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A B S T R A C T
l

Marine aerial surveys are designed to maximize the potential for detecting target
species. Collecting data on different taxa from the same platform is economically
advantageous but normally comes at the cost of compromising optimal taxon-specific
scanning patterns and survey parameters, in particular altitude. Here, we describe
simultaneous visual and photographic sampling methods as a proof of concept for
detecting large whales and turtles from a single aircraft, despite very different sight-
ing cues. Data were collected for fishing gear, fish, sharks, turtles, seals, dolphins,
and whales using two observers and automated vertical photography. The photo-
graphic method documented an area directly beneath the aircraft that would other-
wise have been obscured from observers. Preliminary density estimates were
calculated for five species for which there were sufficient sample sizes from both
methods after an initial year of data collection. The photographic method yielded
significantly higher mean density estimates for loggerhead turtles, ocean sunfish,
and blue sharks (p < 0.01), despite sampling a substantially smaller area than visual
scanning (less than 11%). Density estimates from these two methods were not sig-
nificantly different for leatherback turtles or basking sharks (p > 0.05), two of the
largest species included in the analysis, which are relatively easy to detect by both
methods. Although postflight manual processing of photographic data was exten-
sive, this sampling method comes at no additional in-flight effort and obtains high-
quality digital documentation of sightings on the trackline. Future directions for this
project include automating photographic sighting detections, expanding the area
covered by photography, and performingmorphometric measurement assessments.
Keywords: aerial survey, whale, turtle, vertical photography, density estimate
environmental-impact assessment sur-
veys. Over the last 30 years, assessment
Introduction
Globalmarine habitats are governed
by multiple policies and management
frameworks that rely on accurate wild-
life population estimates. Various stages
of industrial ocean development can
have population-level impacts, and
regulatory agencies frequently require

and monitoring efforts have steadily
improved wildlife density estimates
with the use of new technology, better
survey methods, and stringent analyt-
ical techniques.

Aerial surveys are often used to as-
sess protected species of sea turtles, dol-
phins, and whales. However, sightings
can be missed by observers. An animal
may not be available for detection if it
is not at the surface within an observer’s
visible range (Barlow, 1999). Even avail-
able animals can go undetected by in-
experienced, fatigued, or distracted
observers (Laake et al., 1997) or when
sighting cues are less conspicuous
(Hain et al., 1999). Major factors con-
tributing to these detection biases are
dive times (affecting availability bias)
and distance from trackline (affecting
perception bias) (Hain et al., 1999;
Kenney & Shoop, 2012; Marsh &
Sinclair, 1989b). Factors can have det-
rimental and positive effects on sight-
ability at the same time. For example,
increased distance from the trackline
reduces the chances of being detected
by an observer, yet sightings that are
farther away remain available for longer
as they pass through the observer’s view
field (Hain et al., 1999). Other factors
such as sea state, sun glare, visibility,
and water turbidity impact observer
detections. When possible, a survey
design should minimize those factors
that interfere with detections, as well
as consider these variables in analysis.

In general, the probability of de-
tecting available animals is improved



with lower altitudes when animals are
more visible, yet higher altitudes ex-
pand visual coverage hence increasing
sighting availability. However, this is
limited by conspicuousness of sighting
cues. Surveys for larger species that can
be seen at greater distances benefit
from higher altitudes where wider
scanning patterns cover a greater area
for the same transect length. When
experimenting with the effect of dou-
bling altitude and accompanying tran-
sect width,Marsh and Sinclair (1989a)
found that in-flight observer detec-
tions of dugongs were not affected
but that a significantly higher density
of turtles was observed at the lower
height with a narrower strip width.
Sighting cues for large whales could
be a splash, blow, or body at the surface
that can be seen at a distance, whereas
a sea turtle cue tends to be the sub-
merged body, only detected close to
the trackline. Hence, a survey design
to capture sightings of both taxa pre-
sents several challenges.

The extent of bias against sightabil-
ity is a major consideration in survey
design features, such as aircraft type
and configuration, flight speed, and
altitude. Observers stationed at side
windows have a swath of ocean directly
under the aircraft that is obscured from
view. To compensate, some aircraft
have bubble windows to allow observ-
ers a wider-angle field of view (Palka,
2005). Belly ports are also used where
an additional observer dedicated to
downward viewing can cover the
trackline directly beneath the plane
(Forney, 1995; Laake et al., 1997).
The Beechcraft AT-11, used for the
Cetacean and Turtle Assessment Pro-
gram (CETAP) surveys, carried two
observers in an acrylic bubble in the
nose, providing unobstructed views of
the trackline ahead, straight down,
and to both sides (Kenney & Scott,
1981). Such aircraft, however, are
scarce and tend to be relatively old
and expensive to operate and maintain.
For surveys that accommodate more
than one observer on each side, large
airframes are needed, which also drive
operation costs up.

Marine surveys use photographic
documentation as a method of species
identification and to track and assess
individuals. When precise survey and
camera parameters are known, accu-
rate measurements can be made for
population density estimates, morpho-
metric indices, and observer valida-
tion. Surveys typically conduct initial
broad-scale visual aerial monitoring
followed by dedicated photogrammet-
ric image-collection flyovers (Fortune
et al., 2012; Perryman & Lynn, 2002;
Shelden & Mocklin, 2012), rather
than the continuous collection of pho-
tographic data (Asselin et al., 2012).
We describe automated vertical pho-
tography as a sampling method, with
potential value added from these other
uses of photogrammetry.

In response to an interest in
wind energy development off south-
ern Massachusetts, the Massachusetts
Clean Energy Center (MassCEC) con-
tracted the New England Aquarium to
collect year-round migratory and hab-
itat usage data on large whales and sea
turtles. A survey was designed to assess
both focal taxa from a single aerial plat-
form, despite dramatic differences in size
and sighting cues. Aerial observers fol-
lowing standard line-transect methods
primarily collected data on large whales,
while automated, high-resolution digi-
tal vertical photography with forward
motion compensation (FMC) technol-
ogy was used to collect data on turtles.
By adopting this approach, the “blind
spot” directly under the survey aircraft
was covered by the automated photog-
raphy method. Also, sightings of the
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smaller species, typically only detected
close to the trackline (e.g., fish, sharks,
and turtles), were recorded without af-
fecting large-whale observations by
changing altitude or scanning patterns.
Line-transect aerial survey methods
allow for precise population estimates
to be made with continued, multiyear
data collection. Here, we discuss auto-
mated vertical photography as a supple-
mental method for multitaxon aerial
surveys that can be used in the absence
of additional dedicated downward-
viewing observers. This technological
solution improves density estimates
and comes at little extra in-flight oper-
ational cost or effort.
Materials and Methods
Data Collection

Standard aerial line-transect data
collection procedures were followed
(Kenney, 2011), including the use
of two visual observers—one on each
side of the aircraft—continuously scan-
ning forward and aft of perpendic-
ular with the naked eye (Brown et al.,
2007). Binoculars (Nikon, 8 × 42,
6.3°) were used to confirm sighting
cues. At large-whale sightings, the sur-
vey team broke off from the trackline
and circled above a species of interest
while observers collected oblique pho-
tographs out of open windows for
photo-identification.

The survey aircraft used was a
Cessna Skymaster 337, military O-2A
version. Skymasters have high wings
and twin engines that are centerline
configured. Surveys were flown at an
altitude of 1,000 feet (305 m), and all
attempts were made to maintain a
groundspeed of 185 km/h (100 knots).
The O-2A model had an existing cam-
era port that needed minimal structural
modification for the use of vertical pho-
tography equipment. An optical glass
ary 2014 Volume 48 Number 1 37



plate was modified for installation in
the preexisting camera port opening
of the ventral fuselage. An FMC cam-
era mount designed by Aerial Imaging
Solutions was engineered in order for
the housing and mechanisms to fit
over the opening between the forward
starboard seat rails and secured to the
floor paneling. The FMC mount was
powered using the aircraft’s 28-V DC
electrical system.

Automated vertical photography in
the marine environment is challenged
by the low contrast between target ob-
jects and the surrounding environment,
particularly when the subject is sub-
surface. In low-contrast situations,
especially if the subject is moving,
automatic-focus lenses do not function
well, so we used a prefocused fixed
manual setting. A full-frame, high-
performance SLR camera (Canon EOS
5D Mark II) was equipped with a
manual-focus Zeiss 85-mm f/1.4 lens.
In order to prevent the focus from
drifting over time, the focus was set
on a point at approximately 305 m
(1,000 feet) distance, and the focus-
ing ring was taped in place.

Canon EOS Utility software on a
semirugged Panasonic Toughbook
laptop was used to remotely change
the camera settings and provide live
view for image quality control. Camera
firing intervals and FMC were con-
trolled by d-tracker, an aerial-camera
control and data acquisition program
that also ran on the laptop. Vertical
images were either downloaded di-
rectly to the computer’s hard drive or
to the camera’s memory card and
backed up to the computer’s hard
drive simultaneously in flight. In the
weeks following a survey, flight obser-
vers analyzed images that were taken
on-track for detection of marine mam-
mals, sea turtles, elasmobranchs, fish,
and fishing gear. During training and
38 Marine Technology Society Journa
validation periods, 5-s intervals between exposures were used, and the entire col-
lection was processed by both analysts as a double-observer method to prevent
perception bias. This was abandoned once observers were proved “experienced”
based on consistently similar detection rates. Following validation, the camera in-
terval was reduced to obtain 100% coverage along the trackline, i.e., back-to-back
frames resulting in an image every 1–2 s. Analysis of this larger data set was divided
between two observers with one randomly selected trackline duplicated for con-
tinued validation.

Ground coverage with the full-frame sensor (36 mm × 24 mm) using a fixed
85-mm lens at 1,000-feet (305m) altitudewas 129m×86m (423.5 feet × 282 feet).

Ground coverage ¼ sensor size=focal lengthð Þ× altitude
Ground coverage side−to−sideð Þ ¼ 36 mm=85 mmð Þ × 305 m ¼ 129 m
Ground coverage forward−aftð Þ ¼ 24 mm=85 mmð Þ × 305 m ¼ 86 m

ð1Þ

Ground resolution is the area of ground covered by the sensor’s individual pixels.
If all other factors were ideal, any object larger than the ground resolution should be
discernible in the image. Optimal ground-resolved distance with the same equip-
ment and altitude was 2.3 cm (0.9 inches).

Ground resolution ¼ pixel size × altitudeð Þ=focal length
Ground resolution ¼ 6:4 μm× 305 mð Þ=85 mm ¼ 23 mm

ð2Þ

In our surveys, the vertical field-of-view for rear-seat observers from the eyeline
marked on the inside window frame was 77° below the horizontal, omitting from
view an area of the trackline 142-m (465-feet) wide. Therefore, automated vertical
photography shooting 129-m-wide images compensated for 91% of the obscured
area when shooting back-to-back frames.

D-tracker recorded time, latitude, longitude, GPS ground speed, GPS quality,
GPS number of satellites, GPS altitude, GPS heading, magnetic heading, lens
focal length, ground covered sideways, ground covered forward, picture interval,
and picture count to a comma delimited (CSV) text file each time a vertical pho-
tograph was taken automatically or when triggered by an observer. The GPS out-
put included a proprietary sentence, in standard National Marine Electronics
Association format, that provided estimated horizontal and vertical position
error in meters to record accuracy of the data. Each day the program was run, a
new file was created, and records were added to that file throughout the day. In
flight, the port and starboard observers were able to prompt data records inde-
pendently using remote keypads mounted beside their viewing windows, so
as not to distract from visual scanning or influence each other’s sighting records.
Similarly, the sighting details were spoken into a digital voice recorder and tran-
scribed after flight, again, so that real-time data entry did not jeopardize detection.
The primary data recorder had the ability to start or stop the automated camera
intervals and to instantly trigger the vertical camera during a flyover using the
remote keypad.

An editing program, e-tracker, was used by observers to transcribe sightings
into a raw data table after flight. After transcription, KML files were populated
l



to instantly view locations of sightings
in Google Earth, and a GPX file was
produced for georeferencing images
using GPicSync software. Further edit-
ing, proofing, and quality assurance
checks were performed to conform to
line-transect standards for inclusion
in the North Atlantic Right Whale
Consortium (NARWC) Sightings
Database (Kenney, 2011).

The same parameters used for
in-flight sightings (e.g., reliability of
species identification, number, and
behaviors) were recorded for vertical
image sightings and verified by a sec-
ond observer. Sightings were inserted
at the corresponding data record in
the CSV file based on time stamp. A
unique value distinguished sightings
detected visually by observers in flight
and those detected in the vertical image
database.

Statistical Analysis
The density (d, number of indi-

viduals per unit area) of animals in a
population within a specified region
is estimated from the number of ani-
mals counted (n) within a sample of
the region having a known area (a)
(Eberhardt et al., 1979; Seber, 1982).

d ¼ n=a ð3Þ

Both photographic and visual sam-
pling methods were used to develop
density estimates. For photographic
density estimates, the area sampled
for a given transect is simply the num-
ber of images times the area of a single
image. For our camera system, the area
covered by an image taken from the de-
fined survey altitude was 11,094 m2

[119,414 sq. feet; see equation (1)].
The area covered by any given image
would be larger for altitudes above
305 m (1,000 feet) and smaller for
altitudes below, with the difference
proportional to the square of altitude
divided by 305, i.e., a doubling of sur-
vey altitude to 610 m (2,000 feet)
would result in an image covering
four times the area. The area of each
photo was therefore scaled from the
nominal value by the actual altitude
recorded at the time it was taken.

A photo-quality code (0 = very poor,
1 = poor, 2 = good, 3 = excellent) was
assigned to each vertical image, incor-
porating factors that influenced sight-
ability, including glare, sea state, and
image brightness. For each transect
surveyed, the number of individuals
counted in good or excellent images
was summed [n in equation (3)]. Sim-
ilarly, the area sampled per transect
[a in equation (3)] was the sum of
the individual areas of all the good
and excellent images. The density for
each species was then calculated by
dividing n by a, then multiplying
by 108 to convert from animals/m2

to animals/100 km2.
Visual surveys are used to estimate

density using line-transect (also known
as distance) methods (Buckland et al.,
1993, 2001; Burnham et al., 1985;
Garner et al., 1999; Gates, 1979; Laake
et al., 1993; Seber, 1982; Thomas et al.,
2010). As a survey aircraft proceeds
along a trackline, observers measure
right-angle distances (x) to each sight-
ing (we used graduations on the wing
strut as a guide). A detection proba-
bility function, g(x) (the probability of
detection at a given distance from the
transect), is derived by evaluating the
goodness-of-fit between the distribu-
tion of observed perpendicular dis-
tances and a variety of alternative
statistical models, assuming that the de-
tection probability on the trackline is
100% (or g(0) = 1). This g(x) function
in turn is rescaled into a probability
density function f(x) that integrates to
one over the entire range of x, which
January/Febru
is then solved for f(0), or the perpendic-
ular distance probability density func-
tion evaluated at zero distance. The
reciprocal of f(0) is the effective strip
width (ESW) on each side of the tran-
sect. The area sampled for a transect of
known length (L) can be expressed in
two ways.

a ¼ 2 × L × ESW ð4Þ

or

a ¼ 2 × Lð Þ=f 0ð Þ ð5Þ

Therefore, sample density can be calcu-
lated by either of the two equivalent
formulas.

d ¼ n= 2 ×L × ESWð Þ ð6Þ

or

d ¼ n × f 0ð Þ½ �= 2 ×Lð Þ ð7Þ

The value for f(0) for a given spe-
cies, or for a set of species with similar
sightability characteristics, is estimated
from the distribution of right-angle
sighting distances using DISTANCE
software (Laake et al., 1993; Thomas
et al., 2010) (or its predecessor,
TRANSECT). To minimize variance
of the f(0) estimate, it is necessary
to have an adequate sample size—
minimally 25–30 sightings per species
and ideally 40–100 or more (Eberhardt
et al., 1979); our sample sizes were too
small for a full line-transect analysis.
For comparative purposes, we selected
five species with reasonable num-
bers of both photographic and visual
sightings—leatherback and logger-
head sea turtles, basking sharks, blue
sharks, and ocean sunfish. For these
five, “back of the envelope” visual den-
sity estimates were calculated using
the formula in equation (7) and values
of f(0) taken from CETAP (1982,
Table 6, p. 54). The f(0) value for
ary 2014 Volume 48 Number 1 39



both turtles was 2.867 km-1 (ESW =
0.3488 km, 0.1883 nm), which we
also used for ocean sunfish, which are
about the same size as an adult sea
turtle, following previous usage by
Kenney (1996). For basking sharks,
we used the value for minke whales—
3.260 km-1 (ESW = 0.3065 km,
0.1655 nm)—which are closest in
size as well as behavior (usually solitary
but sometimes in small groups, pre-
senting a dorsal fin above the surface
as a sighting cue and occasionally
breaching or splashing). Finally, for
blue sharks, we selected the value for
harbor porpoise—3.616 km-1 (ESW =
0.2766 km, 0.1494 nm)—since both
species are small, tend to be solitary,
and are typically sighted submerged
just below the surface. The visual and
photographic density estimates were
then statistically compared for each of
the five species.
Results
Sightings were recorded during

24 flights between October 2011 and
September 2012 when 13,155 km
(7,103 nm) of trackline was flown.
Visual observations yielded a total of
744 sightings of which 690 were ani-
mal sightings (excluding vessels and
debris or pollution) and 515 were on-
track sightings of approximately 3,055
(±696) individuals. The photographic
method yielded a total of 427 sightings
of which 345 were animal sightings
(excluding vessels and fishing gear)
and 339 were on-track sightings of ap-
proximately 1,025 (±21) individuals
(count was not given for all sightings of
fish schools). Three levels of confidence
in identifications were permissible—
definite, probable, or possible. The vi-
sual method detected 59%, 7%, and
34% of sightings with definite, proba-
ble, and possible identification reliabil-
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ities, respectively, from the total of 515
on-track, biota sightings. The photo-
graphic method detected 52%, 19%,
and 29% of sightings with definite,
probable, and possible identification
reliabilities, respectively, from the total
of 339 on-track, biota sightings. Prelim-
inary results are presented in Table 1 for
those taxa that were recorded with “def-
inite” and “probable” identification reli-
abilities in all sighting conditions for
both visual and photographic methods.

Sightings that were recorded as
“unidentified” were grouped into the
“possible” identification reliability cat-
egory for the purpose of this review. Of
the 172 sightings recorded with “pos-
sible” identification reliability from the
visual method, there were 132 sightings
of 2,089 (±557) unidentified animals
detected. Of the 99 sightings recorded
with “possible” identification reliability
from the photographic method, there
were 62 sightings of 82 unidentified
individuals detected.

Only sightings that were recorded
while on track have been included in
the results. Sightings recorded during
transit, crossleg, while circling, or
after breaking from the trackline to
perform a direct flyover were excluded.
Observers recorded sightings when
abeam of the plane at a point when
there is no overlap between observer
and automated photography view
fields; thus, on-track sightings are
unique to eachmethod. It was possible,
however, for a sighting to be detected
by one method and subsequently re-
corded on-track by a different method.
This only occurred when a sighting
was detected by observers some dis-
tance ahead or behind of the aircraft’s
trajectory and was also captured in ver-
tical photography. The only occasions
of this were sightings of hauled-out
seals (Figure 4); thus, seals were omit-
ted from Table 1.
l

Two full-time employees performed
photo analysis and aerial observing,
among other survey-related duties.
An average 2,300 unique, on-track, ver-
tical images was collected per flight
when using 5-s intervals. Both analysts
processed this entire collection. Ap-
proximately 6,800 unique images were
analyzed when collected back-to-back,
approximately 3,800 per analyst, where
one randomly selected trackline was
duplicated for continued validation.
The average number of on-track im-
ages collected per flight over all 24 sur-
vey flights was 4,138 including 5-s
and back-to-back intervals, partial and
full flights. A total of 99,321 unique
images was analyzed, and 34,083 of
those were duplicated by a second
analyst for detection validation. The
total 427 sightings yielded from the
photographic method consisted of ap-
proximately 1,194 (± 35) counts of
animals, vessels, and fishing gear. This
excludes sightings of birds, which
were not included in the NARWC
data submission but were opportunis-
tically recorded, and images were sub-
mitted to MassCEC for analysis by
avian research teams.

The primary targets of our visual
surveys were large endangered whales.
For those species, the number of sight-
ings within the defined conditions
needed for inclusion in the line-transect
density estimation procedure (during a
defined census track, Beaufort sea state
of three or lower, clear visibility of at
least two nautical miles, species ID re-
liability “definite” or “probable,” and
a measured right-angle distance) was
far too few; therefore, we have not at-
tempted to run complete line-transect
analyses from the initial year of data
collection.

During the 24 survey flights, 180
transects were sampled in acceptable
sighting conditions for visual density
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estimates, and 153 transects were pho-
tographically sampledwith better-than-
poor quality images for photographic
density estimates (27 transects yielded
no images within our defined param-
eters of acceptable sighting conditions).
The photographic method yielded
58,735 images representing an area
of 651.6 km2 (190.0 nm2) that was
sampled in acceptable sighting con-
ditions. Based on ESWs taken from
comparable species in CETAP (1982,
Table 6, p. 54), the 11,048-km
(5,965-nm) length of trackline visu-
ally sampled under standardized con-
ditions represents areas of 6,112 km2,
6,772 km2, and 7,707 km2 (1,782 nm2,
1,975 nm2, and 2,247 nm2) for blue
sharks, basking sharks, and ocean sun-
fish and turtles, respectively. Thus, the
photographic method covered approx-
imately 11%, 10%, and 8.5% of the
area covered by visual methods for blue
sharks, basking sharks, and ocean
sunfish and turtles, respectively. Visual
and photographic density estimates of
the five species with adequate sighting
numbers in standardized sighting con-
ditions, which were identified to a
higher confidence than “possible,” are
given in Table 2. A supplementary
table is available online with density
estimates by survey day and trackline
(Table 3).

For all four of the smaller species
that are most easily detected from di-
rectly overhead, themean photographic
density estimates were higher than the
visual density estimates, as we would
have predicted (Figure 1). The differ-
ences were statistically significant for
blue sharks, loggerhead turtles, and
ocean sunfish (p < 0.01) but not for
leatherback turtles (p = 0.09). For bask-
ing sharks, which can be detected rela-
tively easily by eithermethod, themean
visual density estimate was slightly
higher, but the difference was not sig-
nificant (p = 0.28) (Table 2, Figure 1).

Example vertical images of common
dolphin, basking shark, and gray seal
sightings are shown in Figures 2–4.
January/Febru
Discussion
In our surveys, automated vertical

photography enabled effective, simul-
taneous sampling of multitaxon data
from a single platform at a constant
altitude. For smaller, solitary species
such as loggerhead sea turtles and
blue sharks, density estimates yielded
from the photographic method were
significantly higher than those from vi-
sual methods, despite the area sampled
being considerably less, approximately
8.5% and 11%, respectively. This con-
firms our a priori expectation that a
survey designed primarily to optimize
the efficiency of visual detection of
large targets (i.e., whales) is seriously
biased against effective detection of
smaller targets such as turtles and
sharks. For a visual survey focusing
on sea turtles, the optimum altitude
range would be 400–500 feet (120–
150 m; Barlow et al., 1988; Bayliss,
1986; Kenney & Shoop, 2012; Marsh
& Saalfeld, 1989; Marsh & Sinclair,
1989b; Schroeder & Thompson,
1987). It is likely that, even in an
TABLE 2

Statistical comparisons of photographic and visual density estimates for five species across all transects sampled, showing the results of a student’s
T-test for each species, including the Cochran and Cox approximation for unequal variances.
Species
 Method

Number of
transects
Maximum
density per
transect
Mean
density per
transect
Standard
Deviation
ary 2014 Vo
Standard Error
lume 48 Number
P-value
Basking shark
 Photo
 153
 73.528
 1.544
 7.618
 0.616
 0.2825
Visual
 180
 116.035
 2.772
 12.858
 0.958
Blue shark
 Photo
 153
 158.991
 4.170
 18.085
 1.462
 0.0071
Visual
 180
 7.895
 0.175
 0.986
 0.073
Leatherback
turtle
Photo
 153
 139.581
 2.423
 13.107
 1.060
 0.0917
Visual
 180
 18.739
 0.599
 2.423
 0.181
Loggerhead
turtle
Photo
 153
 33.668
 1.848
 6.044
 0.489
 0.0042
Visual
 180
 12.506
 0.384
 1.623
 0.121
Ocean sunfish
 Photo
 153
 81.711
 2.3912
 9.383
 0.758
 0.0068
Visual
 180
 6.245
 0.301
 1.035
 0.077
The minimum density per transect for each species and each method was zero.
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aircraft with unrestricted downward
visibility, photographic sampling
of smaller targets would still be more
efficient than visual sampling when
flying at higher altitudes appropriate
for a whale survey. Platforms with
44 Marine Technology Society Journa
obscured downward visibility simply
exacerbate the problem by masking
the zone of maximum detectability,
regardless of altitude. For a multi-
taxon survey using visual methods
only, the typical solution would be
to fly at an intermediate altitude of
750 feet (229 m; CETAP, 1982).
l

The result may be that detection effec-
tiveness for both large and small targets
is biased in the attempt at a compro-
mise solution.

The basking shark was the only
large species for which the first year of
our surveys generated sufficient num-
bers of both visual and photographic
sightings to do the preliminary com-
parison of density estimates. Mean
densities estimated from the twometh-
ods were not significantly different.
This is an encouraging result, since
under ideal conditions with 100% de-
tectability, one would expect equal
density estimates from both methods
(or any methods) along the same trans-
ects. Only time and additional survey
data will tell if this holds true for all
large species that are sufficiently com-
mon so as to have enough samples
from both methods. It will also be in-
teresting to see if small animals that
occur in larger groups, such as dolphins,
follow the same pattern as the basking
sharks and large whales.
FIGURE 2

Automated vertical photograph of a common
dolphin sighting. Image was cropped to 27%
of the original diagonal length in pixels. (Color
version of figures are available online at: http://
www.ingentaconnect.com/content/mts/
mtsj/2014/00000048/00000001.)
FIGURE 3

Automated vertical photograph of a basking
shark sighting. Image was cropped to 12%
of the original diagonal length in pixels.
FIGURE 4

Automated vertical photograph of gray seals
sighted hauled out on a sandbar and in sur-
rounding water. Image was cropped to 45%
of the original diagonal length in pixels.
FIGURE 1

Comparison of mean (±2 standard errors) densities estimated by photographic (P) and visual (V)
survey methods for five species: basking shark (BASH), blue shark (BLSH), leatherback sea turtle
(LETU), loggerhead sea turtle (LOTU), and ocean sunfish (OCSU).



Perception biases are often reduced
by duplicating observer counts on each
side of an aircraft (Carretta et al., 1998;
Richard et al., 2010).Wewere not able
to duplicate in-flight observations in
our Cessna Skymaster due to limited
capacity and flight time, but percep-
tion biases affecting visual large-whale
sighting detections were reduced by
alleviating in-flight demands on the
observers for recording small species
close to the trackline. Sightings at steep
angles closer to the aircraft were re-
corded opportunistically, but overall,
observers dedicated their time to
wider, more distant scanning patterns.
Bubble windows could be used to in-
crease the vertical-angle view field, but
without additional observers dedicated
exclusively to downward viewing, ad-
justments to scanning patterns to detect
near-trackline turtles may distract from
distant large-whale sighting detections.

Visual and photographic methods
required different considerations when
developing density estimates. Accurate
area calculations covered by the photo-
graphic method could be obtained by
using direct measures of the area cap-
tured in digital imagery, whereas it is
harder to define an area covered by vi-
sual scanning. Having a measurable
area for photographic coverage allowed
for the assumption that, should an
animal be available in that space, the
probability of detection is high. How-
ever, factors still affect perception bias
in photo-analysis sighting detection, in
particular; analyst fatigue, and overall
image quality. Duplication of photo
analysis reduced perception bias dur-
ing this process. More importantly,
density estimates excluded those data
collected in poor sighting conditions
from area calculations, compensating
somewhat for the negative effect that
glare, Beaufort sea state, visibility, and
image quality had on detection rates.
However, approximately 41% of all
unique, on-track images were coded
“very poor” or “poor,” mainly because
of glare and Beaufort sea state. Refine-
ments to mitigate glare would consid-
erably increase the area available for
detecting sightings. Restricting surveys
to time-of-day where glare is less severe
is not practical when running visual
and photographic methods simulta-
neously since typically, when glare is
worst for one method, it is optimal
for the other. However, other options
should be further explored such as
adjusting the camera angle relative
to the solar azimuth and elevation
(Normandeau Associates, Inc., 2012).

Our experienced analysts reviewed
approximately 400 images per day,
which varied widely with sighting con-
ditions and both potential and actual
sightings detected. Based on an average
of 3,800 images processed per analyst
per full flight collecting back-to-back
images, the review process should
take 9.5 d with two analysts working
simultaneously and allowing for dupli-
cation. This was true in reality, since
data were typically transcribed, pro-
cessed, proofed, validated, and sub-
mitted to the NARWC two to three
workweeks following a survey flight.
If this process of detecting sightings
in vertical photography were auto-
mated, it would reduce personnel
time and project costs. Technological
advancements are being made towards
developing software that uses anom-
aly detection algorithms for detect-
ing biota sightings in digital imagery
(Normandeau Associates, Inc., 2012).
If the efficiency of automated detection
compared with that of manual proces-
sing were validated, automation of ver-
tical photography sighting detections
would significantly increase the poten-
tial processing capacity, thus allowing
photographic coverage to be expanded.
January/Febru
Oblique photography has the ad-
vantage of covering greater sample
areas than vertical photography with
the same focal length. Swath width
could be expanded by using a multiple
digital camera system configured for
oblique as well as vertical photography
(Fritz et al., 2013). This could be of
added benefit for sightings detected
in areas where visual and image cover-
age overlap, by validating observers’
perpendicular distance estimates as a
quality check for density estimate cal-
culations and improving confidence in
species identifications (Asselin et al.,
2012). Although multiple camera sys-
tems and/or large-format digital map-
ping cameras (Jacobsen, 2011; Leberl
et al., 2003; Neumann, 2008) have the
potential to vastly improve coverage
at the same altitude, this technology
is expensive and may not be feasible
with strict budget constraints. Further-
more, both systems would requiremajor
structural modifications, or more likely,
the use of a larger airframe also bringing
costs up. Alternatively, coverage could
be expanded by raising altitude, but
with the current system, this comes
at a cost of reduced ground resolution
in vertical images. With advances in
digital image technology, future sur-
veys employing these methods need
to consider the relationship between
the altitude variable and image quality
and how this affects identification reli-
abilities of various-sized target taxa.

Photogrammetry derived from ver-
tical imaging has been used to identify
morphologically distinct forms of ma-
rine mammals (Gilpatrick & Perryman,
2008; Perryman & Lynn, 1993). This
method is used to provide indices for
individual health, nutritive condition,
allometric growth, reproduction, and
stock structure of various cetaceans
and sharks (Cole et al., 2007; Durban
et al., 2009; Fritz et al., 2008; Hain
ary 2014 Volume 48 Number 1 45



et al., 1992; Perryman & Lynn, 1994,
2002; Pitman et al., 2007; Ratnaswamy
& Winn, 1993; Rohner et al., 2011;
Sumich & Show, 2011). Photogram-
metry has also proved a viable method
for collecting noninvasivemeasurements
of leatherback turtles (Pease et al.,
2006). For our surveys, the photo-
graphicmethod improved visual surveys
by obtaining photo documentation of
sightings, covering an area that would
have been obscured from view, reduc-
ing perception bias, and improving
density estimates. If morphometric in-
dices were yielded from photographic
sightings, it would further enhance
these multitaxon data.

This study has proved the concept
that running simultaneous photo-
graphic and visual sampling methods
is an effective approach for collecting
multiple protected-species data from
a single platform. Current aerial sur-
veys could benefit from adopting verti-
cal photography methods to widen the
scope of data collection, particularly in
the absence of crew solely dedicated to
downward viewing. Although vertical
photography results in time-consuming
postflight data processing, statistically
rigorous data can be collected with
very little extra operational cost. The
viable options for reducing lengthy
image processing should be tested, as
well as other technological advance-
ments that could further add value
from these photographic data. Given
the recent increase in energy project
development in federal U.S. waters,
methods such as these that improve
density estimates are vital for better-
informed mitigation strategies and
management decisions.
Acknowledgments
The support of the Massachusetts

Clean Energy Center is gratefully ac-
46 Marine Technology Society Journa
knowledged, as well as the various
interagency groups comprising the
Massachusetts Renewable Energy Task
Force, including the Massachusetts
Executive Office of Energy and Envi-
ronmental Affairs and the Bureau of
Ocean Energy Management. In par-
ticular, Tyler Studds and Nils Bolgen
of the Massachusetts Clean Energy
Center were pivotal in the establish-
ment and continuation of these sur-
veys. Images are credited to The New
England Aquarium and Aerial Im-
aging Solutions under contract by
Massachusetts Clean Energy Center.
Tracy Montgomery and Bob Lynch
are emphatically thanked for their
meticulous photo analysis.
Corresponding Author:
Jessica K.D. Taylor
New England Aquarium
John H. Prescott Marine Laboratory
Central Wharf, Boston, MA 02110
Email: jktaylor@neaq.org
References
Asselin, N.C., Ferguson, S.H., Richard, P.R.,

& Barber, D.G. 2012. Results of narwhal

(Monodon monoceros) aerial surveys in north-

ern Hudson Bay, August 2011. DFO Can.

Sci. Advis. Sec. Res. Doc. 2012/037. Ottawa,

Ontario, Canada: Canada Dept. of Fisheries

and Oceans. iii + 23 p.

Barlow, J. 1999. Trackline detection proba-

bility for long-diving whales. In: Marine

Mammal Survey and Assessment Methods,

Proceedings of the Symposium on Surveys,

Status and Trends of Marine Mammal Pop-

ulations, eds. Garner, G.W., Amstrup, S.C.,

Laake, J.L., Manly, B.F.J., McDonald, L.L.,

& Robertson, D.G., 209-21. Rotterdam,

Netherlands: A.A. Balkema.

Barlow, J., Oliver, C.W., Jackson, T.D., &

Taylor, B.L. 1988. Harbor porpoise, Phocoena

phocoena, abundance estimation for Califor-
l

nia, Oregon, and Washington: II. Aerial sur-

veys. Fish B-NOAA. 86:433-44.

Bayliss, P. 1986. Factors affecting aerial sur-

veys of marine fauna, and their relationship to

a census of dugongs in the coastal waters of

the Northern-Territory. Aust Wildlife Res.

13(1):27-37. http://dx.doi.org/10.1071/

WR9860027.

Brown, M.W., Kraus, S.D., Slay, C.K., &

Garrison, L.P. 2007. Surveying for discovery,

science and management. In: The Urban

Whale: North Atlantic Right Whales at the

Crossroads, eds. Kraus, S.D., & Rolland,

R.M., 105-37. Cambridge, MA: Harvard

University Press.

Buckland, S.T., Anderson, D.R., Burnham,

K.P., & Laake, J.L. 1993. Distance Sampling:

Estimating Abundance of Biological Populations.

London, UK: Chapman and Hall. 446 pp.

Buckland, S.T., Anderson, D.R., Burnham,

K.P., Laake, J.L., Borchers, D.L., & Thomas,

L. 2001. Introduction to Distance Sampling:

Estimating Abundance of Biological Popula-

tions. New York, NY: Oxford University

Press. 432 pp.

Burnham, K.P., Anderson, D.R., & Laake,

J.L. 1985. Efficiency and bias in strip and

line transect sampling. J Wildlife Manage.

49:1012-8. http://dx.doi.org/10.2307/

3801387.

Carretta, J.V., Forney, K.A., & Laake, J.L.

1998. Abundance of southern California

coastal bottlenose dolphins estimated from

tandem aerial surveys. Mar Mammal Sci.

14:655-75. http://dx.doi.org/10.1111/j.1748-

7692.1998.tb00755.x.

Cetacean and Turtle Assessment Program

(CETAP), University of Rhode Island.

1982. A Characterization of Marine Mammals

and Turtles in the Mid- and North-Atlantic

Areas of the U.S. Outer Continental Shelf,

Final Report. Contract AA551-CT8-48.

Washington, DC: Bureau of Land

Management.

Cole, T.V.N., Gerrior, P., & Merrick, R.L.

2007. Methodologies and preliminary results

of the NOAA National Marine Fisheries



Service aerial survey program for right whales

(Eubalaena glacialis) in the northeast U.S.,

1998-2006. Northeast Fish. Sci. Cent. Ref.

Doc. 07-02; 11 pp.

Durban, J., Fearnbach, H., Ellifrit, D., &

Balcomb, K. 2009. Size and Body Condition

of Southern Resident Killer Whales. Seattle,

WA: Contract report to National Marine

Fisheries Service.

Eberhardt, L.L., Chapman, D.G., & Gilbert,

J.R. 1979. A review of marine mammal census

methods. Wildlife Monogr. 63:1-46.

Forney, K.A. 1995. A decline in the abun-

dance of harbor porpoise, Phocoena phocoena,

in nearshore waters off California, 1986-93.

Fish B-NOAA. 93(4):741-8.

Fortune, S.M., Trites, A.W., Perryman,

W.L., Moore, M.J., Pettis, H.M., & Lynn,

M.S. 2012. Growth and rapid early development

of North Atlantic right whales (Eubalaena

glacialis). J Mammal. 93(5):1342-54. http://

dx.doi.org/10.1644/11-MAMM-A-297.1.

Fritz, L.W., Lynn, M., Kunisch, E., &

Sweeney, K. 2008. Aerial, Ship, and Land-

based Surveys of Steller Sea Lions (Eumetopias

jubatus) in Alaska, June and July 2005-2007.

NOAA Tech. Memo. NMFS-AFSC-183.

Seattle, WA: National Marine Fisheries

Service, Alaska Fisheries Science Center.

70 pp.

Fritz, L.W., Sweeney, L.K., Johnson, D.,

Lynn, M., Gelatt, T., & Gilpatrick, J. 2013.

Aerial and ship-based surveys of Steller sea

lions (Eumetopias jubatus) conducted in

Alaska in June-July 2008 through 2012, and

an update on the status and trend of the

western distinct population segment in Alaska.

U.S. Dep. Commer., NOAA Tech. Memo.

NMFS AFSC-251, 91 pp.

Garner, G.W., Amstrup, S.C., Laake, J.L.,

Manly, B.F.J., McDonald, L.L., & Robertson,

D.G. (eds.). 1999. Marine mammal survey

and assessment methods. In: Proceedings

of the Symposium on Surveys, Status and

Trends of Marine Mammal Populations.

Seattle, Washington, USA, 25-27 February

1998: Rotterdam, Netherlands: A.A. Balkema.
Gates, C.E. 1979. Line transect and related

issues. In: Sampling Biological Populations,

eds. Cormack, R.M., Patil, G.P., & Robson,

D.S., 71-154. Fairland, MD: International

Cooperative Publishing House.

Gilpatrick, J.W., & Perryman, W.L. 2008.

Geographic variation in external morphology

of North Pacific and Southern Hemisphere

blue whales (Balaenoptera musculus). J Cetacean

Res Manage. 10:9-21.

Hain, J.H., Ellis, S.L., Kenney, R.D., & Slay,

C.K. 1999. Sightability of right whales in

coastal waters of the southeastern United

States with implications for the aerial moni-

toring program. In: Marine Mammal Survey

and Assessment Methods, Proceedings of the

Symposium on Surveys, Status and Trends of

Marine Mammal Populations, eds. Garner,

G.W., Amstrup, S.C., Laake, J.L., Manly, B.F.J.,

McDonald, L.L., & Robertson, D.G., 209-21.

Rotterdam, Netherlands: A.A. Balkema.

Hain, J.H.W., Ratnaswamy, M.J., Kenney,

R.D., & Winn, H.E. 1992. The fin whale

(Balaenoptera physalus) in the waters of the

northeastern U.S. continental shelf. Rep Int

Whal Comm. 42:653-69.

Jacobsen, K. 2011. Geometric property of large

format digital camera DMC II 140. J Photogram

Remote Sens Geoinfo Process. 2:71-9.

Kenney, R.D. 1996. Preliminary assessment

of competition for prey between leatherback

sea turtles and ocean sunfish in northeast

shelf waters. In: Proceedings of the Fifteenth

Annual Symposium on Sea Turtle Biology

and Conservation, eds. Keinath, J.A., Barnard,

D.E., Musick, J.A., & Bell, B.A. Miami, FL:

National Marine Fisheries Service, NOAA

Technical Memorandum NMFS-SEFSC-387.

Kenney, R.D. 2011. The North Atlantic

Right Whale Consortium Database: A Guide

for Users and Contributors. Revised edition.

NARWC Reference Document 2011-01.

Narragansett, RI: University of Rhode Island,

Graduate School of Oceanography.

Kenney, R.D., & Scott, G.P. 1981. Calibra-

tion of the Beechcraft AT-11 forward obser-

vation bubble for population estimation
January/Febru
purposes. In: Cetacean and Turtle Assessment

Program, University of Rhode Island (CETAP).

A Characterization of Marine Mammals and

Turtles in the Mid-and North-Atlantic Areas

of the US Outer Continental Shelf, Annual

Report for 1979. pp. III.1–III.11. Washington,

DC: Bureau of Land Management.

Kenney, R.D., & Shoop, C.R. 2012. Aerial

surveys for marine turtles. In: Reptile Biodi-

versity: Standard Methods for Inventory and

Monitoring, eds. McDiarmid, R.W., Foster,

M.S., Guyer, C., Gibbons, J.W., & Chernoff,

N., 264-71. Berkeley, CA: University of

California Press.

Laake, J.L., Buckland, S.T., Anderson, D.R.,

& Burnham, K.P. 1993. DISTANCE User’s

Guide V2. 0. Ft. Collins, CO: Colorado

Cooperative Fish and Wildlife Research Unit,

Colorado State University.

Laake, J.L., Calambokidis, J., Osmek, S.D.,

& Rugh, D.J. 1997. Probability of detecting

harbor porpoise from aerial surveys: Estimat-

ing g (0). J Wildlife Manage. 61(1):63-75.

http://dx.doi.org/10.2307/3802415.

Leberl, F., Gruber, M., Ponticelli, M.,

Bernoegger, S., & Perko, R. 2003. The ultra-

cam large format aerial digital camera system.

In: Proceedings of the American Society

for Photogrammetry and Remote Sensing.

Anchorage, Alaska.

Marsh, H., & Saalfeld, W.K. 1989. A survey

of sea turtles in the northern great barrier-reef

marine park. Aust Wildlife Res. 16(3):239-49.

http://dx.doi.org/10.1071/WR9890239.

Marsh, H., & Sinclair, D.F. 1989a. An

experimental evaluation of dugong and sea

turtle aerial survey techniques. Wildlife Res.

16(6):639-50. http://dx.doi.org/10.1071/

WR9890639.

Marsh, H., & Sinclair, D.F. 1989b. Cor-

recting for visibility bias in strip transect aerial

surveys of aquatic fauna. J Wildlife Manage.

53(4):1017-24. http://dx.doi.org/10.2307/

3809604.

Neumann, K.J. 2008. Trends for digital aerial

mapping cameras. Int Soc Photogramme.

28:551-4.
ary 2014 Volume 48 Number 1 47



Normandeau Associates, Inc. 2012. High-

resolution aerial imaging surveys of marine

birds, mammals, and turtles on the U.S.

Atlantic outer continental shelf—Utility

assessment, methodology recommendations,

and implementation tools for the U.S. Dept.

of the Interior, Bureau of Ocean Energy

Management. Contract # M10PC00099.

378 pp.

Palka, D. 2005. Aerial surveys in the north-

east Atlantic: estimation of g(0). In: European

Cetacean Society’s 18th Annual Conference,

Estimation of g(0) in Line-transect Surveys of

Cetaceans, ECS Newsletter No. 44–Special

Issue, April 2005. pp. 14-9. Kolmarden,

Sweden: European Cetacean Society.

Pease, V.L., Perryman, W., Seminoff, J.,

Lynn, M., Gilpatrick, J., & Dutton, P.H.

2006. Aerial photogrammetry of leatherback

turtles: A novel non-invasive measurement.

In: Book of Abstracts, 26th Annual Sympo-

sium on Sea Turtle Biology and Conservation,

eds. Frick, M., Panagopoulou, A., Rees, A.F.,

& Williams, K., 314. Athens, Greece:

International Sea Turtle Society.

Perryman, W.L., & Lynn, M.S. 1993. Iden-

tification of geographic forms of common

dolphin (Delphinus delphis) from aerial pho-

togrammetry. Mar Mammal Sci. 9(2):119-37.

http://dx.doi.org/10.1111/j.1748-7692.1993.

tb00438.x.

Perryman, W.L., & Lynn, M.S. 1994.

Examination of stock and school structure of

striped dolphin (Stenella coeruleoalba) in the

eastern Pacific from aerial photogrammetry.

Fish B-NOAA. 92(1):122-31.

Perryman, W.L., & Lynn, M.S. 2002. Eval-

uation of nutritive condition and reproductive

status of migrating gray whales (Eschrichtius

robustus) based on analysis of photogrammet-

ric data. J Cetacean Res Manage. 4(2):155-64.

Pitman, R.L., Perryman, W.L., LeRoi, D., &

Eilers, E. 2007. A dwarf form of killer whale

in Antarctica. J Mammal. 88(1):43-8. http://

dx.doi.org/10.1644/06-MAMM-A-118R1.1.

Ratnaswamy, M.J., & Winn, H.E. 1993.

Photogrammetric estimates of allometry and
48 Marine Technology Society Journa
calf production in fin whales, Balaenoptera

physalus. J Mammal. 74(2):323-30. http://

dx.doi.org/10.2307/1382387.

Richard, P.R., Laake, J.L., Hobbs, R.C.,

Heide-Jørgensen, M.P., Asselin, N.C., &

Cleator, H. 2010. Baffin Bay narwhal popu-

lation distribution and numbers: Aerial sur-

veys in the Canadian High Arctic, 2002-04.

Arctic. 63(1):85-99.

Rohner, C.A., Richardson, A.J., Marshall,

A.D., Weeks, S.J., & Pierce, S.J. 2011. How

large is the world’s largest fish? Measuring

whale sharks Rhincodon typus with laser pho-

togrammetry. J Fish Biol. 78(1):378-85.

http://dx.doi.org/10.1111/j.1095-8649.2010.

02861.x.

Schroeder, B.A., & Thompson, N.B. 1987.

Distribution of the loggerhead turtle, Caretta

caretta, and the leatherback turtle, Dermochelys

coriacea, in the Cape Canaveral, Florida area:

Results of Aerial Surveys. In: Ecology of East

Florida Sea Turtles: Proceedings of the Cape

Canaveral, Florida Sea Turtle Workshop.

pp 45-54. Miami, FL: U.S. Dep. Commer.

NOAA Tech. Rep. NMFS.

Seber, G.A.F. 1982. The Estimation of

Animal Abundance and Related Parameters,

2nd edition. London, UK: C.Griffin and Co.,

Ltd.. 506 pp.

Shelden, K.E.W., & Mocklin, J.A., eds.

2012. Bowhead whale feeding ecology study

(BOWFEST) in the western Beaufort Sea.

Annual Report, OCS Study BOEM 2012-

077. National Marine Mammal Laboratory,

Alaska Fisheries Science Center, NMFS,

NOAA, 7600 Sand Point Way NE, Seattle,

WA 98115.

Sumich, J.L., & Show, I.T. 2011. Offshore

migratory corridors and aerial photogram-

metric body length comparisons of southbound

gray whales, Eschrichtius robustus, in the

Southern California Bight, 1988–1990.

Mar Fish Rev. 73(1):28-34.

Thomas, L., Buckland, S.T., Rexstad, E.A.,

Laake, J.L., Strindberg, S., Hedley, S.L.,

Burnham, K.P. 2010. Distance software:

Design and analysis of distance sampling
l

surveys for estimating population size. J Appl

Ecol. 47:5-14. http://dx.doi.org/10.1111/

j.1365-2664.2009.01737.x.


