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Abstract: Harbor porpoise (Phocoena phocoena), and most other cetaceans, spend a significant proportion
of time submerged, and are undetectable from the air. Abundance estimates based on line transect sampling
may be severely biased by assuming that all porpoise near the line are detected [g(0) = 1] By tracking groups
of harbor porpoise from land, we estimated the proportion of time harbor porpoise spent at the surface and
the probability that aerial observers detected groups within 200 m of the transect line. Two teams on land,
equipped with electronic theodolites, tracked harbor porpoise while surveys were conducted from an aircraft
equipped with side-bubble windows and a belly window. During 7 days, 33 hours of observation were made
in a high-density area for harbor porpoise near Orcas Island, Washington. We monitored 7 different harbor
porpoise groups from 15 to 66 minutes each. The average proportion of time at or near the surface was 0.231
(SE = 0.032). From a selected sample of 164 land-based sightings of harbor porpoise groups, 50 (30.5%) were
observed from the aircraft. For our aerial line transect surveys of harbor porpoise conducted by experienced
observers, g(0) = 0.292 (SE = 0.107). However, for the inexperienced observers, £(0) was 0.079 (SE = 0.046),
which demonstrates the importance of experience and training.
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Visibility bias in aerial surveys typically leads

to underestimation of animal abundance. Marsh
and Sinclair (1989) classify the causes of visi-
bility bias for marine mammals into 2 catego-
ries: availability bias represents undercounting
of animals that are missed because they are sub-
merged, and perception bias represents under-
counting of visible animals that are missed for
a variety of other reasons (e.g., distance, cloud
cover, sun glare, observer fatigue). Pollock and
Kendall (1987) review different methods of es-
timating visibility bias. One such method, line
transect sampling (Buckland et al. 1993), is based
on an assumption that all animals on a line are
seen [g(0) = 1], and visibility bias away from

the line is estimated from observed distances.
Clearly, g(0) is not unity for surveys of marine
mammal species that spend longer periods of
time underwater than the time the observer
views the surface (Hiby and Hammond 1989,
Buckland et al. 1993). Recent efforts have been
made to estimate g(0) with breath rate data
(Leatherwood et al. 1982, Barlow et al. 1988,
Raum-Suryan 1995), multiple independent ob-
servers (Barlow 1988, Polacheck and Smith 1989,
Oien 1990, Rugh et al. 1993, Palka 1995), mul-
tiple ships (Schweder et al. 1991b), and con-
current aerial and ship surveys (Buckland and
Turnock 1992).

Calambokidis et al. (1992), Green et al. (1992),
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and Barlow et al. (1988) recognized that avail-
ability bias is critical for aerial surveys of harbor
porpoise. Barlow et al. (1988), using data from
several studies of harbor porpoise breath rate,
estimated that harbor porpoise were at the sur-
face 23.9% of the time and, given certain as-
sumptions, estimated that g(0) = 0.31 if all por-
poise at the surface were detected (i.e., no per-
ception bias). Kraus et al. (1983) conducted con-
current ship, ground, and aerial surveys in a
narrow channel with high densities of harbor
porpoise and estimated that aerial observers saw
14% of the harbor porpoise. By the nature of
the experiment, their estimate included both
availability and perception bias; however, ob-
servations were from a 630-m strip, and the
effect of distance from the line was not consid-
ered. We conducted a similar experiment to
estimate g(0) for aerial surveys of harbor por-
poise by incorporating both availability bias and
perception bias, while specifically examining
factors that affect perception bias.

This project was funded by the National Ma-
rine Fisheries Service, Office of Protected Re-
sources, Silver Spring, Maryland and supervised
by R. DeLong, National Marine Mammal Lab-
oratory. We thank the observers: J. Cubbage, T.
Eguchi, J. Evenson, G. Falxa, K. Flynn, J. Fran-
cis, J. Frederick, P. Gearin, M. Getten, ]J. Grin-
pas, T. Guenther, J. Harvey, ]. Jansen, J. Ler-
czak, M. Mercadel, K. Raum-Suryan, A. Reitsch,
K. Russell, R. Suryan, A. Stateler, Z. Thomas, J.
Urban, and D. Velasquez. J. Cubbage developed
data acquisition software for both the aerial and
theodolite observations. G. Falxa, J. Lerczak,
and D. Velasquez assisted in error checking and
data entry for the project. G. Falxa dealt with

the preparations and logistics for most of the

electronic equipment involved in the project. J.
Drust and D. Hansen were pilots for the surveys.
The Partenavia P-68 twin-engine aircraft was
provided by Aspen Helicopter Inc. of Oxnard,
California. D. Meister coded map data used for
data analysis and report graphics. R. Hobbs and
J. Zeh provided advice on aspects of the data
analysis. The manuscript was reviewed by G.
Steiger, ]. Barlow, R. Hobbs, and D. DeMaster.
We appreciate the critique of M. Udevitz, and
an anonymous reviewer who suggested the more
general result in equation (7).

METHODS

We conducted the sighting experiment off
Point Doughty on the northwest side of Orcas
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Island in the San Juan Islands, Washington (Fig.
1). This site was selected based on the high den-
sity.of harbor porpoise, viewing conditions, and
the viewing distance and angle for the land-
based observers, which was more than 180° ex-
tending from the north side of Orcas Island to
the southwest down President Channel. The site
was located about 17 m above the mean lower
low water (MLLW) tidal level.

Aerial Survey Procedures

We conducted aerial surveys for 33 hours on
7 days during 3-13 August 1992. The first 2
days were used as a training period and were
not included in the analysis. The survey plat-
form was a twin-engine, high-wing aircraft
(Partenavia P-68) outfitted with bubble win-
dows for side observation and a belly window
to search below the aircraft. Surveys were flown
at 183 m (600 ft) altitude and at an air speed
of 185 km/hour (100 knots). A total of 547 tran-
sects were flown in alternating easterly and
westerly directions, 3.5-5.5 km long, all situated
0.2-3.3 km north of the land observation site
(Fig. 1).

Three observers (left, right, and center)
searched for animals while a fourth person, in
the copilot seat, recorded data and navigated.
Six different observers were used throughout the
experiment: 4 were experienced at searching for
harbor porpoise from the air, one observer had
prior aerial survey experience but not with har-
bor porpoise, and one observer had no experi-
ence with aerial surveys. The latter 2 observers
were classified as inexperienced at searching for
harbor porpoise. Experienced observers were
stationed at side windows or the belly window,
while the 2 inexperienced observers were only
stationed at the belly window. The land-based
observers maintained communication with the
data recording person who navigated the plane
along specific latitudes. Observers were un-
aware of the communication, and changes in
transect lines did not necessarily alert the ob-
servers because harbor porpoise were not seen
on most lines.

We recorded data with a laptop computer
that received position data directly from the
LORAN navigation system. We recorded air-
craft position at the beginning and end of tran-
sect lines, for a course change, and when por-
poise were sighted. We recorded weather and
sea conditions whenever conditions changed.
Surveys were limited to good weather and were
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Fig. 1.

generally terminated when wind conditions ex-
ceeded 2 on the Beaufort scale (1% of sightings
exceeded Beaufort 2), or when cloud cover was
greater than 50% (11% of sightings exceeded
50% cloud cover). Perpendicular distance from
the aerial transect line to a harbor porpoise group,
x, = H tan(90-9), was calculated from the air-
craft altitude (H) and the angle (8) between
horizontal and the harbor porpoise group. The
angle was measured with a clinometer when the
group was abeam of the aircraft.

Position information was calibrated and test-
ed in several ways. We calibrated the aircraft
LORAN position at the study site using a known
position on the runway. We determined the po-
sition of the land observation site by the average
of LORAN positions from 17 aerial passes made
on different days over the site. The deviation
around this mean position ranged from 12 to
143 m and averaged 84 m (SD = 34). Accuracy

- 48° 45' N

48° 40"

122° 55'

122° 50'

Study area off the northwest side of Orcas Island in the San Juan Islands, Washington.

of the positions determined from the aircraft
during transects was also determined from 50
passes over a research boat equipped with a
GPS. The mean discrepancy between aircraft
and boat positions was 91 m (n = 50, SD = 60)
with 78% of the readings disagreeing by less
than 125 m and 6% with discrepancies more
than 200 m. These discrepancies may have been
caused by: (1) the GPS position obtained from
the boat; (2) error from the aircraft LORAN;
(8) error in marking the time the aircraft passed
the target; (4) error in determining the vertical
angle to the sighting, and (5) deviations in air-
craft course (i.e., crab angle) causing an incor-
rect estimate of when the target was perpen-
dicular to the transect line.

Land-Based Observation Procedures

Two teams, consisting of 4-6 people each,
made observations of harbor porpoise from land.
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Fig. 2. lllustration of position and distance notation for land-

based and aerial sightings of a harbor porpoise group relative
to the aircraft transect line. Notations are defined in the text.

Each team attempted to track and obtain mul-
tiple position fixes on one group of harbor por-
poise at a time. Harbor porpoise groups were
tracked if they were far enough away from oth-
er groups to avoid ambiguity and if they were
in the vicinity of the aerial transect lines. Each
team consisted of: (1) at least 2 observers who
used reticle/compass binoculars (7 x50) to find
and follow porpoise; (2) one person who ob-
tained porpoise positions using an electronic the-
odolite (Leitz DT5 or Set-5), and (8) one person
who recorded data with a computer linked to
the theodolite to obtain horizontal and vertical
angles. The data acquisition system computed
a preliminary latitude and longitude in the field
to ensure that the aircraft’s route was near the
harbor porpoise groups being tracked. The
theodolite’s elevation above the water, which
varied with tide height, was measured directly
with a plumb line (metric tape) every hour and
was interpolated between the hourly readings
during analysis.

Theodolites were calibrated daily by taking
readings on 6 landmarks (4-8.5 km away). These
readings were used to adjust the theodolite’s
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orientation to true north (determined in the field
with a compass reading to a landmark) and to
apply a fixed adjustment to the elevation above
sea level. Theodolite positions of a boat equipped
with GPS were 29-123 m from the recorded
GPS position with a mean of 82 m (n = 8, SD
= 29). In all cases the theodolite position was
east of the GPS position. Some of this error may
have stemmed from inherent error of commer-
cially available GPS units created by selective
availability (Herring 1996) or an inaccurate cal-
ibration of the GPS position to the U.S. Geodetic
survey marker on Point Doughty where the the-
odolite was located.

9(0) Experiments and Matching

An experiment for g(0) estimation was a land-
based sighting of a harbor porpoise group that
was passed by the aircraft within a specific dis-
tance and time. For each land-based sighting,
the time T, and measured position P, were re-
corded (Fig. 2). If the aircraft passed over a
point Y, such that the perpendicular distance x;
between Y, and P, was less than 200 m, and it
did so at a time T, within 240 seconds before
or after the sighting from land (T, = |T,-T, | =<
240), the sighting was used in the analysis. The
measured position P, of harbor porpoise seen
from the aircraft was computed from the re-
corded position Y, and the perpendicular dis-
tance x,. D was the distance between P, and P,
the measured positions of the land-based and
aerial sightings.

The result of an experiment was either: (1)
no aerial sightings of harbor porpoise during the
pass; (2) an aerial sighting of a harbor porpoise
group not seen from land, or (3) an aerial sight-
ing of a harbor porpoise group tracked from
land. Only the third result was considered a
match (success). Aerial and land-based sightings
were matched if the measured positions were
sufficiently “close”. We did not use harbor por-
poise group size for matching because Calam-
bokidis et al. (1993) demonstrated that land- and
aerial-based estimates of group sizes were sig-
nificantly different, suggesting that one or both
were subject to bias.

Instead of choosing an arbitrary distance for
determining a match, we constructed a model
for the probability distribution of distance D
between measured positions of land-based and
aerial sightings of the same group. Measurement
error for positions (P, and P,) and movement
of harbor porpoise were modeled in the prob-
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ability distribution of D (Appendix). Measure-
ment error in x, was small relative to errors in
Y, and was not included. We modeled mea-
surement errors in latitude and longitude as in-
dependent normal distributions. We also as-
sumed that errors in positions measured from
land and air were independent with standard
deviation o, and ¢,, respectively. These standard
deviations were estimated from the repeated
position measurements of the boat. We assumed
that harbor porpoise movement was governed
by Brownian motion (Ross 1983) in both latitude
and longitude during a short time interval (<240
sec), which implies the changes in latitude and
longitude of porpoise relative to their original
position after a time interval T, are each dis-
tributed as a normal with a mean of zero and
a variance of o2 T,. The expected value of the
square of the distance moved is proportional to
T,, Eld (T, * 1 = 20,2 T,. An estimate of o,
was computed from measurement of harbor
porpoise movement observed from land at
1-minute intervals. One-half of the squared dis-
tance moved was regressed against the time be-
tween positions, with an assumed zero intercept.
The slope provided an estimate of o .2 Based
on the probability distribution of D for a specific
value of T, the quantity D* was computed such
that D would likely only exceed D* for 5% of
the land-based and aerial sightings of the same
group (Type I error, a = 0.05).

Analysis Methods

The land-based and aerial observations pro-
vided 2 sources of data that we analyzed in-
dependently to examine visibility bias. The
monitoring of surfacing intervals of 7 harbor
porpoise groups from land provided an empir-
ical estimate of availability, the proportion of
time harbor porpoise are at, or near, the surface,
and distributions of dive and surface interval
lengths. The aerial g(0) experiment, which de-
termined whether the aircraft observers detect-
ed groups tracked from land, was analyzed based
on a model of availability and perception. For
model validation, the predictions of dive and
surface intervals were compared to the empir-
ical distributions, which were not used in the
estimation of model parameters.

Surface and Dive Interval Data.—We mon-
itored 7 harbar porpoise groups from land for
extended periods of time and attempted to re-
cord each surfacing event. We were not able to
distinguish individual porpoise, so we recorded
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each surfacing of any porpoise in the group.
The length of time harbor porpoise groups were
at or near the surface was measured by com-
bining all intervals with surfacings less than 30
seconds apart as a surface interval and longer
intervals as dives. This approach, also used by
Barlow et al. (1988), attempts to compensate for
missing some surfacings within a series and for
the horizontal perspective of the land-based ob-
server that does not allow a full assessment of
porpoise visibility from the aircraft. Surfacings
were more likely to be missed in the first ob-
served surface interval of a group of harbor
porpoise, so it was excluded from the analysis
of dive intervals for each group. We estimated
average proportion of time spent at the surface
and its standard error with a ratio estimator
using each porpoise group as a sample (Cochran
1977:150-156).

Detection Probability Model.—The most ob-
vious estimator for g(0) is the proportion of har-
bor porpoise groups tracked from land that were
seen by the aerial observers. However, it is un-
likely that each harbor porpoise group had the
same probability of being seen. Instead, we de-
veloped a model that describes the process of
detection as a function of availability from div-
ing and observer perception (i.e., detecting vis-
ible porpoise groups) and fitted the model to the
observed successes and failures of the aerial ob-
servers in detecting harbor porpoise groups.

An aerial observer detects a harbor porpoise
group when one or more porpoise are at or near
the surface (availability) and the observer sees
and recognizes the porpoise (perception). Many
factors may affect whether porpoise at the sur-
face are detected, but within the context of line
transect sampling (Buckland et al. 1993), we
explicitly recognize perpendicular distance x and
consider all other factors as covariates Z. We
define perception at distance x as a conditional
detection function g(x|S,Z) to explicitly recog-
nize that detection is conditional on the covar-
iates Z, and the event S that is the occurrence
of one or more porpoise in a group at or near
the surface within view. Availability is repre-
sented as f(S,x), the probability that porpoise at
perpendicular distance x are at the surface with-
in the observer’s field of view. It follows that
the probability of detecting harbor porpoise at
x, given covariates Z, is:

g(x|Z) = g(x|S,Z)f(S,x) (1)

The standard assumption of line transect sam-
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pling is g(0) = 1 (Buckland et al. 1993) which
implies that g(0|Z) = 1 for all values of Z, and
the effects of covariates are implicitly incor-
porated by their influence on the observed dis-
tances. We chose a logistic form to represent
the probability an aerial observer saw a surfaced
harbor porpoise group:

g(x|S, Z) =

exp (B, + Bix + B2y + ... + Br+23,)

1+ exp Bo T Bix + Byt ... + ﬁr+2z1)’
(2)

where z, ..., z, are possible covariates.

Availability, f(S,x), will depend on the sur-
facing behavior of the porpoise and w(x), the
amount of time the ocean at perpendicular dis-
tance x is in the observer’s view. Aircraft speed
and how the observer scans the ocean will de-
termine w(x). McLaren (1961) devised a model
for availability (see Eberhardt [1978] for a der-
ivation) which assumes that observers view a
semicircular area with fixed radius (r) forward
of the observer, and animals are alternately un-
available and available for constant intervals of
length d (dive) and s (surface), respectively. The
probability that an animal is at the surface with-
in the viewing area is the sum of the probability
of being at the surface upon entering the view-
ing area [s/(s+d)] and the probability of being
in a dive upon entry but surfacing within the
viewing area:

w(x) 8 w(x)

d
[(s+d) d ]‘ &= =gt v a
and for McLaren’s (1961) model

\/1‘2 — x2
w(x) = E— (3)

where v is aircraft velocity. Barlow et al. (1988)
used a similar model for availability, but im-
plicitly assumed the viewing area was square
with length r, so w(x) = r/v.

We present an alternative model for avail-
ability by describing the surfacing and diving
behavior of harbor porpoise as a 2-state contin-
uous-time Markov process (Taylor and Karlin
1984). A surfacing interval is the period of time
in which one or more porpoise in the group are
at, or near, the surface during a series of shallow
dives. A surfacing interval is followed by a dive
interval, in which the porpoise are well below
the surface and undetectable. A surface-dive
interval is the period of time from the beginning
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of one surfacing to the next. We assumed that
the length of dive and surface intervals are in-
dependent exponential random variables with
rate parameters A and u, respectively, and a
surface-dive interval is the sum of the 2 inde-
pendent exponential random variables. It fol-
lows that availability at perpendicular distance
x is:

A [l — ere@®]
Atou At u

(S, x) (4)

Using the following equalities E(d) = 1/\ and
E(s) = 1/u, (4) can be re-written as:

E(s) E(d)l — e™®]
(s) + E(d) E(s) + E(d)
If Mw(x) is small, a first-order Taylor series ap-
proximation for availability is:

E(s)

E(s) + E(d)

f(s’ x) =E

w(x)
E(s) + E(d)’

f(S, x) = (5)
which is equivalent to McLaren’s (1961) result,
with constant values replaced by expectations.
The approximation in (5) is valid for any non-
negative distributions for dive and surface in-
tervals. Using results from renewal theory (Ross
1983), availability is:

_ E(s)
8% =565+ E@)

w(x)
J; [1 — H(y)ldy

N Eore@ | ©

where H(-) is the cumulative distribution func-
tion for dive intervals. If w(x) is greater than
any dive interval, the integral in (6) equals E(d)
and (6) yields the intuitive result that £(S, x) =
1. Using a second-order Taylor series approxi-
mation at zero for (6) yields the following ap-
proximation for availability:

E(s)
E(s) + E(d)

w(x) — w(x)*h(0)/2
E(s) + E(d)

f(S, x) =

(7)

For a first-order Taylor series, the approxima-
tion is equivalent to (5) and for dive distributions
with h(0)=0, (7) is equivalent to (5). For the
exponential distribution, A(0) = A, but (7) is not
substantially different than (5) for small values
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of Mw(x). McLaren’s model is simply a special
case for which dive and surface intervals are
constant.

If we had known the locations of harbor por-
poise groups (e.g., radiotagged animals) inde-
pendent of being observed at the surface from
land and had flown past them at various per-
pendicular distances, then we would have used
(1) to represent the probability that an observer
detected the group. However, we determined
group locations by observing the surfacing of a
group from land. Thus, our selection of groups
was dependent on their temporary availability,
and the probability that porpoise were at the
surface for the aerial observers depended on T.
Consider the extreme example of restricting T
< 1 sec, which implies the plane passed by with-
in one second of a land-based sighting. This
restriction would almost surely guarantee that
the group was still at the surface as the plane
passed, effectively limiting the sample to avail-
able groups, and perception bias would be the
only reason why groups were missed. This sit-
uation would be equivalent to flying a helicopter
directly above a ship in the Buckland and Tur-
nock (1992) approach, instead of out in front of
the ship. Thus, the restriction on T influences
the estimate unless the model for availability is
appropriately stated conditional on T.

For the Markov process model of availability,
the probability that porpoise are not at the sur-
face at time t or -t, given that they are at the
surface at time 0 (Taylor and Karlin 1984) is:

Pr(diving at time ¢ or —¢ |
observed at the surface at time 0)
m

= /.L[l — e—()\+u)ltl]‘

Harbor porpoise are available if they surface at
least once within the time an area is in view of
the observer, which is the complement of being
unavailable throughout the viewing time. Con-
sider a land-based sighting of a group ¢ seconds
before the plane passes. This group is not avail-
able to be seen from the plane if it dives before
t — w(x) and remains beneath the surface until
the plane passes. This occurs with probability:

I
A+u

[1 - e~<x+u>|f—w<x>|]e—xw<x),

and the complement is the probability that it is
available. In general, conditional on T, harbor
porpoise are available with probability:
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I
S, x|Tp)=1—
78, 21T = 1 = 2
.[1 - e—(>\+n)t']e—>\w(x), (8)
where
T, T,=T,
t° =<T, — w(x) T, =T, — w(x)
0 T, —wx)<T,.<T,.

Strictly, (8) is conditional on both T and T, to
deal with the asymmetry created from assuming
a viewing area forward of the observer; how-
ever, in aerial surveys the asymmetry is a minor
consequence because w(x) is small relative to
the length of dive-surface intervals. Modifica-
tions of ¢* will allow the viewing area to extend
behind the observer.

Thus, we can represent the probability that
aerial observers saw a harbor porpoise group,
which was seen by the land-based observers at
the surface, by the following simple modifica-
tion of (1):

gx|ToZ) = g(x|S,Z)f(S,x| T). (9)

The n aerial experiments were assumed to be
independent Bernoulli trials with probability p,
given by (9) which was dependent on the values
of x, T, and Z for the i sighting. The realization
for an experiment was y;, = 1 if seen and 0 if
missed and the likelihood function was:

L()\, 3 6|y1a A ] yﬂ) = l l p?‘(l - pt)l_y"
=1
(10)

‘Maximum likelihood estimates were obtained

by solving numerically for the maximum of (10)
with procedure NLMINB in SPLUS (Stat. Sci.
1993). We examined observer experience, group
size (as estimated from land), Beaufort wind
scale, and percent cloud cover as potential cov-
ariates in (2). Perpendicular distance as mea-
sured from land, x,, was grouped into 2 100-m
intervals, so x in (2) was treated as a factor with
2 levels. Distance was grouped to allow for error

in distance measurement and change in the per-

pendicular distance between times T; and T,.
The 100 m interval was chosen because the view
of the observer looking through the belly win-
dow was limited to about 100 m on either side
of the line. Side window observers could observe

" directly beneath the aircraft, but they typically

concentrated beyond 100 m from the line. Our
comparison of observers was limited to obser-
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Fig. 3. Histogram of distance between land-based sightings
and the closest aerial sighting for instances in which the aircraft
passed the group’s location within 50 seconds (7. < 50) of
being seen at the surface by the land-based observers.

vations within the first 0-100 m because inex-
perienced observers were only positioned at the
belly window. We assumed w(x) was repre-
sented by (8) with r = 250 m and used the
average speed of 51 m/sec (100 knots) for v.
Likelihood ratio tests with a = 0.05 were used
to assess significance of covariates.

Our primary interest was estimation of g(0|Z)
which is not conditional on the surfacing of a
group at a point in time. An estimate of g(0|Z)
is given by (1) evaluated at 0, or as the limit of
(9) as T, approaches infinity, evaluated at 0. The
limiting idea is analogous to finding a group
from land at the surface and having a plane fly
over at some random point of time in the future
when the probability they are at the surface no
longer depends on the initial surfacing. This
independence is achieved in visibility experi-
ments with radiomarked animals (Samuel et al.
1987) and can be partially achieved by sepa-
rating the observations in time as in the heli-
copter-ship approach of Buckland and Turnock
(1992). An approximate variance of g(0) was
obtained via the delta method (Seber 1982).

RESULTS
Detection Probability Model

For the matching criterion, parameter esti-
mates for measurement error were 6, = 77.3 m
and 6, = 62.0 m. The regression of average
harbor porpoise movement at 1-3 minute in-
tervals (R2 = 0.42, n = 3) provided an estimated
standard deviation for movement between
sightings ¢ seconds apart of ¢, = 7.53. When T,
= 50 sec, D" ranged from 242 to 275 m, which
appears to be reasonable when compared with
the distribution of distances between land-based
sightings and the closest aerial sighting (Fig. 3).
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Fig. 4. Distance between a land-based sighting and the clos-
est aerial sighting within 500 m during a pass, if any, for values
of T, <240 seconds. The solid line is the distance criterion, O
with a,, = 7.53. Groups below the solid line were treated as
matches between land-based and aerial sightings.

The increase in average distance with increasing
time between sightings is evident when the
matching criterion is displayed as a function of
time (Fig. 4). When T, > 150 sec, all of the
measured positions of aerial sightings were fur-
ther than 200 m from the position of the land-
based sighting.

Of all the land-based observations, 164 met
the selection criteria, and of these 50 were seen
by the aerial observers. Both distance and ob-
server affected perception bias (Table 1). The
only other significant covariate was T, which
influenced availability of porpoise as represent-
ed by the surface-dive model (Table 2). The
effect of T} on detection probability is readily
apparent (Fig. 5), and there was good agree-
ment (x2 = 2.71, 3 df, P = 0.44) between the
observed and expected proportion of detections
classified by T,. The remaining factors, percent
cloud cover (P = 0.12), Beaufort (P = 0.89), and
group size (P = 0.60), were not significant.

Surface and Dive Intervals

Surface and dive times were obtained for 7
harbor porpoise groups (from 2 to 6 porpoise)
that were observed consistently for 232 min
(from 15 to 66 min/group). The average surface
interval was 36 seconds, and the average dive
interval was 127 seconds. The average propor-
tion of time at the surface was 0.231 (SE =
0.032). Using the parameters A and u estimated
from the detection probability model (Table 2),
the predicted average surface time (1/u) was
58.1 seconds, and average dive time (1/)\) was
128.2 seconds. However, a likelihood ratio test
of the null hypothesis that the model surface-
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Table 1. Observed and expected number of aerial observations of harbor porpoise groups tracked from land, classified by
experience level of the observer and distance interval as measured from land. The data are stratified based on the experience
level of the observer stationed at the belly window. inexperienced observers were not used at the side windows from which the
100-200 m interval can be viewed. Expected numbers seen and g(x| S,2) (eq 2) were computed from the detection probability

model with parameter estimates given in Table 2.

Observer Position Distance n # seen 8(x|S) Expected
Experienced Belly 0-100 58 29 0.86 29.8
Experienced Side 100-200 44 10 0.47 10.2
Inexperienced Belly 0-100 34 4 0.23 4.0
Experienced Side 100-200 28 7 0.47 6.3

dive parameters were u = 1/36 and A = 1/127
was not rejected (x2 = 2.52, 2 df, P = 0.28).

g(0) Estimates

Using the estimated model parameters with
(4), our estimate of harbor porpoise availability
at x = 0, (S,0), was 0.338 (SE = 0.061). Using
the empirical surface and dive interval data with
(5), yielded an estimate of f(S,0) = 0.262 (SE =
0.032). The probability an observer sees and
correctly identifies a group that is near the sur-
face within his/her field of view, g(0|S), was
dependent on the observer. For our experienced
observers, g(0|S) = 0.865 and £(0) = 0.292 (SE
= (.107), and for our inexperienced observers,
3(0]S) = 0.234 and g(0) = 0.079 (SE = 0.046).

DISCUSSION
Detection Probability Model

Availability poses a fairly significant problem
in developing unbiased estimates of abundance
because the necessary data are not easily col-
lected during the survey in the manner that
distances are used in distance sampling. With
the exception of Schweder (1996), most double-
observer (Palka 1995) or double-platform
(Buckland and Turnock 1992) procedures for
g(0) estimation do not consider discrete avail-
ability of marine mammals. These capture-re-
capture (double-count) techniques are likely to
over-estimate g(0) (Schweder 1991a) unless there
is sufficient separation in time (T;) between the
potential sightings by the observers or avail-
ability is incorporated through a model of sur-
facing behavior, as we have done here.

With a subsequent increase in computational
complexity, our detection probability model and
estimation procedure could be improved in sev-
eral ways. A more general approach would mod-
el surfacing and diving as an alternating renewal
process (Ross 1983) with possibly different dis-
tributions for surface and dive intervals. An ex-

ponential distribution for dive intervals is not
entirely satisfying. The observed and predicted
distribution of surface intervals agreed quite well
(Fig. 6a), but more long surface-dive intervals
were observed than predicted (Fig. 6b). The
discrepancy may imply that the negative ex-
ponential predicts too many short dives but also
partially reflects the inadequacies of observing
surfacing behavior from land. The greater pro-
portion of longer surface-dive intervals in the
observed data could be partially explained by
ignoring shorter dives that occurred between
surfacings less than 30 seconds apart and by
dives that were incorrectly lengthened because
a surfacing was missed. However, the discrep-
ancy is not critical because the effect of T, was
measured by conditioning on a surfacing event,
and an exponential distribution provided an ad-
equate fit for surface intervals (Fig. 6a).

A more complex model could also incorporate
movement and measurement error into a prob-
ability distribution ®(a<a) for the position of a
harbor porpoise group as a function of time from
when the group was seen by the land-based

Table 2. Parameter estimates, standard errors, and deviance
table for the detection probability model of aerial observations
of harbor porpoise. For inexperienced observers within 0-100
m, g(x| S) = exp(Be)/(1 + exp(B,)). For experienced observers,
within 0-100 m, g(x| S) = exp(8, + B.)/(1 + exp(8, + B4)), and
within 100-200 m, g(x| S) = exp(B, + B)/(1 + exp(Bs + B2)).

Parameter Estimate Standard error
A-Dive 0.0078 0.0066
u-Surface 0.0172 0.0107
Bo-Intercept —1.184 0.6664
B,-Observer 3.037 1.0490
B,-Distance 1.054 0.7340

Effect df Deviance
Surface-dive model 2 15.4
Observer 1 7.1
Distance 1 7.0
Residual 159 172.2
Total 163 201.7
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Fig. 5. Expected (predicted) and observed proportion of har-
bor porpoise groups sighted by the aircraft observers binned
by values of T, The number of land-based sightings (experi-
ments) is specified beside each bin.

observers. Including ®(a<a) into the likelihood
would account for uncertainty in matching. Also,
(9) could be written as an integral with respect
to ®(aea) to account for the uncertainty in the
perpendicular distance, x, at the time the air-
craft is in the vicinity of the group. Our esti-
mates of g(0) have used the perpendicular dis-
tance x, at the time of the land-based sighting
binned into 100 m intervals, because we do not
know the exact location of the group at all times,
unlike radiotagging experiments (Anderson and
Lindzey 1996). We have assumed that detection
probability is constant within the first 100 m
and that harbor porpoise remain in the perpen-
dicular distance bin until time T,. Our estimates
of g(0) are negatively biased if either assump-
tion is violated. A slight negative bias is sug-
gested from the detection curve of Calamboki-
dis et al. (1992), which predicted an average
probability of detecting a surfaced harbor por-
poise group within 100 m was 0.94.

The estimates of availability in the detection
probability model depend on the assumption
made regarding w(x). Barlow et al. (1988) and
Raum-Suryan (1995) have assumed that harbor
porpoise are visible for 9 seconds at an average
speed of v = 160 km/hour and r = 400 m.
Although, harbor porpoise are visible at 400 m,
the probability of detecting surfaced harbor
porpoise at a perpendicular distance of 400 m
was estimated to be less than 0.02 in the survey
of Calambokidis et al. (1992). The definition of
w(x) illustrates the dependence between avail-
ability and perception in our model, because it
is implicitly assumed that g(x|S) is constant
within w(x) and zero outside. As w(x) increases,
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Fig. 6. Observed and predicted distributions of lengths of
surface intervals (a) and surface-dive intervals (b). Observed
distributions are histograms of the scaled frequency of interval
lengths from monitoring 7 harbor porpoise groups with interval
midpoints displayed on the axis. Predicted distributions are
based on the surface-dive model with parameters estimated
(Table 2) from the detection probability model.

apparent availability increases and g(x|S) de-
creases. We chose r = 250 m because detection
probability appears to decrease dramatically be-
yond that distance (Calambokidis et al. 1992).
The assumed shape of w(x) also affects the es-
timate of availability relative to perception. Our
assumed semicircular viewing area, forward of
the observer, implies a decrease in availability
as x increases. A rectangular viewing area would
have implied availability was constant for x.
Any modeling of w(x) and its relation to per-
ception could be accomplished within the
framework of an expanded hazard-rate model
(Buckland et al. 1993:58-62; Schweder et al.
1996).

9(0) Estimates

Availability bias is the primary source of vis-
ibility bias in aerial surveys of harbor porpoise.
Both the model-based estimate of availability of
0.338 (SE = 0.061) and the empirical estimate
of 0.262 (SE = 0.032), imply that assuming g(0)
= 1 for line transect estimates of abundance will
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produce substantial underestimates. Raum-Sur-
yan (1995), using a boat, collected surfacing data
for harbor porpoise at our study site for 2 sum-
mers. She estimated that harbor porpoise were
at the surface 29% of the time, which would
yield a comparable availability estimate of 0.318.

The empirical estimate of availability derived
from land-based observations is based on a hori-
zontal perspective and may underrepresent por-
poise availability from the air because harbor
porpoise can be seen beneath the water surface.
But, the number of harbor porpoise seen be-
neath the surface will depend on factors that
affect perception, such as sea state, sun glare,
water clarity, cloud cover, and observer expe-
rience. During our experiment, sea state and
cloud cover were not highly variable and were
relatively ideal for viewing porpoise beneath the
surface, which may have resulted in a higher
estimate of availability from the aerial data.
Also, our sampling procedure for land-based
sightings may have been more likely to select
groups with longer surfacing intervals because
we would have been more likely to obtain a
position with the theodolite.

For our experienced observers, it is likely that
g(0|S) is near unity when environmental con-
ditions are ideal, and our model estimate of
g(0|S) is biased negatively by decreasing de-
tection probability within the 0-100-m interval.
However, the inexperienced observers were not
nearly as successful in detecting available har-
bor porpoise. Our estimates suggest that these
observers correctly detected fewer than one-
fourth of the available harbor porpoise groups.
Possibly, these observers were seeing some of
the harbor porpoise groups but did not correctly
identify them, or they were only detecting groups
if one of the porpoise was above the water sur-
face. The latter is supported by proximity of the
percentage of groups that inexperienced ob-
servers saw, 7.9%, and the percentage of time
that harbor porpoise are above the water sur-
face, 7.2-7.5% (Watson and Gaskin 1983).

Clearly, there were differences between ob-
servers, but with our small sample of observers,
it is less certain whether these differences re-
sulted from experience or abilities. However,
training through practice flights or pilot studies
is important to help the observers develop a
search image. If the aircraft has both a belly
window and side windows, at least initially, in-
experienced observers should be positioned at
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the side windows until they become proficient.
Fitting a detection curve to the observed dis-
tances will compensate for lack of proficiency
if the inexperienced observer is stationed at the
side window and an experienced observer is po-
sitioned at the belly window.
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APPENDIX
Distance Matching Criterion

An objective criterion was developed to de-
termine whether positions of land-based and ae-
rial sightings of a harbor porpoise group were
of the same or different groups. The distance,
D, between positions of land-based and aerial
sightings of the same group is typically non-zero
because of measurement error and movement
of the group during the time between land-
based and aerial sightings, T,. We developed a

_ simple statistical model of measurement error

and porpoise movement and chose an upper
limit D* that was a function of Tp such that Pr(D
> D*) = 0.05.

We assumed position measurements of aerial
and land-based sightings were independent and
unbiased but subject to independent, identically
distributed normal errors in both latitude and
longitude. We also assumed that harbor porpoise
movement was governed by Brownian motion
(Ross 19883) in both latitude and longitude dur-
ing a short time interval (<4 min). Given these
assumptions:

P, ~ N@O, o I
P, ~ N(E(TP)’UZA I
&Tp) ~ N(O, 02, T, I

where §(T;) is the true position of harbor por-
poise at T, and positions are relative to an origin
at the true position of the harbor porpoise at
time T.. Let K = D? be the squared distance
between the measured positions from land-based
and aerial sightings. By definition, the cumu-
lative distribution function of K is: ‘

PrK = «|T,)

B f_: f x folu|E(Te))N(O, Tro,2I)dudé
(A

where the probability distribution fy(x/(s%, +
¢?.)), conditional on &é(T,), is non-central 2 with

2 degrees of freedom and non-centrality param-
eter A (Graybill 1976:124-127):
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and 240 second(s). From these values, we in-
terpolated D* for a specific Ty, Aerial and land-
based sightings were considered a match if D
did not exceed D",

_E(TH(T)

0,2+ a2

A

We solved (Al) numerically for the 95% per-
centile, D*, for several values of T, between 0

DISTRIBUTION OF BLACK-TAILED JACKRABBIT HABITAT
DETERMINED BY GIS IN SOUTHWESTERN IDAHO

STEVEN T. KNICK, Raptor Research and Technical Assistance Center, U.S. National Biological Service, 870 Lusk Street, Boise,
ID 83706, USA
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Abstract: We developed a multivariate description of black-tailed jackrabbit (Lepus californicus) habitat
associations from Geographical Information Systems (GIS) signatures surrounding known jackrabbit locations
in the Snake River Birds of Prey National Conservation Area (NCA), in southwestern Idaho. Habitat asso-
ciations were determined for characteristics within a 1-km radius (approx home range size) of jackrabbits
sighted on night spotlight surveys conducted from 1987 through 1995. Predictive habitat variables were
number of shrub, agriculture, and hydrography cells, mean and standard deviation of shrub patch size,
habitat richness, and a measure of spatial heterogeneity. In winter, jackrabbits used smaller and less variable
sizes of shrub patches and areas of higher spatial heterogeneity when compared to summer observations (P
< 0.05). During the low population phase, jackrabbits also used agricultural regions more during winter than
summer. The association with agricultural regions was emphasized spatially in a GIS map contrasting winter
and summer periods. Multivariate habitat means (P < 0.001), but not individual GIS variables (P > 0.05),
differed significantly between high and low population phase. We used the Mahalanobis distance statistic to
rank all 50-m cells in a 440,000-ha region relative to the multivariate mean habitat vector. On verification
surveys to test predicted models, we sighted jackrabbits in areas ranked close to the mean habitat vector.
Areas burned by large-scale fires between 1980 and 1992 or in an area repeatedly burned by military training
activities had greater Mahalanobis distances from the mean habitat vector than unburned areas and were
less likely to contain habitats used by jackrabbits.
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Key words: black-tailed jackrabbit, Geographical Information Systems, habitat ecology, Lepus californicus,
landscape ecology, line transect, Mahalanobis distance, shrubsteppe, spatial habitat modeling, wildfire.

Black-tailed jackrabbits are important prey
for raptors and other predators (Clark 1972,
Johnson and Hansen 1979, Smith and Murphy
1979, MacCracken and Hansen 1987, Bates and
Moretti 1994). In the NCA and surrounding re-
gion in southwestern Idaho, black-tailed jack-
rabbits and other abundant prey support one of
the largest nesting densities of raptors in the
world (U.S. Dep. Inter. 1979; Steenhof and Ko-

chert 1985, 1988). A holistic approach is nec-.

! Present address: Department Administrative Ser-
vices, State Service Center for GIS, 155 Cottage Street
NE, Salem, OR 97310, USA.

essary for management of ecological systems
(Grumbine 1994). Therefore, managers should
address nongame prey populations in land use
planning to achieve often more visible goals,
such as conservation of raptors, in a region.
The NCA, designated as a national conser-
vation area (U.S. Public Law 103-64, 4 Aug
1994), also is used for livestock grazing, and
military training. Wildfires are an additional
disturbance to the habitat in the NCA and in
recent years have fragmented shrublands and
changed much of the landscape to exotic annual
grasslands (Knick and Rotenberry 1995). In ad-
dition to temporal effects, land use and distur-



