,20-30,. . , , and 140-150 m. 
The surface area within the strata was calculated 
from digitized bathymetric data. Kelp beds were 
assumed to be unsuitable as harbor porpoise habitat; 
hence, kelp bed area was subtracted from the total 
area within the 0-10 m stratum. Kelp bed areas for 
the entire west coast were taken from Crandall 
(1915). More recent estimates for limited areas in 
central California are in good agreement with these 
previous values (G. Van Blaricomlo). 

For each of 15 depth strata, the abundance of har- 
bor porpoise was estimated as the product of their 
density along the survey line (the 18 m isobath), the 
density in that depth strata relative to that along 
the survey line, the surface area included within that 
depth strata, and the inverse of the estimated frac- 
tion of trackline animals that were seen. Since 
survey effort and harbor porpoise density both 
varied geographically, abundance estimates were 
made for each of 8 geographic regions (Fig. 2). 
Areas within the depth strata were estimated from 
N O M  bathymetric data. The estimate of total abun- 
dance along the coast, NT, is therefore given by 

where Dj = density of individuals observed on the 
transect line in the j t h  geographic 
strata, 

z k  = ratio of density in depth strata k to 
that on transect line (see Figure 4), 

AI, = area in geographic region j and depth 
strata k, and 

F = the estimated fraction of trackline 
animals seen by the usual team of 5 
observers. 

'LaBarr, M. S. ,  and D. G.  Ainley. 1985. Depth distribution of 
harbor porpoise off central California: A report of cruises in April 
and May-June 1985. Report to U.S. National Marine Fisheries 
Service, Northwest and Alaska Fishery Center, 7600 Sand Point 
Way N.E.. Seattle. WA. Contract No. 41-USC252. 

*Szczepaniak, I. D. 1987. Abundance and distribution of har- 
bor porpoise (Phocoaa phocoena) in the Gulf of the Farallones 
National Marine Sanctuary. Contract report prepared for 
National Park Service, Point Reyes National Seashore, Point 
Reyes, CA 94956. 

W. Van Blaricom, U.S. Fish and Wildlife Service, University 
of California, Santa Cruz, CA 93106, pers. cornmun. August 1986. 
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RESULTS 

On the four surveys, 852 groups of harbor por- 
poise were sighted (an estimated 1,818 individuals). 
A distance of 6,590 km was surveyed during 56 
days. The number of sightings per kilometer sur- 
veyed varied geographically and these geographic 
patterns appeared to change appreciably between 
cruises (Fig. 1). 

Sighting Distributions 

The number of sightings on the inshore and off- 
shore sides of the vessels were approximately equiv- 
alent (383 and 392, respectively). The cumulative 
distributions of perpendicular sighting distances 
were not significantly different for these two sides 
(P = 0.06). Therefore, sighting distributions were 
assumed to be symmetrically distributed about the 
trackline, and the distributions of perpendicular 
sighting distances from both sides of the vessel were 
pooled for subsequent analyses. 

The distributions of perpendicular sighting dis- 
tances for the first three surveys were significant- 
ly different from one another (P < 0.01 for all). This 
was probably the result of the modifications in 
survey methods between these cruises. Surveys 3 
and 4 used the same methods, and sighting distribu- 
tions were not significantly different (P = 0.39). 
Given that changes in methods result in differences 
in sighting distributions, all surveys were treated 
separately in subsequent analyses. 

Distributions of perpendicular distance were not 
significantly different between individuals sighted 
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UNITED STATES 

FIGURE 2.-Geographic regions used as strata in abundance estimation. Broken line indicates the 200 rn 
isobath and delineates likely harbor porpoise habitat. 
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is, therefore, estimated separately for Beaufort 0 
& 1 and for Beaufort 2 conditions. (For comparison, 
harbor porpoise abundance was also estimated pool- 
ing Beaufort sea states 0,1, and 2. Estimated abun- 
dance was approximately the same by both methods, 
but the variance was slightly lower using the 
stratified sea state categories. For this reason, only 
the stratified estimates are presented here.) 

alone (group size of 1) and larger groups (group size 
of 3 and greater) (P = 0.56). 

Environmental Conditions Affecting 
Sigh tings 

Sighting efficiency was not significantly affected 
by rain, fog, or sun glare. Raidfog conditions were 
considered “poor” if rain or fog were present within 
5 km of the vessel and “good” if neither were pres- 
ent. The distributions of perpendicular sighting 
distances were not significantly different between 
these two strata (P = 0.32, 0.44, 0.78, and 0.64, 
respectively, for surveys 1, 2, 3, and 4), and the 
number of porpoise per kilometer surveyed was 
higher in the “poor” category for two of the surveys. 
Sun glare from the water’s surface was considered 
to contribute to “poor” sighting conditions if the sun 
was within 45’ of the trackline in front of the ship. 
Conditions were considered “good” when the sun 
was in other positions or was obscured by clouds. 
As with rainlfog conditions, the distributions of 
perpendicular sighting distances were not signifi- 
cantly different between these “good” and “poor” 
sun glare categories (P = 0.87,0.47,0.30, and 0.55, 
respectively, for surveys 1,2 ,3 ,  and 4). The number 
of harbor porpoise per kilometer surveyed were 
slightly higher in the poor category for three of the 
surveys. In paired comparisons when glare was pres- 
ent on only one side of the bow, approximately equal 
numbers of sightings were made on the sides with 
and without glare (60 vs. 59, respectively). All 
categories of rain, fog, and glare are included in 
subsequent analyses. 

Sea state did have a significant effect on porpoise 
sightings. Sea state was categorized as calm 
(without white-caps, Beaufort sea states 0, 1, and 
2) or rough (with white-caps, Beaufort sea states 3, 
4, and 5) following the classification used by Holt 
and Cologne (1987). Distributions of perpendicular 
distances were not significantly different between 
these categories for any of the surveys (P > 0.05); 
however for all surveys combined, the number of 
harbor porpoise detected per kilometer was much 
lower during rough seas (0.32 km-l) than during 
calm seas (1.22 km-l). There were insufficient 
sightings to estimate density for rough seas separ- 
ately; therefore, rough sea data were excluded in 
subsequent analyses. For all three surveys, the 
numbers of harbor porpoise detected per kilometer 
was higher at Beaufort 0 & 1 than at Beaufort 2, 
and for survey 3, the distributions of perpendicular 
sighting distance were significantly different be- 
tween these categories (P = 0.03). Porpoise density 
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Helicopter Observations 

Helicopter observation of the behavior of harbor 
porpoise in response to the survey ship were made 
on only 6 groups of animals. Plots of vessel tracks 
and movements of the groups are given in the cruise 
report (see footnote 5). Only in one case was a 
distinct behavioral change noted in response to the 
ship. In that case, when the vessel was within 800 
m, the group moved rapidly, perpendicular to the 
path of the vessel and then parallel to and in the op- 
posite direction of the vessel. Observers on the ship 
saw this harbor porpoise group as they moved rapid- 
ly out of the path of the vessel. Observers on the 
ship also saw 2 of the other 5 groups. Although this 
sample of behavior is small, movement in response 
to the survey vessel appeared limited to within 1 km 
of the vessel and, when it occurred, animals did not 
travel far from their original positions. 

Porpoise Density 

The probability density distributions of perpen 
dicular sighting distances are shown in Figure 3 for 
surveys 1 and 3 and for Beaufort sea states 0 & 1 
and 2. The hazard rate model gave acceptable fits 
for all sighting distributions (P > 0.1) when the trun- 
cation criteria was set at 400 m (Table 1). For survey 
1, the optimum truncation points were chosen as 400 
m for Beaufort 0 & 1 and 800 m for Beaufort 2; for 
survey 3, this distance was 400 m for both Beaufort 
sea state categories. The fits of these models are 
shown in Figure 3. Estimates of density and stand- 
ard errors are given in Table 2. 

Depth Distribution Model 

The model of harbor porpoise depth distribution 
was based on the relative densities of harbor por- 
poise at different water depths. Ship survey data 
were pooled into five depth ranges: 18-37 m (10-20 
fathoms), 37-55 m (20-30 fathoms), 55-73 m (30-40 
fathoms), 73-91 m (40-50 fathoms), and 91-110 m 
(50-60 fathoms). Ship surveys are generally not 
practical inshore of the 18 m isobath, but estimates 
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FIGURE 3.-Probability density distributions for perpendicular sighting distances. Histograms indicate observed distributions, and solid 
lines indicate the best fit of the hazard rate model to these data. 

TABLE 1 .--Estimated values of the probability density functions 
evaluated at zero perpendicular distance, f(0). Estimates are based 
on the hazard rate model and were made for truncation distances 
of 400, 800, 1,600, and 3.200 m. Estimates are given only if the 
model gave an acceptable fit to the data (P > 0.1). Asterisks in- 
dicate f(0) values with the lowest coefficient of variation (paren- 
theses). 

Truncation distance Beaufort 
Survey sea state 400 m 800 m 1,600 rn 3,200 m 

1 0 & 1 7.85 * 5.31 4.31 - 
(0.23) (0.29) (0.24) - 

1 2 10.48 8.15 * 7.09 5.78 
(0.59) (0.21) (0.33) (0.51) 

0 & 1 4.51 * 3.10 2.69 - 3 
(0.22) (0.66) (0.31) - 

3 2 6.97 * - 
10.19) - 

- - 
- - 

from aerial surveys (Barlow et al. 1988) show 
roughly equal density at 0.61 and 1.85 km from the 
shore (the latter corresponding approximately to the 
18 m isobath). Relative density from ship surveys 
was measured in the number of sightings per kilo- 
meter of searching effort. Relative densities at 

TABLE 2.-Density estimates, D. for harbor porpoise (km-2) along 
the 18 m isobath in each of eight geographic strata. Density was 
calculated per Equation (2). using estimates of f(0) (Table 1) which 
had the lowest coefficients of variation. Values are not adjusted 
for missed animals. Standard errors are in parentheses. 

Survey 1 Survey 3 Geo- 
graphic Beaufort Beaufort Beaufort Beaufort Pooled 
region 0 & 1 2 0 8 1  2 estimates 

1 0.0 0.0 0.0 0.1 0.04 
(0.0) (0.0) (0.0) (0.1) (0.02) 

2 1.1 0.0 0.6 0.1 0.51 
(1.0) (0.0) (0.5) (0.1) (0.30) 

3 - 0.0 0.1 0.0 0.03 
(0.0) (0.1) (0.0) (0.03) 

4 - 2.5 0.0 6.7 2.83 
(1.0) (0.1) (7.2) (1.69) 

5 - 2.1 0.8 0.6 0.91 
(1.3) (0.6) (0.3) (0.32) 

6 1.4 2.0 2.5 2.6 2.22 

7 7.9 0.8 2.5 1.3 2.64 
(3.4) (0.6) (0.6) (0.7) (0.78) 

8 1.8 0.0 - - 1.09 
(0.8) (0.0) (0.45) 

(0.8) (0.6) (0.8) (0.9) (0.40) 

Total 2.5 1.3 0.8 1.2 1.33 
(1.1) (0.6) (0.4) (0.5) (0.30) 
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sensitivity of the abundance estimate to different 
models of depth distribution. 

18-37 m show no consistent relationship to those 
at 37-55 m or 55-73 m (Table 3), but on average 
these appear to be approximately equal. Relative 
densities at 18-37 m are, however, consistently 
higher than densities a t  73-110 m in all areas 
(Table 3). A total of 236 km were searched in waters 
deeper than 110 m and no harbor porpoise were 
seen. 

Despite high variability in patterns of depth 
distribution and lack of ship coverage in shallow 
waters, some generalizations can be made about the 
depth distribution of harbor porpoise along the west 
coast. The relative abundance of harbor porpoise ap- 
pears to be roughly constant from shore to 55 m, 
to be markedly lower at 73-110 m, and to be very 
low in waters deeper than 110 m. 

Based on the above relationships, I propose the 
following preliminary model for the depth distribu- 
tion of harbor porpoise along the coasts of Califor- 
nia, Oregon, and Washington: constant abundance 
from the coast to the 80 m isobath, linearly decreas- 
ing abundance from the 80-120 m isobaths, and zero 
abundance in waters deeper than 120 m (Fig. 4a). 
Because considerable uncertainty exists in this 
model, I propose two alternative models (Fig. 4b, 
c). Alternative models b and c are less likely than 
the primary model given because both conflict with 
some of the available data. The alternative models 
do, however, encompass the likely range of relative 
density values and provide a means to evaluate the 

Fraction of Missed Animals 

The experiment on survey 4 indicates that some 
trackline groups were seen by 1 group of observers 
and were missed by the other. A total of 103 sight- 
ings was made by both teams, 33 of which were 
estimated to be within 100 m perpendicular distance 
from the transect line. Of the 103 total sightings, 
85 were detected only by the 5 principal observers, 
6 were detected only by the 3 monitor observers, 
and 12 were detected by both teams. Of the 33 
trackline sightings, 20 were detected only by the 
principal observers, 3 were detected only by the 
monitor observers, and 10 were detected by both 
teams. The Petersen estimate of the fraction of 
trackline porpoise seen by the primary team of 5 
observers is thus 0.780 (SE = 0.117, 95% C.L. = 

0.45-0.95). This indicates that approximately 22% 
of trackline sightings are missed by the principal 
teams of 5 observers. 

Porpoise Abundance 

Estimates of porpoise abundance in each of the 
eight geographic strata are given in Table 4 for the 
primary model of offshore distribution. Independent 
estimates are given for survey 1 and for survey 3 

TABLE 3.-Relative harbor porpoise abundance observed within the specified depth 
ranges at a variety of study sites. Relative abundance is measured as number 
of porpoise sightings made per kilometer. Numbers in parentheses indicate 
kilometers surveyed. 

Depth range 
Location 18-37 m 37-55 m 55-73 m 73-91 m 91-110 m 

Central California’ 0.02 0.08 0.03 0.03 0.01 
(89) (172) (403) (279) (166) 

Gulf of the 0.29 0.00 0.30 0.00 0.00 
Farallones, CA2 (181) (159) (133) (7) (7) 
Fort Bragg, CA 0.05 - 0.05 - 0.03 

(41) (43) (35) 
0.35 - 0.08 

(43) (52) (50) 
0.12 - 0.00 

Coquille PI. OR 0.24 - 
Tillamook 0.50 - 
Head, OR (57) (52) (1 7) 
Monterey Bay, CA 0.46 0.29 - - - 
Russian River, CA 0.00 0.30 - 

(220) (76) 

(26) (33) 
- - 

‘Data taken lrom LaBarr and Ainley (see text footnote 8) assumtng an average survey speed 

ZData taken from Szcrepantak (see text footnote 9) assuming an average survey speed of 
of 9 knots. 

9 knots. 
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FIGURE 4.-Proposed models for the depth distribution of harbor porpoise expressed as relative den- 
sities, Zk, within 10 m depth intervals. Density at 20-30 m is assumed to be known and is given a 
relative value of 1. Figures represent a) a primary model of offshore distribution, b) a high estimate 
of offshore range, and c) a low estimate. 

in each area. Both surveys show similar patterns, 
with higher abundances in the northern strata (4-8) 
and very low abundance in strata 1 and 3. Despite 
similar patterns, differences between the paired 
estimates are in some cases, large and statistically 
significant (t-tests, P < 0.05). Because region 8 was 
not covered on the third survey, it is not possible 
to compare estimates of total abundance for the en- 
tire coast between surveys. The total abundances 
for regions 1-7 (Point Conception to the Columbia 

River) are 46,550 (SE = 10,932) animals and 32,029 
(SE = 10,906) animals for surveys 1 and 3, respec- 
tively. The difference between these estimates is not 
statistically significant (t-test, P > 0.05). Pooling the 
results of the two surveys, the estimate of harbor 
porpoise abundance between Point Conception and 
Cape Flattery in September of 1984 and 1985 is 
45,713 (SE = 7,865) animals (Table 4). The same 
estimate using the alternate models of offshore 
distribution ranges from 28,769 to 78,019 (Table 5). 
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TABLE 5.--Estimated abundance of harbor porpoise in central 
California (regions 1-3) and along the entire coast (regions 1-8) 
based on two alternate models of offshore distribution. All 
estimates are adjusted for missed animals. Standard errors are 
in parentheses. 

TABLE 4.-Estimated abundance of harbor porpoise in each of the 
eight geographic strata based on the primary model of offshore 
distribution. Estimates tor Beaufort 0 8 1 and for Beaufort 2 were 
computed separately and then averaged. weighting by transect 
length. Pooled estimates tor the eight strata were obtained as an 
average of the two surveys, weighting by transect length. All esti- 
mates are adjusted for missed animals. Standard errors are in 
parentheses. 

Geographic Pooled 
region Survey 1 Survey 3 estimates 

1 0 126 96 
(68) (52) 

2 2,401 932 1,459 
(2,180) (646) (885) 

3 0 153 112 
(1 58) (1 16) 

4 6,909 9,096 7,909 
(2,959) (9.855) (4,784) 

5 11,245 3.296 4,806 
(6,943) (1,410) (1,745) 

6 9,061 12.786 11,107 
(2,724) (3,676) (2,363) 

7 16,934 5,641 10,416 
(7,097) (2,424) (3.31 1) 

8 9,808 - 9,808 
(4,311) (431 1) 

Regions 1-3 2,401 1,210 1,667 
Totals 

(2,1 eo) (669) (895) 
Regions 1-7 46,550 32,029 35,904 

(10,932) (10,906) (6,578) 
Regions 1-8 56,358 - 45,713 

(1 1,751) (7,865) 

DISCUSSION 

Distribution 

Harbor porpoise are not uniformly distributed 
between Cape Flattery and Point Conception. Al- 
though there are no obvious discontinuities within 
this range, density varies geographically and tem- 
porally. The most dramatic temporal changes are 
between the two September surveys and the Janu- 
ary-February survey (Fig. 1). The coasts of Wash- 
ington and northern Oregon were found to have 
relatively high densities of harbor porpoise in Sep- 
tember, but, despite excellent sighting conditions, 
very few porpoise were seen there in January. High 
densities of harbor porpoise were also seen in 
Monterey Bay on both September cruises and on 
survey 4 in May. This area was intensively surveyed 
in February, and few harbor porpoise were seen. As 
can be seen in Figure 1, adjacent areas tended to 
have similar densities within a survey. Less consis- 
tency is found when the same areas are compared 
between different surveys. 
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Pooled 
Survey 1 Survey 3 estimates 

Alternate Model b 
Regions 1-3 3,966 

(3,602) 
Regions 1-8 95,132 

(1 9.51 5) 

Regions 1-3 1,505 
(1,367) 

Regions 1-8 35,736 
(7.550) 

Alternate Model c 

1,986 2,744 
(1,104) (1,478) 
- 78,019 

(13,356) 

770 1,054 
(421) (561) 
- 28,769 

(4.995\ 

The apparent changes in distribution could be 
caused by small changes in depth distributions. The 
majority of survey effort was along the 18 m iso- 
bath. A large fraction of animals could be missed 
if their depth distribution changed by 10 m or less. 
More information on depth distributions is needed 
before the apparent temporal changes in geographic 
distribution can be interpreted. 

Porpoise Density 

Estimates of harbor porpoise density ranged from 
0.03 to 2.8 animals/km2 along transect lines in the 
eight geographic regions (pooled estimates, Table 
2). In another study, Szczepaniak (fn. 9) estimated 
0-1.9 porpoise/km2 in four study areas in the Gulf 
of the Farallones, CA. Taylor and Dawson (1984) 
found 1.2-5.9 porpoise/lun2 at study sites in Glacier 
Bay, AK. Flaherty and Stark'' estimated 0.8-1.6 
porpoisekm2 in Washington Sound. Densities in 
the present study are therefore within the range of 
densities found in other areas along the same coast. 

Harbor porpoise density was estimated for 
California, Oregon, and Washington based on aerial 
surveys that were concurrent with the present study 
(Barlow et  al. 1988). The overall estimate of harbor 
porpoise density from that study (corrected for 
missed animals) was 1.79 porpoisekm'. The overall 
estimate from the ship survey (1.33 porpoise/km2) 
can be corrected for missed animals to yield an 
estimate of 1.73 porpoisekm'. Given that the coef- 

"Flaherty, C., and S .  Stark. 1982. Harbor porpoise (Phoeoena 
phocoaa)  assessment in "Washingon Sound". Final Report 
#80-ABA-3584 submitted to National Marine Mammal LapOratory, 
National Marine Fisheries Service, N O M ,  7600 Sand Pomt Way, 
NE, Seattle, WA 98115. 84 p. 
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ficient of variation in the pooled ship estimates is 
nearly 2570, these estimates are in very close agree- 
ment. However, because the aerial estimates are 
based only on the small fraction of the coastline that 
was surveyed under optimal conditions, the ship 
estimates are probably a better representation of 
porpoise density for the entire coast. 

Of the areas surveyed, harbor porpoise density is 
highest in northern California and Oregon. The 
highest density was seen in northern Oregon (region 
7) during survey 1. The second highest density was 
observed in northern California between Bodega 
Head and Cape Mendocino (region 4) on survey 3. 

Two areas in central California (regions 1 and 3) 
were found to have very low densities. Region 1 in- 
cludes the Big Sur coastline from Point Conception 
to Point Sur. This area is characterized by steep 
depth gradients and hence has little habitat that is 
suitable for harbor porpoise. Region 1 was relatively 
well covered, with 378 km of trackline surveyed at 
Beaufort sea states 0-2. In contrast, region 3 in- 
cludes the Gulf of the Farallons with its broad 
coastal shelf within the 100 m isobath. Based on 
surveys of 764 km, Szczepaniak (fn. 9) estimated 
1,033 harbor porpoise are found in the Gulf of the 
Farallones alone. This is much greater than my 
estimate of 112 animals in region 3 based on only 
175 km of survey effort. Because of his greater 
amount of search effort in this area, I believe that 
Szczepaniak's estimates for region 3 are more ac- 
curate than mine. Although regions 1 and 3 were 
both identified as low density areas, more confidence 
can be placed on this conclusion for region 1 than 
for region 3. 

Abundance 

The size and behavioral characteristics of harbor 
porpoise make estimating their abundance difficult. 
Harbor porpoise are small, occur in groups of only 
a few individuals, and surface without conspicuous 
splashes; their distribution is extremely patchy. 
Even with 5 observers, the effective path width that 
can be searched from a ship is <I km, and that path 
width decreases very rapidly in rougher sea states. 
All of these factors contribute to high variability in 
the abundance estimates presented here. Seasonal 
and year-to-year changes in the distribution of har- 
bor porpoise may also contribute to the variability 
seen within geographic strata. These are, however, 
the best (and, for some regions, the only) estimates 
of harbor porpoise abundance for the study area. 

Although there are no prior estimates for Oregon 
or Washington coasts, Dohl e t  al. (fn. 4) estimated 

harbor porpoise abundance in central and northern 
California. Their estimates range from 3,000 har- 
bor porpoise in autumn to 1,600 in summer, which 
correspond (approximately) to the pooled estimate 
of 11,457 for regions 1-4 based on the present study. 
There are, however, several problems with the ap- 
plication of their methods to the estimation of har- 
bor porpoise abundance, In a direct comparison with 
shore counts, Kraus et al. (1983) showed that 
observers on aircraft saw only 10-209'0 of harbor 
porpoise groups. Dohl e t  al. (fn. 4) did not apply a 
correction to account for harbor porpoise groups 
that are submerged at the time the aircraft passed. 
Also, Dohl et al. did not stratify estimates by 
distance from shore or depth. Although most of their 
harbor porpoise sightings were within 0.5 km (0.25 
nmi) of shore, their density estimates were extrap- 
olated to an area extending 166 km from the coast. 
Estimates from the current study are based on 
better methodology than previous estimates. 

In addition to exposed coastal habitats, harbor 
porpoise are also found in bays along the coasts of 
California, Oregon, and Washington. Goetz (1983) 
reported that harbor porpoise are found throughout 
the year in Humboldt Bay, CA. Harbor porpoise 
have been seen in San Francisco Bay, but are 
described as rarely present12. Abundance of harbor 
porpoise in inland waters may, however, vary 
seasonally (Taylor and Dawson 1984). No estimates 
exist for the total number of harbor porpoise in- 
habiting bays. Survey effort in the present study 
was limited to exposed coastal areas (including 
Monterey Bay, but excluding San Francisco Bay, 
Humboldt Bay, Coos Bay, Yaquina Bay, the mouth 
of the Columbia River, Willapa Bay, and Grays Har- 
bor). If harbor porpoise density in bays were the 
same as that which was observed along the 18 m 
isobath, population sizes presented here could be in- 
creased by approximately 3.1% to account for por- 
poise inhabiting 900 km-2 (the approximate com- 
bined area of Humboldt Bay, Coos Bay, Yaquina 
Bay, the mouth of the Columbia River, Willapa Bay, 
and Grays Harbor). 

Line Transect Assumptions 

Biases in abundance estimates can be an even 
greater problem than high variability. In the case 
of estimates presented here, biases could be intro- 
duced if the assumptions of line transect sampling 

"Szczepaniak, I. D., and M. A. Webber. 1985. Status of the 
harbor porpoise (Phocoaa phocoena) in the eastern North Pacific, 
with an emphasis on California. Contract report to the Center 
for Environmental Education, Washington, D.C., 52 p. 
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to the ship at the time they were sighted and were 
swimming parallel to the ship and in the opposite 
direction (see footnote 5). This was also observed 
in one instance from the helicopter; however, in that 
case the group first moved perpendicular to the path 
of the ship. These observations indicate that harbor 
porpoise are reacting to the ship before they are 
seen by observers. Reaction to and avoidance of the 
ship does not necessarily mean that estimates of 
trackline density are biased if animals are detected 
before they travel an appreciable distance from the 
trackline. In several instances, harbor porpoise sur- 
faced within 50 m of the ship and directly in its path. 
These animals appeared startled and quickly moved 
to avoid the ship. In these cases, the rapid move- 
ment of the animals and splashes associated with 
that movement made the animals more visible to 
observers. Because avoidance behavior may make 
harbor porpoise more visible and because the 
distributions of perpendicular distance show only a 
single mode (at the origin), vessel avoidance prob- 
ably does not introduce a large bias in harbor por- 
poise abundance estimation. More work is needed 
in t h i s  area. 

Harbor porpoise near the trackline may also be 
missed if they either inadvertently or intentionally 
do not surface within the visual range of the ob- 
servers. Typical mean dive times for harbor porpoise 
have been measured as 1.5-2.3 minutes (Glacier 
Bay, AK; Taylor and Dawson 1984), 1.8 minutes 
(northern Oregon; B. TaylorlJ), and 0.4-1.4 minutes 
(Bay of Fundy; Watson and Gaskin 1983). The ships' 
speed during surveys was approximately 18.5 km/h 
or 310 ndmin; thus, in 2 minutes the ship would 
travel 620 m. The average distance at  which animals 
were first seen was 704 m from the ship. If in- 
dividual dive times were appreciably longer than 2 
minutes, some trackline individuals would not be 
detected by observers. In data collected in north- 
e m  Oregon, 16% of dive times were greater than 
2.5 minutes (B. Taylor fn. 13). In addition, harbor 
porpoise have been reported to increase dive times 
up to 7 minutes in the presence of boat traffic 
(Flaherty and Stark fn. 9). (This latter estimate is 
considerably longer than any other published esti- 
mate, and it is possible that those researchers missed 
one or more surfacings). Helicopter observations in 
Monkey Bay indicated that porpoise groups did not 
extend dive times in the presence of the survey 
vessel (see footnote 5). This area might not be repre- 
sentative, however, because harbor porpoise may 

are not met (Burnham et al. 1980; Hammond and 
Laake 1983). Of these assumptions, the most rele- 
vant to this study are 1) the area must be sampled 
randomly or the animals must be randomly distrib- 
uted within the area; 2) all groups on the trackline 
must be detected; and 3) group size must be esti- 
mated without error. These assumptions will be 
addressed below. 

To address the first assumption (random distribu- 
tion), cruise tracks were chosen to systematically 
cover the coast from Point Conception to Cape Flat- 
tery. Because the surveys were designed to cover 
the entire longshore range of harbor porpoise in this 
area, randomly placed survey tracks were deemed 
unnecessary. Although some areas of the coast were 
missed, these locations were determined by weather 
and were presumably not correlated with porpoise 
abundance. Surveys were, however, limited to a 
very narrow strip along the 18 m isobath. Initially, 
the choice of this survey track was based on the 
observation that, in aerial surveys, harbor porpoise 
were usually found within 0.5 km (0.25 nmi) of the 
shoreline in California @oh1 et  al. fn. 4). The 18 m 
isobath was simply the shallowest reasonable work- 
ing depth for the NOAA survey ships. In the course 
of these surveys, it was found that harbor porpoise 
are commonly distributed much further from the 
coast than 0.5 km and that one survey track could 
not adequately cover their habitat. The offshore 
distribution of harbor porpoise is not random, but 
is related to water depth, distance from shore, or 
both. The model from which I extrapolated density 
at 18 m to density at other depths was based on a 
rather limited sample at a few locations along the 
coast. The assumption of random search in offshore 
areas was not met. Additional work is required to 
evaluate the effect of this. 

The second assumption is that 100% of the 
animals in the immediate vicinity of the trackline 
were detected. Animals near the trackline can be 
missed because they move away from the path of 
the ship, because they do not surface within the 
visual range of the observers, or because the 
observers fail to detect animals that do surface. Any 
of these would result in a negative bias and an 
underestimation of porpoise abundance using line 
transect methods. These three problems are con- 
sidered in more detail. 

Westcoast harbor porpoise are commonly said to 
avoid vessels (Flaherty and Stark fn. 11; Szczepa- 
niak and Webber fn. 12) and may be missed or not 
counted in the proper perpendicular distance 
category for this reason. On the surveys, the major- 
ity of harbor porpoise were oriented roughly parallel 
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be more accustomed to vessel traffic there than 
along the majority of the coast. It is likely that some 
harbor porpoise are missed because they do not sur- 
face near the vessel; however, it is not possible to 
quantify this source of bias without additional study. 

Trackline animals may be missed even if they do 
not avoid the ship and do surface within visual range 
of the observers if their surfacing is not detected. 
In another study comparing ship surveys to aerial 
and shore surveys, Kraus et al. (1983) found that 
observers on ships saw only about 50% of the har- 
bor porpoise in an area. In that study, however, ship 
observers stood only 2.5 m above the sea surface 
(versus 10 m in this study), and the estimate of 50% 
was based on all groups, not just on trackline 
animals. Based on the experiment using monitor 
observers in the present study, an estimated 22% 
of harbor porpoise that surface on the trackline are 
missed by the usual team of 5 observers. If this is 
underestimated by some percentage, population size 
would be underestimated by the same percentage. 

The third critical assumption is that group size is 
estimated without error. In the case of harbor por- 
poise, group size is small and estimates are typical- 
ly based on actual counts. For tropical dolphins, 
which school in groups of several hundreds, the 
problem of group size estimation is more acute (Holt 
and Powers 1982; Hammond and Laake 1983). Only 
in two instances did harbor porpoise group size 
exceed 20: in Monterey Bay and near Point Arena, 
both in California. Excluding these two sightings, 
mean group sizes are 2.05, 2.33, 2.03, and 1.59 for 
surveys 1, 2, 3, and 4 (respectively); including the 
two sightings, means are 2.30 and 2.26 for surveys 
1 and 3. These values are comparable to other esti- 
mates of mean group size for coastal populations of 
harbor porpoise: 2.2 based on aerial surveys in 
California (Doh1 et al. fn. 4), 2.6 based on ship 
surveys in the Gulf of the Farallons (Szczepaniak 
and Webber fn. E), 2.3 based on shore surveys in 
northern Oregon (see footnote 5), and 2.75-3.23 
based on aerial surveys along California, Oregon, 
and Washington (Barlow et  al. 1988). The consis- 
tency of all these estimates from different platforms 
indicates that group size estimation from ships is 
not likely to be a major source of bias in abundance 
estimation. 

Variance Estimation 

Although the estimates of standard error for 
abundance and density are very high, these may still 
be underestimates because the choice of a trunca- 
tion criterion was based on minimizing variance and 

because all possible sources of sampling errors were 
not considered. The model upon which relative abun- 
dance in the various depth strata was based is too 
crude to allow reasonable estimates of its variabil- 
ity. Estimates based on alternate models of depth 
distribution indicate that abundance estimation is 
relatively sensitive to the choice of models. Addi- 
tional field work may help refine this model and 
allow estimation of variance for the parameters Ik 
in Equation (4). 
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