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Abstract
Reliable estimates of elk (Cervus elaphus) and deer 

(Odocoileus hemionus) abundance on Santa Rosa Island, 
Channel Islands National Park, California, are required to 
assess the success of management actions directed at these 
species. We conducted a double-observer aerial survey of elk 
on a large portion of Santa Rosa Island on March 19, 2009. 
All four persons on the helicopter were treated as observers. 
We used two analytical approaches: (1) with three capture 
occasions corresponding to three possible observers, pooling 
the observations from the two rear-seat observers, and (2) 
with four capture occasions treating each observer separately. 
Approach 1 resulted in an estimate of 483 elk in the survey 
zone with a 95-percent confidence interval of 479 to 524 elk. 
Approach 2 resulted in an estimate of 489 elk in the survey 
zone with a 95-percent confidence interval of 471 to 535 elk. 
Approximately 5 percent of the elk groups that were estimated 
to have been present in the survey area were not seen by any 
observer. Fog prevented us from collecting double-observer 
observations for deer as intended on March 20. However, we 
did count 434 deer during the double-observer counts of elk on 
March 19. Both the calculated number of elk and the observed 
number of deer are minimal estimates of numbers of each 
ungulate species on Santa Rosa Island as weather conditions 
precluded us from surveying the entire island.

Introduction
It is widely acknowledged that aerial surveys to assess 

the abundance of free-ranging ungulates typically do not 
detect all of the animals present (Caughley, 1974). In math-
ematical terms, the probability of detecting an animal or 
animal group is unknown, but less than 1.0, so that the number 
of animals counted is less than the true number present (Seber, 
1982). Suites of methods attempt to estimate detection prob-
abilities because the total population size of animals can be 
estimated if the number seen and the detection probability are 

known (Otis and others, 1978; Buckland and others, 2004; 
MacKenzie and others, 2006).

In aerial surveys of free ranging-ungulates, detection bias 
results when observers fail to detect all the groups of animals 
that are available to be seen within the surveyed area. There 
are several approaches to estimating detection bias in aerial 
surveys. In one approach, a sightability function to estimate 
detection probability is developed based on the known pres-
ence of marked animals (Samuel and others, 1987). The 
resulting sightability correction factor allows for an estimate 
of those animals present but not seen. Detection probabili-
ties have also been estimated, however, in situations where 
no marked animals were present by using a double-observer 
method of observation. Taxa for which double-observer 
methods have been used include amphibians (Campbell Grant 
and others, 2005), birds (Caughley and Grice, 1982; Evans 
Mack and others, 2002), marine mammals (Pollock and 
others, 2006), ursids (Crête and others, 1991), and a variety of 
ungulates including equids (Graham and Bell, 1989; Lubow 
and Ransom, 2007), and bison (Bison bison) and elk (Cervus 
elaphus, Schoenecker and others, 2006). The double-observer 
method is intended to estimate the probability that neither 
observer saw a given animal or animal group and is based on 
the assumption that two observers searching the same survey 
area have independent probabilities of detecting an animal 
(Barker, 2008).

Ideally, the double-observer method requires that animals 
within a surveyed area be fitted with radio collars for the 
development period to later test whether the observers really 
were independent and to know what proportion of animals 
were not detected by either observer (Schoenecker and others, 
2006). If a dataset includes sightability trial data for animals 
within a survey area that did include radio-collared animals, 
then the detection probability being estimated accounts for 
groups that were in the survey frame but were not seen by any 
observer. This would be the standard dataset for development 
of a sightability model (Samuel and others, 1987; McCorquo-
dale, 2001), where the goal is to estimate the probability of 
detection for all animals in the surveyed area. Sightability 
models based on animals detected by using radio telemetry 
can account for animals that had a probability of detection of 
zero; for example, groups under such dense cover that detect-
ing them without using radio telemetry is impossible.
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If, however, a dataset does not include telemetry data, but 
only includes animal groups that were seen by independent 
observers, then one can only estimate the probability of one 
or another of two observers having seen a group (Marsh and 
Sinclair, 1989; Crête and others, 1991). Thus, if behavior or 
cover causes some fraction of the surveyed population to have 
a probability of detection of zero, a double-observer correc-
tion factor based on sampling without radio telemetry will still 
yield an underestimate of the total number of animals present.

Heterogeneity in detection probability is an important 
source of bias because using a single estimate for group detec-
tion probabilities will tend to underestimate total abundance 
and its associated variance. Some heterogeneity in detection 
probability can be modeled by including the effects of covari-
ates such as group size, animal behavior, or vegetative cover 
(Samuel and others, 1987; Otten and others, 1993; Unsworth 
and others, 1994; Thompson and others, 1998; Cogan and 
Diefenbach, 1998; McCorquodale, 2001; Schoenecker and 
others, 2006; Lubow and Ransom, 2007). Unmodeled hetero-
geneity will tend to lead to overestimates of detection prob-
ability and a corresponding underestimate of abundance and 
its associated variance (Borchers and others, 2006), although 
any bias caused by heterogeneity will necessarily decrease as 
the overall probability of detection approaches 1.0.

Ungulates on Santa Rosa Island

Santa Rosa Island has been part of Channel Islands 
National Park since 1980, and the land was purchased from 
the Vail & Vickers Company by the National Park Service 
(NPS) in 1986. The nonnative, privately owned elk and deer 
(Odocoileus hemionus) have an adverse impact on a number 
of endemic plants, including eight federally listed plant 
species (U.S. Fish and Wildlife Service, 2000), and preclude 
the recovery of unique island plant communities. A court-
sanctioned settlement agreement requires a phased reduction 
of deer and elk numbers from 2008 through removal of all 
cervids from Santa Rosa Island by the end of December 2011. 
The settlement agreement has a mandated maximum number 
of animals of each species that are permitted to be present 
on the island each December. The National Park Service is 
required to determine the number of deer and elk on the island 
and to ensure that numbers do not exceed the limits specified 
in the settlement agreement. Elk and deer have been counted 
annually by the animals’ owner, Vail & Vickers, and the NPS 
as part of the settlement agreement.

Surveys conducted prior to 2008 enumerated deer and 
elk on Santa Rosa Island, but no previous work has attempted 
to assess the detection probability of either species on Santa 
Rosa Island. In past counts (Timothy Vail, written commun., 
2008) three observers in a helicopter cooperate to develop a 
single estimate of elk and deer numbers. The reported standard 
deviations around the mean were not uncertainty estimates 
for the population of ungulates; rather, they reflected miscom-
munications between observers in the number of animals seen. 

Thus, no population correction factor has previously been 
estimated or applied to deer and elk counts on this island.

On March 19, 2009, we conducted aerial surveys of elk 
and deer on Santa Rosa Island. The surveys were similar to 
those done in the past, except that deer and elk groups were 
both noted, and more detailed data were recorded for elk 
groups. We did not survey a small fraction of the island that 
was obscured by fog.

We used a subset of the elk group dataset to estimate 
detection probabilities for the elk group by using a double-
observer analytical approach. The Santa Rosa Island elk herd 
included no marked animals, so the correction factor that we 
developed from a double-observer analysis only accounts for 
animals that were potentially visible; it does not account for 
animals that were effectively invisible because of behavior, 
extremely dense hiding cover, or location in an area that was 
not surveyed.

Objectives

The objectives of this study were to:
1.	 Count the number of deer and elk seen during helicopter 

surveys over Santa Rosa Island.

2.	 Tabulate these counts within pre-existing survey zones.

3.	 Estimate the expected group-specific probability of detec-
tion for elk groups and use these probabilities to estimate 
the total number of elk that were in the surveyed area.

Methods

Helicopter Flight

This report presents results of data collected by aerial 
survey on March 19, 2009, and associated analyses. We 
collected count data for deer and elk but were unable to collect 
the data necessary to meet objective 3 for elk. Fog prevented 
us from conducting the second planned day of survey, which 
would have been primarily devoted to collecting the data 
necessary to meet objective 3 for deer.

We followed a flight safety plan that was developed 
specifically for this mission (Kate Schoenecker, unpub. data, 
2009). The pilot (C. McLaughlin, Aspen Helicopters) and two 
U.S. Geological Survey (USGS) observers (K. Schoenecker, 
P. Griffin), and a Colorado State University (CSU) observer 
(K. Searle) flew in a Bell LongRanger helicopter with doors 
removed to increase observers’ views. The boundaries of 
eight elk and deer survey zones that were used during the 
joint collection of total counts by Vail &Vickers and NPS 
(fig. 1) are from a NPS-digitized version of a map provided to 
the USGS by Timothy Vail in 2007. Survey zone boundaries 
were visible on the pilot’s Global Positioning System (GPS) 
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unit. The pilot indicated that the flight pattern and speeds 
approximately followed those of previous surveys.

The helicopter flight path for each of three flight 
segments was recorded with GPS units, which recorded points 
at intervals of 5 seconds (s) (USGS) or about 8 s (Aspen 
Helicopter). Here, a segment is a stretch of the flight path 
between refueling events. For mapping, we used points that 
were collected at 5-s intervals by a Thales MobileMapper 
GPS unit on the first and third segments and points recorded 
approximately every 8 s by the helicopter’s Garmin 396 GPS 
unit on the second segment. The flight-path points formed the 
basis for analysis of flight path length, flight speed, and related 
metrics in ArcMap (ESRI, 2008).

Data Collection: Elk

For elk only, we collected data with a double-observer 
method, such that we could select and parameterize a model 
for group-specific detection probability. We used expected 
values of group-specific detection probability to estimate 
the total number of elk that were within the survey area on 
March 19, 2009.

Observers searched independently for groups of elk 
within their view. In addition to the pilot, who primarily was 
concerned with safe flight operations, there was a USGS 
observer seated in the front left of the aircraft and a USGS and 
CSU observer seated in the rear seats. For both deer and elk, 

Figure 1.  Flight path of three flight segments on March 19, 2009. The first flight segment included partial survey of zones 1 and 2; 
101 elk and 120 deer were seen. The second flight segment included survey of zones 6, 7, and 8, and partial surveys of zones 1 and 5; 
191 elk and 142 deer were seen. The third flight segment included a survey of zones 3 and 4 and partial surveys of zones 2, 5, and 1; 
169 elk and 172 deer were seen. Areas with fog along the western and southern margin of the island were not surveyed.
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a “group” was considered to be one or more individuals. The 
simultaneous double count method is a form of mark-resight 
procedure where the front seat is considered one independent 
survey (the “mark”), and the rear seat acts as a second inde-
pendent survey (the “resight”). Therefore, no communication 
about elk groups, visual or verbal, was permitted or occurred 
between front and rear observers until after both observers had 
adequate opportunity to detect each elk group independently. 
The pilot could nonverbally indicate to the left front observer 
if he saw an elk group so that the rear observers would not 
be alerted, but alerts would only be made at a time that it 
would not prevent the left front-seat observer from having an 
independent opportunity to see the elk group; however, after 
the group had passed abeam of the helicopter, any observers 
could notify the entire crew. If the helicopter circled the group 
to determine group size, then all crew members participated in 
that count. We noted on the data forms if a front-seat observer 
spoke out about an elk group before the rear-seat observ-
ers had a chance to detect it. We recorded which side of the 
helicopter was closest to the elk group, as this factor might 
have influenced the sighting probability for the pilot and left 
front-seat observer. We also recorded if the helicopter flew 
only directly over the elk group (for example, the elk were 
directly along the centerline of the flight path), as this posi-
tion would have prevented rear-seat observers from seeing the 
group. To collect data that allowed for testing of individual 
observer acuity, the USGS and CSU rear-seat observers traded 
seats after the first flight segment.

Observers that saw a group recorded covariates that 
could affect detection probability. In addition to group size, 
covariates were as follows: substrate on which the group was 
located, vegetation type, vegetation cover, the height of that 
vegetation, and whether the group was moving or not moving 
when first spotted. All of these covariates could influence the 
probability of detecting a given group of animals. An example 
data sheet is shown in appendix 1.

We marked as a waypoint the approximate location of 
each elk group with a Garmin GPSMap 76 handheld GPS 
unit, at a time when the helicopter was close to that group. To 
prevent the possibility that any elk group would be counted 
twice, we referred to these waypoints as well as records of 
group size and composition if there was ever any question 
about whether an elk group had been seen before.

Data Collection: Deer

Fog prevented us from making the second day of survey 
that had been set aside for recording deer groups with the 
double-observer method, so we were unable to model detec-
tion probabilities for deer. Throughout this report, the number 
of deer groups and total number of individual deer presented 

are based only on raw counts, with no application of detection 
probabilities to correct for likely undercounting.

We recorded all the deer groups that were observed 
during the March 19, 2009, flights by using an Olympus 
DS-30 digital voice recorder plugged into the helicopter’s 
avionics system with a CellSet 5000 adapter (Kennedy 
Technology Group, Inc., Rose Hill, Kansas). As soon as any 
observer saw a deer group, that observer notified the other 
crew members, also noting the number of individuals in the 
group. Crew members made efforts to distinguish deer groups 
so that any single deer groups would not be counted twice. We 
did not record data for observed deer groups on paper during 
flights but instead relied on digital voice recordings of the 
entire cockpit conversation to capture information about deer 
groups that were seen. We later listened to all recordings and 
transcribed the spoken information about deer groups to paper 
data sheets, recording the exact time when each group was 
noted and the number of animals in the group.

We took the following measures to reduce or eliminate 
the chance that any deer group observed was included twice 
in the total tally of animals. Using the GPS record of the flight 
path, we transcribed the location of deer groups based on the 
digital recording. Deer group observations that were located 
close to each other were only included once in the total count, 
unless the crew-member conversation clearly indicated that 
the groups were distinct, based on their location in valleys 
versus on ridgetops. The location of a deer group was actually 
the helicopter’s location corresponding to the time that each 
deer group was noted on the voice recording and based on the 
GPS points closest to that audio recording time. Some deer 
groups were noted on the audio at times exactly correspond-
ing to a GPS point from the flight path. Other deer groups 
were noted on the audio recording at times between two GPS 
points. In such instances, the helicopter’s location above 
these deer groups was interpolated from the line segment 
between the two closest points. We did this by approximating 
the fraction of the line-segment length corresponding to the 
time stamp when the deer group was noted and the number of 
seconds between the closest GPS points of the flight path. We 
used the Get Coordinates Tool (Beyer, 2006) in GIS to reveal 
the NAD27 coordinate for each deer group location.

Tabular Data Summaries

We used survey zone to organize descriptive aspects of 
the flight path, such as survey duration and flight-path length. 
We assessed the survey effort in terms of minutes of survey 
time per square kilometer of surveyed area (P.J. Gogan, unpub. 
data) and also in terms of kilometers of flight path traveled per 
square kilometer of surveyed area. In keeping with past survey 
methods (P.J. Gogan, unpub. data), we tabulated elk and deer 
observations according to survey zone.
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Group-Specific, Double-Observer Correction 
Factors for Elk

Data Preparation

We prepared data from detection of elk groups by 
individual observers as detection events in a mark-release-
recapture analytical setting. We used a closed-capture model-
ing approach that allowed for individual elk group covariates 
to influence detection probability (Huggins, 1991). There 
are two potentially valid approaches to modeling the overall 
detection probability of each elk group: approach 1 combines 
both back seat observers into a single observation unit, 
whereas approach 2 estimates detection probabilities for each 
observer separately. Appendix 2 presents details of the analy-
sis that were specific to approach 1, and appendix 3 presents 
details of the analysis specific to approach 2. The parsimony of 
these two modeling approaches cannot be compared directly, 
but their estimates can be compared.

Individual covariates associated with each elk group may 
have affected the probability that an observer saw that group. 
Covariate values were coded so that they could be used in 
program MARK (White and Burnham, 1999). We made the 
following transformations for categorical variables: activ-
ity was coded with dummy variables (1 or 0), with bedded 
coded as a 0 and standing or moving coded as a 1; substrate 
was coded with dummy variables, with grass, herbaceous, 
and rock together in one class and shrubs as a separate class 
(no elk groups were observed in trees); vegetative cover was 
taken as the midpoint of the selected range. If the written data 
sheets contained missing values for any of these covariates, 
we listened to the audio recording of the flight for spoken 
comments about the covariates. If an elk group had “grass” as 
its substrate, then we assigned any missing values for vegeta-
tion cover and height as zero.

If any observer called out about the presence of an elk 
group before the other crew members had a chance to observe 
the group, then that group was not included in the double-
observer analysis.

Model Selection

The influence of covariates on detection probability 
was unknown, so we used a model-comparison framework 
(Burnham and Anderson, 1998) to assess which covariates 
influenced detection probability. The objects detected in 
the mark-resight model were elk groups, not individual elk, 
because only groups are sighted independently. We modeled 
the probability of detecting elk groups by using the Huggins 
closed-capture estimator for mark-resight data with individual 
covariates in program MARK (White and Burnham, 1999). 
Under modeling approach 1, all models were structured with 

three capture occasions corresponding to the three possible 
observers: left front, right front (pilot), and back. Under 
approach 2, all models were structured with four capture occa-
sions corresponding to the individuals in the helicopter. In all 
of the candidate models that we tested, we set the recapture 
probability, c, equal to the initial detection probability (p). 
This setting reflects the explicit assumption of double-observer 
analyses (Barker, 2008) that each observer’s detection records 
are independent.

Both modeling approaches were designed to estimate the 
effects of elk position on detection probability. For example, 
the left-front observer has limited visibility to the right side of 
the helicopter because the pilot and instrumentation obstruct 
the view, so we reasoned that models should include poten-
tially different probabilities for the left-front observer, depend-
ing on the position of the elk group.

In addition, models potentially included parameters that 
represented additive effects of other individual covariates that 
were measured for each elk group. We limited the inclusion of 
covariates related to the vegetation surroundings of each elk 
group to no more than two, because the number of observa-
tions was not large enough to support a highly parameterized 
model. 

We compared the parsimony of the candidate models 
by using Akaike’s Information Criterion adjusted for small 
sample size (AICc) (Burnham and Anderson, 1998). We used 
the most parsimonious of the candidate models to yield the 
expected detection probabilities for each observer to have 
detected an elk group with those covariate values. For model-
ing approach 1, the expected probability that the left-front 
observer detects a given group, i, is ˆ ,

,
p
LF i

 the expected 
probability for the right front (pilot) observer is ˆ ,

,
p
RF i

 and 
the pooled expected probability for the back seat observ-
ers is ˆ

,
p
Back i

. The circumflex (hat) sign over any probability 
indicates that it is an estimate that has associated estimates of 
uncertainty. For modeling approach 2, the expected prob-
abilities ˆ

,
p
LF i

 and ˆ
,

p
RF i

 are as above, the expected probability 
for back seat observer Paul Griffin to see a given group, i, is 
ˆ ,

,
p
PG i

 and that for back seat observer Kate Searle is ˆ
,

p
KS i

.

Detection Probability and Abundance Estimation

The parameterized models estimate the probability that a 
given observer would see a given elk group (i). These prob-
abilities are estimated from a logit link function with beta 
parameters that interact with measured individual covariate 
values for each elk group (i). Under modeling approach 1, the 
estimate for overall probability of detecting an elk group i is 
one minus the probability that all three observers missed it, as 
in equation 1.

	 ˆ ˆ ˆ ˆ
, , , ,

p p p p
detect i LF i RF i Back i

= − −( )∗ −( ) ∗ −( )1 1 1 1 	 (1)
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Similarly, under modeling approach 2, the overall probability 
of detecting an elk group i is given by equation 2.

parallel modeling approaches allowed us to compare the effect 
of modeling approach on estimated abundance.

Results

Environmental Conditions, Survey Coverage, and 
Flight Speed

We conducted surveys during three flight segments 
(fig. 1). Each flight segment included ferry time to and 
from surveyed areas and time on survey when animals were 
counted. Areas surveyed during different flight segments did 
not overlap.

March 19, 2009, temperatures at the NPS weather station 
on Santa Rosa Island (395-meter [m] elevation above sea 
level) were 17°C at 8 a.m., 20°C at noon, and 16°C at 4 p.m.; 
winds at the weather station did not exceed 14 kilometers 
per hour (km/hr) (Western Regional Climate Center, 2009).
Weather on Santa Rosa Island on March 19, 2009, was mostly 
clear but with thick fog developing over coastal areas of the 
island at different times of day. Fog prevented us from survey-
ing the southern and western coastal margin of the island in 
zones 3, 4, and 5. The approximate area that was not surveyed 
at all, because of fog, was about 9 square kilometers (km2), 
or about 4 percent of the island. Also, a large area in the north 
of zone 1 was in fog much of the day; when this area was 
surveyed late in the day, the survey was conducted at high 
speed and with relatively poor coverage because fuel and 
flight time were limited.

March 20, 2009, was densely foggy over much of the 
island. Conditions were not suitable for safe flight, and fog 
was predicted to worsen on March 21. The decision was made 
to not conduct the second day of survey, so we were unable to 
meet the objective of recording double-observer data for deer.

The total distance flown on the survey was 628 kilo-
meters (km), at an average ground speed of 84 km/hr. The 
average search effort per unit area was 2.1 minutes per square 
kilometer (min/km2), which was greater than the 1.3 min/km2 
reported for elk surveys in 2007 but comparable to the 2.3 
min/km2 recorded for deer surveys in 2007 (P.J. Gogan, unpub. 
data). The ratio of flight-path length to survey-zone area was 
lowest for zone 5 and greatest for zones 1 and 6 (table 1).

Raw Counts of Deer and Elk

We saw 101 elk and 120 deer during the first flight 
segment, 191 elk and 142 deer during the second, and 169 elk 
and 172 deer during the third (figs. 2 and 3). The number 
of deer and elk groups and individual animals seen in each 
survey zone is presented in table 2.

Observations of 11 deer groups are not included in counts 
presented in this report because their location was too close to 
another previous deer group or because the observers did not 
clearly distinguish two groups seen simultaneously; however, 

ˆ ˆ ˆ ˆ ˆ
, , , , ,

p p p p p
detect i LF i RF i PG i KS i

= − −( )∗ −( ) ∗ −( ) ∗ −( )1 1 1 1 1 (2)

The inverse of ˆ ,
p
detect i  for a given elk group is the weight 

of the contribution from that group to the overall estimate of 
population size (Steinhorst and Samuel, 1989). If a group, i, 
had a nonzero probability �̂ ,

,
p
detect i

 then 1/ ˆ
,

p
detect i

 is the weight 
of that group, plus the weight of a corresponding number of 
unseen groups like it that it represents. In this sense, 1/ ˆ

,
p
detect i

 
is the group-specific double-observer correction factor. We 
used no correction factor for the groups that we omitted 
from double-observer analysis. If N

observed i,
 is the number of 

animals counted in group i, and n is the number of observed 
groups, then the estimated number of elk in the surveyed area, 
ˆ ,N
available  is the sum of the products of observed group size 

divided by the group-specific overall detection probability 
(equation 3).

	 ˆ
ˆ

,

,

N
N

pavailable
observed i

detect i
i

n
=

=∑ 0 	 (3)

Thus, N̂
available

 is an estimate of the number of elk that were 
seen plus those that were not seen even though they were 
potentially visible. The value of N̂

available
 does not account for 

elk that were outside of the surveyed area.
Uncertainty around the detection probability estimates 

is a result of sampling variance, model selection uncertainty, 
and process variance. In these surveys, the surveyed area was 
sampled only once, so it is not possible to estimate sampling 
variance. Model selection uncertainty arises when two or more 
of the competing models that describe detection probabilities 
have comparably parsimonious fit to the data. Comparable 
parsimony is indicated by differences in AICc scores of less 
than 2.0 (Burnham and Anderson, 1998), so we used model 
averaging to incorporate model selection uncertainty in our 
parametric estimates if there was a model that had an AICc 
score of less than 2.0, compared to the top ranked model. In 
model averaging, parametric estimates from all candidate 
models were weighted, based on Akaike weight (Burnham 
and Anderson, 1998). If no other model had an AICc score 
less than 2.0, compared to the top model, then we considered 
model selection uncertainty to be minimal, and we assessed 
parameter estimates by using only the top ranked model.

Because the process being estimated by our analysis 
was the process of detecting elk groups, process variance in 
this context is variation around the expectation of detection 
probability. The 95-percent confidence intervals (C.I.) for 
elk abundance in the surveyed area, ˆ ,N

available
 are a function 

of the group-specific variance estimates for each observer’s 
group-specific detection probability, as well as any model 
uncertainty incorporated in model averaging. Our use of two 
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in four cases when two deer groups were noted at close points 
in time, the two groups were recorded separately because 
the observers’ cockpit conversation included evidence that 
the groups were separate, based on the group position in the 
landscape.

Estimated Abundance of Elk

The following is a tally of which groups were seen by 
which observers; this tally should not be used to derive detec-
tion probabilities directly because it overlooks the effects of 
covariates on detection probabilities. Sixty-eight groups were 
seen by one or more left-side observers; 40 were seen by both 
left-side observers; 14 were seen by the left-front observer 
only; and 14 were seen by the left-rear observer only. The 
left-front observer detected 7 of 15 elk groups that were only 

on the right side of the helicopter. Of those same 15 groups, 
4 were seen by both right-side observers; 9 were seen by the 
right-rear observer but missed by the pilot; 1 was seen by the 
pilot but not by the right-rear observer, and 1 was seen only by 
the left-front observer. In evaluating the acuity of individual 
observers independently of their seating position (observers 
moved around) we determined that observer KS detected 33 
out of 37 elk groups that were on the same side of the helicop-
ter and seen by one or more observers, whereas observer PG 
detected 34 out of 46 elk groups that were on the same side of 
the helicopter and seen by one or more observers.

Modeling approach 1 led to an estimate of 482.7 elk in 
the survey zone, with a 95-percent C.I. from 478.6 to 523.9 
elk. Modeling approach 2 led to an estimate of 488.6 elk in the 
survey zone, with a 95-percent confidence interval from 471.2 
to 535.3 elk.
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Figure 2.  Locations of 81 elk groups (461 elk) observed on Santa Rosa Island on March 19, 2009.
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Discussion
For those areas that were surveyed, this survey appeared 

to have search effort that was comparable to past surveys. For 
example, P.J. Gogan (unpub. data) estimated that there was 
an average of 1.3 min/km2 for the elk survey of December 12, 
2007, and 2.3 min/km2 for the deer survey of December 12 
and 13, 2007. Our average search intensity on March 19, 2009, 
was 2.1 min/km2 (table 1).

Along with the helicopter survey counts of 2008 for 
Santa Rosa Island, our raw observation results confirm that, 
for helicopter-based surveys, detection probability of both deer 
and elk is variable. We counted more deer than were counted 
in December 2008. Conversely, we counted fewer elk than 
were counted in December 2008. Apparently, neither the 2008 
nor the March 2009 survey found all the animals present; 
this result alone indicates that detection probability for both 
species is variable.

We were unable to collect double-observer observation 
data for deer because fog prevented us from surveying on 
March 20, 2009, but we did count 434 deer on the portion of 
the island that was surveyed on March 19, 2009. Vail (2008) 
assumed that the 424 deer seen in the December 2008 survey 
represented all deer on the island. One hundred and seventeen 
deer were shot after the 2008 survey, which led Vail (2008) to 
state that there were less than 315 deer remaining on the island 
at the end of 2008. Given the December 2008 count data 
and the culling data, the March 2009 count was higher than 
expected, which suggests that detection probability for deer 
was higher in March 2009 than in December 2008. Reasons 
for a variable probability are not clear but could be related to 
seasonal changes in forage availability, deer foraging behav-
ior, or seasonal variations in deer behavior related to hunting 
seasons that were close to the December survey. We think it is 
unlikely that the probability of detecting deer on Santa Rosa 
Island would be 1.0 at any time considering that it has been 

Figure 3.  Locations of 161 deer groups (434 deer) observed on Santa Rosa Island on March 19, 2009.
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found to be less than 1.0 in the majority of studies in other 
habitats, including scrub and grassland habitats.

Similarly for elk, estimated detection probability was less 
than 1.0. One indication of this detection probability comes 
from discrepancies in raw counts. We detected 461 elk, which 
were fewer than the 554 elk that were calculated to be remain-
ing on Santa Rosa Island, based on the number of elk seen on 
the 2008 flight (686) minus the number killed after that survey 
(132) (Timothy Vail, written commun., 2008). Other evidence 
indicating that not every elk group was seen comes from two 
complementary approaches to double-observer analysis that 
led to per-observer estimates of detection probability. Based on 
those analyses, approximately 5 percent of the elk groups that 
were present in the surveyed area were not detected by any 

observer. Both approaches indicated that elk groups were most 
likely to be missed if they were in shrub cover, on the right 
side of the flight line, or if group size was small. Group size 
and vegetative cover are important group-specific covariates in 
many sightability models (McCorquodale, 2001). Even though 
we used two different approaches to modeling detection prob-
abilities, both approaches led to estimates of elk abundance in 
the surveyed area, ˆ ,N

available  that were in very close agreement: 
482.7 elk (95-percent C.I. = 478.6 – 523.9 elk) or 488.6 elk 
(95-percent C.I. = 471.2 – 535.3 elk). The wider confidence 
intervals resulting from the latter approach were likely a 
result of increased variance coming from model averaging 
over several closely ranked models. Results from both models 
supported the conclusion that small groups were less likely to 

Table 1.  Flight speed and an index of survey coverage tabulated by zone.

[Within each survey zone, flight-path distance is the distance of the helicopter’s path while on survey, ignoring altitudinal distance (that is, distance is 
calculated only in the horizontal plane). The index of survey coverage is the ratio of flight-path distance in each zone to zone area. Survey flight speed 
is the average ground speed of the helicopter, calculated with the flight-path distance in each zone and the time in each zone. km2, square kilometers; 
km flown/km2, kilometers flown per square kilometer; min/km2, minutes per square kilometer; km/hr, kilometers per hour]

Survey  
zone

Area  
(km2)

Flight path  
(km)

Index of survey coverage  
(km flown/km2)

Survey time 
(minutes)

Search effort  
(min/km2)

Survey flight speed  
(km/hr)

1 28.8 116.02 4.0 71 2.5 98.1
2 53.0 188.91 3.6 139 2.6 81.6
3 24.7 64.30 2.6 48 1.9 80.7
4 31.5 73.79 2.3 49 1.6 89.7
5 30.2 42.87 1.4 30 1.0 86.5
6 15.2 58.70 3.9 37 2.4 95.2
7 15.2 44.03 2.9 52 3.4 50.7
8 16.2 40.35 2.5 23 1.4 104.3

Total 214.8 628.97 2.9 449 2.1 84.0

Table 2.  Number of observed ungulate groups by survey zone.

[“Group” is one or more individuals. Additional columns present the total number of deer or elk seen in each zone and the number of deer or elk seen 
per square kilometer (km2)] 

Zone Elk groups seen Elk seen
Elk seen  
(per km2)

Deer groups seen Deer seen
Deer seen  
(per km2)

1 3 3 0.1 18 66 2.3
2 26 100 1.9 38 92 1.7
3 17 95 3.8 17 35 1.4
4 4 72 2.3 36 96 3.0
5 2 7 0.2 17 42 1.4
6 13 81 5.3 15 48 3.2
7 15 101 6.6 11 35 2.3
8 1 2 0.1 9 20 1.2

Total 81 461 1.9 161 434 1.79
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be detected than large groups and that detection probability for 
elk groups was affected by the obscuring presence of shrubs 
and the position of an elk group relative to the flight path. 
In our case, elk on the left side of the helicopter were more 
likely to be detected. We attributed this difference to a lower 
probability that the pilot detected a given elk group, relative to 
other observers. The pilot was on the right side of the helicop-
ter during all flights.

We reiterate that even the estimated number of elk is 
likely to be biased low because an unknown number of elk 
groups could have been located outside the surveyed area or 
could have been effectively unavailable for detection because 
of obscuring fog, vegetation, or topography. The survey was 
fairly exhaustive except where fog prevented any flight along 
the coastal margins of zones 3, 4, and 5 and where flight speed 
was exceptionally high in the Carrington area of zone 1. In the 
2007 survey, zones 4 and 5 had the second and third highest 
recorded elk densities (P.J. Gogan, unpub. data), but no data 
exist that would indicate what proportion of observed elk 
groups in 2007 were found along the coastal margins that were 
not surveyed in March 2009.

Application of the double-observer method likely did 
account for some proportion of animal groups not detected 
during the survey. Because the double-observer method 
uses records of animal groups that are seen, however, this 
method cannot be used to estimate the proportion of elk that, 
through their behavior or vegetative cover, remained invis-
ible to survey. Some number of elk and deer being fitted with 
radio collars could be useful for estimating the fraction of 
animals that are not seen during helicopter surveys. The results 
presented in this report underscore the value of the double-
observer method for estimating ungulate abundance on Santa 
Rosa Island.
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Appendix 1.  Replicas of Flight Data Forms Used by Participants in Aerial Surveys, March 2009. 
Abbreviations used on forms are given in “Instructions for flight survey form.”
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Instructions for flight survey form:

Date (dd/mm/yyyy)

Observer: Circle your name and position

Comments: Write other notes in general here

Time: 24-hour time when over group

GRP No.: this is the unique group observation number; one 
should be given per group.

Observed by: mark with an “X” who saw that group. The 
four boxes are oriented the same as the passengers in the 
helicopter, with the top row being for the front seat observ-
ers, bottom row for back.

Side of Ship: This is very important: circle “C” (center) if the 
animal group was straight in front at all times, and passed 
only under skids (not available for rear seat to have seen). 
L=left. R=right.

Ind Dep I/D: I=All observers saw animal independent of 
cues from other crew. D=An observer saw animal only 
after subtle (or not-so-subtle) cues. Default is Independent, 
unless noted.

Activity: (Pick this based on the most active member of the 
group, when they were first seen): B=bedded S=standing, 
M=moving

Substrate (Pick this based on the majority of the group): 
R=rock, G=grass, H=herbaceous, Sh=shrub, T=trees.

%Veg Cover; %Veg cover (trees & tall shrubs) that obstruct 
or screen the view of animals, based on area including 
entire animal group +10 m buffer.

Veg Height: Height of vegetation immediately around the 
group. 0+ means from zero to < 1 m tall; 1+ means from 1 
to < 2 m tall; 2+ means > 2 m tall.

Photo: Circle “Y” (yes) if a photo was taken. Default is “N” 
(no).

Appendix 2.  Modeling Approach 1: Back-Seat 
Observations Pooled

Data Preparation
The first approach to data analysis was structured 

beforehand to estimate a single-pooled detection probability 
for back-seat observers. Back-seat observers generally have 
fields of view that do not overlap. This approach may be justi-
fied in cases where the number of observations is too few to 
parameterize individual estimates of detection probability for 
back-seat observers separately.

Observations from the left-front observer (LF) were 
treated as one column in the capture history file. Observations 
from the pilot sitting in the right front seat (RF) formed the 
second column in the capture history. Observations from the 
back-seat observers (Back) were pooled to form the third col-
umn in the capture history. If either Back observer observed an 
elk group before being cued in by a front-seat observer, then 
the Back data column was coded as a “1,” and if neither Back 
observer saw an elk group, then it was coded for the Back as a 
“0.” The motivation for pooling Back detections into a single 
column in the capture history is that the Back observers were 
each looking out of only one side of the helicopter, so collec-
tively they formed a single observer viewing both sides of the 
helicopter.

We created a dummy variable called “Right,” which had 
a value of one if the position of an elk group relative to the 
flight path was such that the entire elk group was only on the 
right side of the flight path. If one or more elk in a group was 
located on the left side of the flight path, then the value of 
“Right” was zero. If an elk group was located only directly 
under the center of the flight path, then we considered that it 
was not possible for the Back to see that group, so we did not 
include such groups in the double-observer analysis.

Model Selection
We structured 31 models to fit to the observed elk group 

data. All models included three separate intercept parameters: 
one for LF, one for RF, and one for Back. The sighting prob-
ability of the front-seat observers could have been strongly 
influenced by the position of the elk group, relative to the 
flight line. As such, models that included a parameter to desig-
nate if the elk group was only on the right side of the helicop-
ter led to estimates for the probabilities shown in table A2–1.

We did not know beforehand whether the pilot was influ-
enced by effects of covariates in the same way as the observers 
whose mission was strictly to search for ungulates; therefore, 
the covariates (table A2–2) considered in competing model 
structures were modeled as either influencing all observers or 
only the LF and Back.

Detection Probability and Abundance Estimation
We ran the top-ranked model with covariate values cor-

responding to those of each observed elk group in program 
MARK to yield group-specific estimates of the expected 
probability that the left-front observer detects a given group, 
i, ˆ ,

,
p
LF i

 the expected probability for the right front (pilot) 
observer detects a given group is ˆ ,

,
p
RF i

 and the pooled 
expected probability for the back seat observers detecting a 
group is ˆ ,

,
p
Back i

 along with standard error estimates for each of 
these parameters. The circumflex (hat) sign over any probabil-
ity indicates that it is an estimate that has associated estimates 
of uncertainty. The variance for the overall probability of 



Table A2–1.  Table of probabilities estimated in the modeling approach with back-seat observations pooled.

[These probabilities can also be affected by many individual covariates, but the position of the elk group (left or right) relative 
to the flight path of the helicopter is centrally important. Elk groups that passed only under the center of the helicopter are not 
included in this modeling approach. In this table, p(LF | Left) means the probability that the left front observer detected an elk 
group, given that the elk group was on the left side of the helicopter’s flight path; p(Back) means the probability that one or more 
of the back seat observers detected the elk group] 

Elk Position Left Front Right Front Back

Left Side  p(LF | Left) p(RF | Left) p(Back)
Right Side p(LF | Right) p(RF | Right) p(Back)
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group i having been detected, Var pdetect,iˆ ,( )  was calculated 
based on the delta method, with an assumption of no covari-
ance (equation 4).

	

Var p p Var p Var p

p Va
detect,i LF i RF i Back i

RF i

ˆ ˆ ˆ ˆ

ˆ
, , ,

,

( ) = ∗ ( ) ∗ ( )
+ ∗ rr p Var p

p Var p Var p
LF i Back i

Back i RF i LF i

ˆ ˆ

ˆ ˆ ˆ
, ,

, , ,

( ) ∗ ( )
+ ∗ ( ) ∗ ( )

	 (4)

The standard error of p̂
detect,i

 is given by the square 
root of Var p

detect,i
ˆ .( )  The 95-percent confidence interval 

for the group-specific estimate of p̂detect,i  was estimated as 
p̂
detect,i

 ±1.96 standard error (S.E.) ˆ .p
detect,i( )  In this calcula-

tion, we limited p̂
detect,i

 at a maximum value of one. The 
95-percent confidence intervals for the group-specific cor-
rection factors were the inverse of the upper and lower 
p̂
detect,i

 estimates for the 95-percent confidence interval. The 
95-percent confidence interval of upper and lower limits of 
group i’s contribution to the overall estimate of elk abun-
dance, ˆ ,N

available
 was given by the upper and lower limits of 

the group-specific correction factor multiplied by the observed 
group size of group i.

Estimated Abundance of Elk

Out of the 81 total elk groups observed, 77 provided data 
that were useful for analysis of double-observer detection 
probabilities. We did not attempt to estimate double-observer 
correction factors for two of the 81 elk-group observations that 
were at the center of the flight line, directly underneath the 
helicopter; these were not visible from the back seat. We also 
did not attempt to estimate double-observer correction factors 

for two more elk groups for which the pilot alerted the Back 
to their existence; again, an alert from the pilot prevented the 
Back from having an opportunity to see or not see the elk 
groups independently. Because Back observers are pooled, 
all the 77 remaining elk groups could potentially have been 
observed by all the observers.

Of the 31 candidate models compared against the 
observed data, the model with the most parsimonious fit was 
one that included additive effects for the covariates Right_LF, 
Right_RF, GroupSize_a, and Shrub_a. We refer to this as 
the highest ranked model. The strong relative support for the 
highest ranked model is indicated by the Akaike’s Information 
Criterion adjusted for small sample size (AICc) (Burnham and 
Anderson, 1998) which was 3.8 lower than any other candi-
date model, and the associated AICc weight, which was 0.818. 
Because this model had high model weight, we did not use 
model averaging in any parameter estimates.

The structure of the highest ranked model, and the 
associated parameter estimates (table A2–3), mean that these 
data had highest support for a model in which the left-front 
observer had a lower probability of seeing an elk group if it 
was on the right side of the helicopter, whereas the pilot had a 
higher probability of seeing such an elk group; the detection 
probability for the LF and the Back increased as a function of 
group size but were lower if an elk group was in shrubs.

The logit link functions for detection probability for 
group i include separate intercept parameters for the LF (β1), 
RF (β2), and Back (β3). Parameters β4 and β5 represent the 
influence of the elk group’s position on the LF and RF observ-
ers. LF and Back detection probabilities are increased by the 
product of β6 and Group Size for group i, while LF and Back 
detection probabilities are lowered if the group was in shrub 
cover. Equations 5, 6, and 7 express the detection probabilities 
for LF, RF, and Back.



Table A2–2.  List of covariates that were potentially included in the modeling approach 
with back-seat observations pooled.

[Detection probabilities p(LF), p(RF), p(Back) are detection probabilities for left front, right front, and 
back observers, respectively. Veg, vegetation]

Number Covariate Covariate Explanation

1 (.) No covariates influence p
2 (Right_LF) p(LF) is uniquely influenced by Right 
3 (Right_RF) p(RF) is uniquely influenced by Right
4 (Group Size_a) Group size influences p(LF) and p(Back)
5 (Group Size_b) Group size influences p for all observers 
6 (Veg Cover_a) Veg cover influences p(LF) and p(Back)
7 (Veg Cover_b) Veg cover influences p for all observers
8 (Veg Height_a) Veg height influences p(LF) and p(Back)
9 (Veg Height_b) Veg height influences p for all observers

10 (Shrub_a) Presence of Shrubs influences p(LF) and p(Back)
11 (Shrub_b) Presence of Shrubs influences p for all observers
12 (Activity_a) Activity (elk not bedded) influences p(LF) and p(Back)
13 (Activity_b) Activity (elk not bedded) influences p for all observers

Table A2–3.  Estimates of the beta (β) parameters for the logit link function in the 
highest ranked model for back-seat observations pooled.

[LF, left front observer; RF, right front observer; Back, pair of back seat observers; SE, standard error]

Parameter Explanation Estimate SE

β1 Intercept for LF  1.0832452  0.5494192
β2 Intercept for RF  -2.7824922  0.5197251
β3 Intercept for Back  1.8212479  0.5796759
β4 Effect of Right on LF  -1.7105707  0.7349437
β5 Effect of Right on RF  1.8635444  0.7585357
β6 Effect of Group Size on LF and Back  12.733441  6.5390132
β7 Effect of Shrub on LF and Back  -2.0511147  0.5476655
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For the 77 elk groups for which we estimated ˆ ,p
detect

 the 
median expected value for p̂

detect
 was 0.977 (range = 0.668, 

1.0). Application of group-specific double-observer correction 
factors (table A2–4) to the 77 groups that were included in the 
modeling analysis yielded an expected estimate of 474.7 elk. 
To that we added eight elk from the four groups that were 
withheld from the double-observer analysis, yielding a total 
estimate for N̂

available
 (482.7 elk). The expected estimate is 

21.7 elk greater than the observed number of 461 animals. The 
95-percent confidence interval around N̂

available
 is from 478.6 

to 523.9 elk. Based on this analysis, we estimate that we saw 
95.5 percent of the elk in the surveyed area.



Table A2–4.  Expected group-specific overall probabilities of detecting an elk group, ˆ ,
,

p
detect i  and contributions to total estimates of elk 

abundance, ˆ ,N
available  for each observed elk group, based on the top ranked model of the modeling approach with back-seat observers 

pooled. —Continued

[Covariate values for Shrub, Right, and Group Size are listed, as these influence the estimates of probability detection under the highest ranked model. The 
estimates for ˆ ,

p
detect i  minus or plus one standard error represent uncertainty in the estimate of ˆ .

,
p
detect i  The sum of each group’s contribution to N̂

available
 is 

482.7, with 95-percent confidence interval from 478.6 to 523.9 elk]

Group number,  
i

Shrub Right Group size p̂detect,i
p̂detect,i  

+1.96*SE

p̂detect,i  
-1.96*1SE

Contribution to 
N̂available

 1 0 0  1 (1) (1) (1)  1.00
 2 0 0  1 .977 .997 .957  1.02
 3 0 1  1 .950 .995 .906  1.05
 4 0 1  5 .985 1.000 .917  5.08
 5 0 0  4 .992 1.000 .969  4.03
 6 0 0  5 .995 1.000 .970  5.03
 7 0 0  1 .977 .997 .957  1.02
 8 0 0 13 1.000 1.000 .972 13.00
 9 0 0  4 .992 1.000 .969  4.03
10 1 0  3 .781 .789 .773  3.84
11 0 0 14 1.000 1.000 .972 14.00
12 0 0  5 .995 1.000 .970  5.03
13 1 0  2 .730 .736 .723  2.74
14 0 0  1 .977 .997 .957  1.02
15 1 1  1 .668 .675 .662  1.50
16 1 0  5 .863 .874 .852  5.79
17 0 0  1 .977 .997 .957  1.02
18 0 0  2 .984 1.000 .962  2.03
19 0 0  1 .977 .997 .957  1.02
20 0 0  4 .992 1.000 .969  4.03
21 1 0  4 .826 .836 .817  4.84
22 0 0  3 .989 1.000 .966  3.03
23 0 1  1 (2) (2) (2)  1.00
24 0 0  3 .989 1.000 .966  3.03
25 1 0  9 .959 .977 .940  9.39
26 1 0  1 .678 .683 .673  1.48
27 1 0  4 .826 .836 .817  4.84
28 1 0  2 .730 .736 .723  2.74
29 0 1 16 1.000 1.000 .893 16.00
30 1 0  4 .826 .836 .817  4.84
31 1 0  3 (1) (1) (1)  3.00
32 0 0  1 .977 .997 .957  1.02
33 1 1  1 .668 .675 .662  1.50
34 1 0  3 .781 .789 .773  3.84
35 1 0  4 .826 .836 .817  4.84
36 1 0  6 .896 .909 .883  6.70
37 1 0  2 .730 .736 .723  2.74
38 1 0  2 .730 .736 .723  2.74
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Table A2–4.  Expected group-specific overall probabilities of detecting an elk group, ˆ ,
,

p
detect i  and contributions to total estimates of elk 

abundance, ˆ ,N
available  for each observed elk group, based on the top ranked model of the modeling approach with back-seat observers 

pooled. —Continued

[Covariate values for Shrub, Right, and Group Size are listed, as these influence the estimates of probability detection under the highest ranked model. The 
estimates for ˆ ,

p
detect i  minus or plus one standard error represent uncertainty in the estimate of ˆ .

,
p
detect i  The sum of each group’s contribution to N̂

available
 is 

482.7, with 95-percent confidence interval from 478.6 to 523.9 elk]

Group number,  
i

Shrub Right Group size p̂detect,i
p̂detect,i  

+1.96*SE

p̂detect,i  
-1.96*1SE

Contribution to 
N̂available

39 1 0  5 0.863 0.874 0.852  5.79
40 0 0  3 .989 1.000 .966  3.03
41 0 0 31 1.000 1.000 .971 31.00
42 0 0  3 .989 1.000 .966  3.03
43 0 1  4 .965 1.000 .914  4.14
44 0 0  2 .984 1.000 .962  2.03
45 0 0  3 .989 1.000 .966  3.03
46 0 1  3 .972 1.000 .916  3.09
47 1 0  7 .923 .937 .908  7.59
48 0 0 48 1.000 1.000 .971 48.00
49 0 0  1 .977 .997 .957  1.02
50 0 1  3 .972 1.000 .916  3.09
51 1 0  2 .730 .736 .723  2.74
52 0 0  4 .992 1.000 .969  4.03
53 0 0  3 (2) (2) (2)  3.00
54 1 0 18 .999 1.000 .972 18.02
55 1 1  2 .707 .715 .699  2.83
56 0 0  2 .984 1.000 .962  2.03
57 0 0  1 .977 .997 .957  1.02
58 0 1  2 .962 1.000 .913  2.08
59 1 0  2 .730 .736 .723  2.74
60 0 0  2 .984 1.000 .962  2.03
61 0 0  2 .984 1.000 .962  2.03
62 1 1  1 .668 .675 .662  1.50
63 0 0  6 .996 1.000 .971  6.02
64 0 0 25 1.000 1.000 .972 25.00
65 1 0  3 .781 .789 .773  3.84
66 1 0  1 .678 .683 .673  1.48
67 0 1  3 .972 1.000 .916  3.09
68 0 0  5 .995 1.000 .970  5.03
69 0 0  5 .995 1.000 .970  5.03
70 0 0  4 .992 1.000 .969  4.03
71 0 0  2 .984 1.000 .962  2.03
72 1 0  4 .826 .836 .817  4.84
73 0 0 21 1.000 1.000 .972 21.00
74 1 0  4 .826 .836 .817  4.84
75 0 0  4 .992 1.000 .969  4.03
76 0 0  3 .989 1.000 .966  3.03
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Table A2–4.  Expected group-specific overall probabilities of detecting an elk group, ˆ ,
,

p
detect i  and contributions to total estimates of elk 

abundance, ˆ ,N
available  for each observed elk group, based on the top ranked model of the modeling approach with back-seat observers 

pooled. —Continued

[Covariate values for Shrub, Right, and Group Size are listed, as these influence the estimates of probability detection under the highest ranked model. The 
estimates for ˆ ,

p
detect i  minus or plus one standard error represent uncertainty in the estimate of ˆ .

,
p
detect i  The sum of each group’s contribution to N̂

available
 is 

482.7, with 95-percent confidence interval from 478.6 to 523.9 elk]

Group number,  
i

Shrub Right Group size p̂detect,i
p̂detect,i  

+1.96*SE

p̂detect,i  
-1.96*1SE

Contribution to 
N̂available

77 1 0  2 0.730 0.736 0.723  2.74
78 0 1 10 .998 1.000 .905 10.02
79 0 0  9 .999 1.000 .972  9.01
80 0 1 51 1.000 1.000 .886 51.00
81 1 1  2 .707 .715 .699  2.83

Total 482.69

1No estimates for p̂detect  were attempted for groups 1 and 31, because these observations were omitted from the double-observer analysis; in these cases the 
elk group was immediately under the center of the flight path.

2No estimates for p̂detect  were attempted for groups 23 and 53, because these observations were omitted from the double-observer analysis; in these cases, the 
pilot (RF) alerted all observers about the elk group before Back had any opportunity to see the group.
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Appendix 3.  Modeling Approach 2: Separate 
Detection Probabilities for Each Observer

Data Preparation
The second approach to data analysis was structured 

beforehand to allow for separate detection probabilities for 
each observer. Variation in observer acuity has been shown 
to be potentially important in aerial surveys (Pollock and oth-
ers, 2006), and the double-observer method can be useful for 
estimating individual observer acuity (Schoenecker and others, 
2006; Lubow and Ransom, 2007).

Back seat observers Paul Griffin (PG) and Kate Searle 
(KS) traded positions between flight segment 1 and flight 
segment 2, so it was possible to separate effects of seat from 
effects of individual observer. The elk observation data were 
prepared for input in program MARK such that each observ-
er’s detections were a column in the capture history. Out of 
81 observed elk groups, we omitted from the analysis two 
groups that the pilot called out before other observers had a 
chance to detect the group, but we retained in the analysis two 
groups that were directly under the center of the flight path. 
Akaike’s Information Criterion adjusted for small sample size 
(AICc) (Burnham and Anderson, 1998) scores can not be used 
to compare the parsimony of this modeling approach to that 
described in appendix 2 because the inputs of the capture his-
tory are slightly different.

There were two seating arrangements because observer 
PG was on the right rear seat for the first flight but on the left 
rear seat for the second and third flights. Elk group observa-
tions were entered in eight “input groups,” with four “input 

groups” per seating arrangement. Each observed elk group 
was associated with one of the eight “input groups” depend-
ing on the elk group position, relative to the line of flight: left, 
right, center, or both left and right.

Model Selection

We structured a design matrix for program MARK to 
represent the potential for each observer’s detection prob-
ability to vary depending on whether the elk group was on the 
same side, opposite side, or directly under the center of the 
helicopter. This basic design matrix led to the estimation of 
eight intercept parameters in logit link functions for detection 
probabilities by the left front observer, right front observer, 
observer Paul Griffin, and observer Kate Searle. These prob-
abilities are denoted ˆ ,p

LF
 ˆ ,p
RF

 ˆ ,p
PG

 and ˆ ,p
KS

 respectively. If 
an elk group was positioned along the center or left side of the 
flight path, then for the purposes of estimating detection prob-
ability, the group was considered to be on the same side as the 
left-front observer. An elk group on the right side of the flight 
path was considered to be on the opposite side as the left-front 
observer. Elk on the right were considered to be on the same 
side as the pilot, but elk on the center or left were considered 
to be on the pilot’s opposite side. Unique intercept parameters 
were estimated for the rear-seat observers for occasions when 
an elk was on the same side, but only one parameter was 
estimated for rear-seat observers detecting elk on the oppo-
site side, and one other parameter was estimated for rear-seat 
observers detecting elk directly underneath the center of the 
flight path.
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The candidate suite of models also potentially included 
the individual covariates recorded in flight, the effects of 
which were additive across all intercepts in the logit link func-
tion. Up to two covariates were included in candidate model 
structures. In these models, each observer’s probability to 
detect a given elk group was modeled as a logit link func-
tion, with the position of the elk group leading to the selection 
of the observer’s intercept, and with additive effects of any 
covariates included in the model.

Detection Probability and Abundance Estimation
Eight model structures had differences in AICc values 

(ΔAICc) within about 2 (table A3–1), so we model averaged 
to obtain estimates of the number of elk groups in each of the 
eight “input groups,” along with associated estimates of vari-
ance. The highest ranked model was one in which all observ-
ers’ detection probabilities were decreased by the presence of 
shrubs and increased if the elk group was standing. Although 
group size did not directly enter into seven out of eight of the 
top models, group size apparently correlated with other covari-
ates; evidence for such a correlation is that the group size for 
observed elk groups (5.69 elk) was higher than the estimated 
group size for missed elk groups (3.34 elk).

Because no single model was most highly ranked with 
a difference of more than two AICc, we model averaged the 
estimate of the total number of elk groups by using the model 
averaging function in program MARK. This function sums 
the estimated total number of elk groups in the output from 
each model, weighted by the Akaike weight of the model. We 
estimated the group size of missed groups as the average value 
of the product of the group-specific double-observer correction 

factor minus one, multiplied by the observed group size for 
each group; this is effectively the same as the estimated num-
ber of elk missed divided by the estimated number of groups 
missed. Variance for this estimate was the sum of the squared 
differences from the mean estimate of missed group size. The 
estimated number of elk missed, f(0), was the product of the 
number of missed groups multiplied by the number of elk 
per missed group. Variance for f(0) was estimated by using 
the delta method with an assumption of no covariance. We 
assumed a lognormal distribution around the mean expectation 
to generate 95-percent confidence intervals for f(0) (Williams 
and others, 2001). Estimated abundance, ˆ ,N

available
 was the 

sum of f(0) and the observed number of elk, M(t+1).

Estimated Abundance of Elk

Based on this approach, the model-averaged estimated 
number of elk groups was 87.25 (standard error [S.E.]= 4.34). 
Adding the two groups that were omitted from the analysis led 
to a total estimate of 89.25 estimated elk groups. Given that 
81 elk groups were actually observed, the estimated number 
of missed elk groups was 8.25 (S.E. = 4.34). The estimated 
average group size of elk groups that were missed was 3.34 
(S.E. = 0.411). The estimated number of elk missed, f(0), was 
27.6 (S.E. = 14.9). Assuming lognormal errors, the 95-percent 
confidence interval for the number of missed elk was from 
10.2 to 74.3. After adding the 461 elk observed, the estimated 
number of elk in the surveyed area was 488.6 elk, with a 
95-percent confidence interval from 471.2 to 535.3 elk. Based 
on this analysis, 90.1 percent of the elk groups and 94.4 per-
cent of the elk in the surveyed area were seen.



Table A3–1.  Model rankings for the analysis that estimated individual observer detection probability.

[With the exception of model (.), which had only one intercept parameter, all models were structured with eight intercept parameters to reflect each observer’s 
acuity in detecting elk that were on the same side of the helicopter and on the opposite side. Model names refer to the covariates that were included as addi-
tive effects in the model, where each “plus” sign indicates an additive effect of the covariate. ΔAICc, relative Akaike’s Information Criterion value; wi, Akaike 
weight]

Model name
Number of  
parameters

Deviance ΔAICc wi

+Shrubs +Standing 10 211.53 0.00 0.188

+Shrubs  9 213.82 .155 .175

+Shrubs +Not Bedded 10 211.78 .252 .166

+Vegetation Cover  9 214.36 .690 .134

+Shrubs +Vegetation Cover 10 212.71 1.182 .105

+Shrubs +Group Size 10 212.81 1.274 .099

+Shrubs +Height 10 213.61 2.075 .067

+Shrubs +Moving 10 213.72 2.191 .063

+Not Bedded  9 224.67 11.001 7.7 x 10-4

+Height  9 225.87 12.2014 4.2 x 10-4

+Standing  9 225.96 12.2898 4.0 x 10-4

+N  9 227.21 13.5424 2.2 x 10-4

No covariates  8 230.28 14.4979 1.3 x 10-4

+Moving  9 230.23 16.5623 5.0 x 10-5

(.)  1 412.88 182.6379 0
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