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INTRODUCTION

Accurate length data are essential for assessing
bio logical parameters and answering fundamental
ecological questions in terrestrial and marine eco-
systems such as growth rates, biomass, and body
size. For marine organisms, challenges of the envi-
ronment and study species have meant biologists

have previously relied on sacrificed specimens.
Non-destructive methods of obtaining accurate body
length data of fishes have been a central goal of
fisheries bio logists and ecologists, especially when
destructive data collection strategies could compro-
mise the community under investigation. Typically,
underwater visual cen sus (UVC) has been used to
gather non-destructive data on fish lengths, where
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ABSTRACT: Non-intrusive and non-destructive acquisition of length measurements for marine
megafauna is increasingly valuable given growing threats to many species’ long-term survival.
Stereo videography provides a means of obtaining length data with minimal impact on the organ-
ism and minimal observer bias. However, for many researchers, there are still significant financial
barriers to employing stereo videography. Small-action cameras have reduced costs, but camera
calibration still requires significant investment in software and equipment. Here, we trial open
source calibration procedures using the R package StereoMorph and a simple 2D checkerboard as
a calibration object to test if this approach yields accurate length data. We used a stereo-video sys-
tem comprising 2 GoPro™ cameras to estimate the lengths of known targets in a pool and the
lengths of oceanic whitetip sharks Carcharhinus longimanus in situ. Sharks were restrained in
water alongside a boat and measured with a tape measure for comparison with the stereo-video
lengths. Both pool and field trials yielded accurate results comparable to previous studies using 3D
calibration cubes. Stereo-video measurements of lengths >1 m had proportional errors of <1% in
the pool and <3.0% (64.2 mm) in comparison with tape-measured lengths of sharks in the field.
Our open source calibration methods and affordable GoPro™-based stereo-video system yielded
measurements that are comparable to other systems that use 3D calibration techniques and more
expensive cameras. Additionally, we improve on previous attempts of 2D calibration approaches.
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divers are trained to accurately estimate fish size
underwater (Thompson & Mapstone 1997). How-
ever, there are significant limitations and biases
when using UVC that are difficult to overcome, and
these have been well discussed (see Thompson &
Mapstone 1997, Harvey et al. 2001, 2002, Edgar et
al. 2004, Davis et al. 2015). Stereo-video overcomes
these observer-based limitations (Harvey et al.
2004) and can yield extremely accurate measure-
ments of subjects at distances as far as 10 m from
the camera (Boutros et al. 2015). Thus, they have
become increasingly popular to monitor marine pro-
tected areas (e.g. Watson et al. 2009), assess the
impact of anthropogenic activities such as fishing
(e.g. Langlois et al. 2012), and examine length–fre-
quency distributions of marine mega fauna, such as
whale sharks Rhincodon typus (Sequeira et al.
2016).

In particular, marine megafauna, such as large
sharks and rays, require non-destructive estimates of
length. Many populations are experiencing severe
global declines from overexploitation and habitat
loss (Stevens et al. 2000, 2005, Worm et al. 2006), and
numerous species have growing conservation con-
cerns (Dulvy et al. 2014). Researchers have used
stereo-video (Sequeira et al. 2016), and paired lasers
(Rohner et al. 2015), to obtain in situ length estimates
of marine megafauna. But like UVC, paired lasers
have limitations, particularly with larger swimming
animals, that are overcome by using stereo-video
(Sequeira et al. 2016).

Stereo-video uses 2 video cameras that are sepa-
rated by a known distance and positioned in the
same direction with a slight convergence inwards.
Through the use of custom software, these 2 cam-
eras are calibrated to understand the distortion in
the lenses and their location in space relative to
each other (Shortis & Harvey 1998, Shortis 2015).
There are 2 approaches to calibrating stereo-video
cameras; both require the filming of an object with
known dimensions or distance between landmarks
(see review by Shortis 2015). The 2 objects are
either (1) a 3D open cube structure with markers
placed on the camera-facing side of both the front
and rear parts of the cube or (2) a 2D checkerboard
object. Recently, 2 studies have assessed the accu-
racy of these calibration ap proaches. Wehkamp &
Fischer (2014) showed that the 2D calibration ap -
proach was able to yield errors of less than 5%.
Additionally, Boutros et al. (2015) simultaneously
compared the 3D and 2D approaches, showing
that the 3D cube yields more accurate measure-
ments across a wider range of distances from the

cameras, but the 2D approach still gave errors of
known length below 5% on average at distances
up to 8 m.

In addition to calibration accuracy, camera quality
has been assessed for its impact on reliable length
estimates. Recently, a comparison between small, in -
expensive, and durable action cameras such as
GoPro Hero™ models and the more traditional high-
end handheld cameras manufactured by Sony™
were examined for accuracy (Letessier et al. 2015).
This study found that the GoPro™ cameras obtained
measurements that were as accurate as the more
expensive option when lengths were estimated in the
field. However, it is not only the camera hardware
that is a significant expense but also the calibration
software and hardware. The combined total for a sin-
gle license and calibration object ranges from
between US$500 and US$2150 for 2D hardware and
software (www.mathworks.com, accessed on 3 June
2016) to more than US$5000 for 3D hardware and
calibration software (www.seagis.com.au, accessed
on 3 June 2016).

We wanted to examine the combination of GoPro
cameras with 2D calibration equipment to obtain
accurate results in both controlled and field situa-
tions. Instead of relying on expensive third-party
software, we used the open source platform R v.3.3.1
(R Core Team 2016) and the package StereoMorph
1.5 (Olsen & Westneat 2015; https://cran.r-project.
org/ package =StereoMorph) to perform calibrations
and measure known-length objects and fish in the
field.

To test the accuracy of the system in both a con-
trolled environment and the field and to assess if it
was comparable to previous studies, we used 2 inde-
pendent approaches to examine the accuracy of the
GoPro stereo-video system with a 2D calibration
 procedure. For the controlled setting, stereo-video
length estimates were made in a clear pool using an
object with known marked lengths ranging from
20 to 170 cm. In field tests, to examine the accuracy of
stereo-video lengths, estimates obtained with the
GoPro system were compared with human- measured
lengths of oceanic whitetip sharks Carcharhinus
longimanus using a standard metric tape measure. It
is common practice during field studies for shark
body lengths, e.g. standard/precaudal, fork, and
total, to be measured using a tape measure when an
animal is brought alongside a research vessel for
examination (Pikitch et al. 2005, Howey-Jordan et al.
2013). This enabled us to have a field-based known
length of an organism obtained through a method
that was independent to camera-based methodology.
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MATERIALS AND METHODS

Camera system

Our system comprised 2 GoPro Hero 3+™ cam-
eras in the standard GoPro underwater housing. As
the mounting system of the GoPro housing can be
easily and incidentally moved out of calibrated
alignment, a third-party aluminum cage from Red -
Rock Micro (www.store.redrockmicro.com) was used
to enhance stability in the system and provide a
more robust mounting option (Fig. 1). Cameras
were placed 800 mm apart and converged inwards
at approximately 8°; these parameters provided
accurate results for fish and megafauna body
length estimates in previous studies (Sequeira et al.
2016), and the distance between cameras was
assessed in Boutros et al. (2015). Both left and right
cameras were set at the narrow (64°) field of view
(FOV) setting. The left and right cameras were
synced by turning a dive light on and off while
pointed at the cameras at the start of each filming
trial, and we used the resulting visual cue to set a
common start time.

Calibration

The camera system was calibrated by filming a
checkerboard pattern of 9 × 5 squares (total checker-

board dimensions of ~571 × ~317 mm with each
square 63.42 × 63.42 mm) in a clear pool. With the
camera system immobilized underwater, the checker -
board was manually moved throughout the visual
field of both cameras up to a distance of 5 m from the
cameras (Fig. 2). The checkerboard was also held at
different angles to ensure a sampling of calibration
points along the dimension away from the cameras
(any frames in which the checkerboard is too
severely angled for corner detection are ignored).
This process requires 3 to 5 min of filming, during
which time the camera system must remain com-
pletely immobilized. Still frames were extracted from
the calibration and trial video footage as images.

Approximately 60 frames (a frame every 3 to 5 s)
were extracted from each view of the synced calibra-
tion footage as JPEG images, using the open source
computer vision library opencv (opencv.org; Bradski
2000). This checkerboard image set and the Stereo-
Morph function calibrateCameras were then used to
calibrate the camera system. The calibrateCameras
function provides a completely automated workflow
for stereo camera calibration, performing 3 main
steps: checkerboard corner detection, undistortion co -
efficient estimation, and calibration coefficient esti-
mation. The calibration of the GoPro camera system
was done using the procedures outlined in (Olsen &
Westneat 2015) and the StereoMorph user guide
(available at https://aaronolsen.github.io/ software/
stereomorph.html).
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Fig. 1. Equipment used for study. A: calibration checkerboard; B: aluminum cage; C: aluminum base bar; D: GoPro Hero 3+™ 
inside GoPro™ waterproof housing
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Controlled pool trials

To quantify errors for length measurements greater
than 450 mm and scaling accuracy, an aluminum bar
with targets placed at distances of 200, 400, 600, 800,
1000, 1200, 1400, 1600, and 1700 mm was filmed at
increasing distances up to 5 m from the cameras in a
clear swimming pool. Targets were presented be -
tween 0° and 25° to the optical axis and were filmed
between 2 m (the minimum convergence of the cam-
eras) and 5 m.

Field trials

All research was carried out under permits MAF/
FIS/17 and MAF/FIS/34 issued by the Bahamian De-
partment of Marine Resources. Permission to capture
sharks within the Bahamian exclusive economic zone
was established in accordance with Bahamian De-
partment of Marine Resources Form 20A, Regulation
36D (3), permitting fishing, possession, and exporta-
tion of sharks or shark parts. Animal sampling was
in accordance with Cape Eleuthera Institute animal
care protocols developed within the guidelines of the
Association for the Study of Animal Behavior and An-
imal Behavior Society (Rollin & Kessel 1998).

Tape-measured body length estimates of 13 oce -
anic whitetip sharks were made during a research
expedition at Cat Island, The Bahamas. Sharks were
caught using baited polyballs and secured alongside
the vessel to gather length data before subsequent
work was completed (see Howey-Jordan et al. [2013]
for further details on capture and handling). Each
shark was measured using both a tape measure and
stereo-video footage, and 3 lengths were recorded:
precaudal/standard, fork, and stretch total (Fig. 2).

Tape measurement lengths were obtained by
extending the tape from the tip of the rostrum along
the dorsal side of the shark to the leading edge of the
first dorsal fin, where it was held in place by a second
field assistant. The tape was then extended from the
leading edge of the first dorsal fin along the same
side to the precaudal peduncle, fork, and tip of the
upper caudal fin. All measurements were obtained
with the shark remaining in the water.

Stereo-video footage of each shark was obtained
by a researcher in the water using snorkel gear and
accompanied by a safety diver. After using a dive
light to sync the cameras, the camera operator swam
towards the already restrained shark, to within a
range of approximately 2 m, and then backwards,
ensuring the entire shark was in the FOV and as
close as possible to occupying the frame of both
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Fig. 2. Points where measurements of each shark were taken with the digitizeImages function in R. A: tip of the rostrum; B: origin 
of first dorsal fin/leading edge; C: trailing edge of first dorsal; D: precaudal peduncle
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 cameras. Each shark was filmed with the stereo-
video system for 30 to 90 s.

Digitization and reconstruction

Length measurements for the pool and field trials
were made by manually digitizing the relevant
markers in both camera views using the Stereo-
Morph digitizing application. To mirror the non-
linear path of the tape measure across the curvature
of the shark, 3 measurements were taken using the R
function digitizeImage and summed. The digitized
markers were then reconstructed into 3D using the
function reconstructStereoSets and lengths calcu-
lated by measuring the distance between the result-
ing 3D marker positions.

Regression test

To examine if the measurements obtained by
the GoPro stereo-video system (dependent response
variable) differed from the tape-measured lengths,
we used linear regression and assumed the tape-
measured lengths (independent variable) were clos-
est to the true values. To examine if GoPro cameras
biased the lengths, we tested the null model with a
slope of 1 using a Wald test-based comparison (Fox &
Weisberg 2011).

RESULTS

Calibration error

Checkerboard corners were detected in 50 of the
extracted paired frames (Fig. 3), sampling a total vol-
ume of approximately 3.9 m3 (2 × 0.8 × 2.4 m) within
the overlapping visual field of the cameras. For the
42 checkerboards not used directly in estimating the
direct linear transformation calibration coefficients (a
total of 1344 corners), 95% of corners had reconstruc-
tion errors less than 1.24 pixels, with a root mean
square (RMS) reconstruction error of 0.43 pixel and a
maximum reconstruction error of 3.12 pixels.

A total of 672 distance measurements were made
among random pairs of 1344 reconstructed checker-
board corners, ranging in distance from 63 to 448 mm
(Fig. 4). Errors ranged from −3.86 to 3.92 mm (−1.95 to
1.57%, respectively), with an absolute mean error of
0.66 mm or 0.34% and an RMS error of 0.98 mm or
0.47%. The non-absolute mean error, which indicates
the extent to which length estimates over- or under-
estimate the actual length, was 0.11 mm or 0.03%.

Controlled pool trials

A total of 538 length measurements among targets
on the known-length bar were made in the pool at
varying distances (between 2 and 5 m) and angles (0°
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to 25°; Fig. 5a) to keep the pool trials comparable to
the field conditions during which the shark would be
filmed roughly parallel to the cameras. Consistent
with previous studies (Letessier et al. 2015), length
errors show a tendency to increase as the angle of the
bar relative to the camera plane increases (Fig. 5b). A
linear regression indicates that mean absolute length
errors increase 0.1 mm per degree of bar angle (slope
p < 0.001). Length errors among targets ranged from
−9.36 to 7.49 mm (−2.31 to 3.07%, respectively), with
an absolute mean error of 1.7 mm or 0.33%, an RMS
error of 2.38 mm or 0.51%, and a non-absolute mean
error of 0.2 mm or 0.05% (Fig. 6).

Field trials

The errors between the tape-measured and stereo-
video-measured lengths of sharks in the field ranged

from 45.4 mm (−2.33%) to 56.7 mm (3.00%), while the
mean absolute error was 21.8 mm (1.16%) (Fig. 7).
Paired tape and stereo-video length measurements
were highly correlated (Fig. 7, R2 = 0.96). A linear re-
gression did not recover a slope significantly different
from 1 (p = 0.88), indicating that error did not increase
with increasing size of the shark. A linear regression
also did not recover a y-intercept significantly differ-
ent from 0 (p = 0.90), indicating that stereo-video
measurements did not consistently under- or over -
estimate length relative to the tape measurements.

DISCUSSION

Here, we demonstrate that not only low-cost cam-
eras but also a simple checkerboard pattern and
open source calibration and measuring software in
the platform R can be used to obtain accurate length
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estimates of marine organisms in a field environ-
ment. This is in contrast to recent studies (e.g.
Wehkamp & Fischer 2014, Boutros et al. 2015, Shortis
2015) that have suggested that 2D calibration ap -
proaches are less accurate than 3D calibration ap -
proaches when employed under similar conditions.
Therefore, the techniques outlined here provide evi-
dence that researchers need not sacrifice measure-
ment accuracy for affordability.

Our absolute mean error of 1.7 mm (0.33%) and
maximum error of 7.49 mm (3.07%) for known
lengths between 100 and 1700 mm using a 2D cali-
bration are comparable to previous studies using a
3D calibration cube and for lengths measured in con-
trolled settings at similar distances and angles to the
cameras. A 3D calibration cube and Sony cameras
can produce absolute mean proportional errors
between 0.1 and 0.5% at distances between 2 and
5 m, respectively (Boutros et al. 2015); although the
range of proportional errors is not reported, the
range of standard errors is consistent with maximal
proportional errors equal to or greater than those
achieved in this study. Using a 3D calibration cube
and GoPro cameras, Letessier et al. (2015) achieved
absolute mean proportional errors between 1 and
6% at distances of 1 and 5 m from the cameras,
respectively, with maximum proportional errors of
approximately 15% at 5 m. In both studies, camera
base separations (Boutros et al. [2015]: 830 mm;
Letessier et al. [2015]: 800 mm), camera convergence
angles (Boutros et al. [2015]: 9.5°; Letessier et al.
[2015]: 8°), and measured reference lengths (Boutros
et al. [2015]: 350 to 1250 mm; Letessier et al. [2015]:
50 to 900 mm) were comparable to those in this study
(800 mm, 8°, and 100 to 1700 mm, respectively).

In matching the accuracy of previous 3D cali -
bration, our results also improved on previous 2D,
checkerboard-based calibrations (Wehkamp & Fis-
cher 2014, Boutros et al. 2015). Using a calibration
checkerboard of dimensions 360 × 280 mm can
achieve absolute mean proportional errors between
0.4 and 1.3% at distances of 2 and 5 m from the
 cameras, respectively (Boutros et al. 2015). Using a
checkerboard of dimensions 290 × 210 mm (pre-
sumed) yields absolute mean proportional errors of
2.5% and less (Wehkamp & Fischer 2014). Three dif-
ferences between this and previous studies may
account for this increased accuracy; first, the calibra-
tion routine used in this study (Olsen & Westneat
2015) is entirely different from that used by these
previous studies (Bouguet 2013), which may have
consequences for reconstruction accuracy. Second,
relative to these previous studies, we used a checker-
board pattern with larger overall dimensions, to
increase calibration accuracy (Boutros et al. 2015).
Last, when collecting the calibration images, we
moved the checkerboard throughout nearly the en -
tire volume in which we subsequently made meas-
urements (Fig. 2). Previous studies have not com-
monly reported the volume through which the
checkerboard was moved; however, based on the
documentation for the Bouguet routine, the checker-
board fill volume in this study likely exceeds that of
previous studies. The use of a larger checkerboard
moved throughout a greater portion of the stereo-
viewable volume may serve to more fully describe
the spatial dimensions used to estimate the calibra-
tion parameters, resulting in the improved recon-
struction accuracy observed in this study.

We trialed the stereo-video system in a controlled
en vironment reflective of field parameters. There -
fore, based on these results alone, we cannot recom-
mend this stereo-video approach for all length esti-
mate studies, such as those for smaller reef fishes,
even though accurate estimates of shorter lengths
(Fig. 5) and angles up to 20° (Fig. 6b) from the camera
plane were obtained in a controlled environment in
this study. Yet, before being applied to such subject
species, we recommend conducting an in-depth
study to investigate the variety of parameters experi-
enced in a field environment that may affect meas-
urement accuracy. These parameters include exam-
ining object-to-camera angles and distances from the
camera as well as the size of the organisms. In addi-
tion, understanding how lower light levels in deeper
water can impact image quality from GoPro™ cam-
eras compared to the greater light-gathering capabil-
ities of more advanced cameras should be assessed.
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However, our results demonstrated that lengths of
megafauna measured with 2D calibration using
GoPro™ cameras are comparable in accuracy to
lengths gathered with either 3D calibrations with
GoPro cameras (Letessier et al. 2015) or premium
cameras using 2D calibration approaches based on
other studies (Boutros et al. 2015, Sequeira et al.
2016).

For marine megafauna studies in particular, the
stereo-video system used in this study is highly
suited, as there is less concern with the speed, angle,
and distance to the camera compared to studies on
reef fish. Whale sharks have been the subjects of
numerous non-invasive length estimation studies
using different photogrammetry techniques such as
paired lasers and stereo-video. Results of these stud-
ies show how critical accurate length data become for
management as demographic shifts in populations
increase due to fishing mortality (Rohner et al. 2015,
Sequeira et al. 2016). Yet, paired lasers were not able
to detect plausible changes in growth rates over the
course of 3 yr, when the same individuals were en -
countered repeatedly (Rohner et al. 2015). In our
study, our maximum error compared to tape-mea-
sured length estimates was 3.00%. This equates to an
error range of between 49.4 and 64.2 mm of precau-
dal length measurements obtained in this study. The
estimated growth rate of oceanic whitetips decreases
from a mean of 136 mm yr−1 for the first 4 yr to 91 mm
yr−1 after maturity (Lessa et al. 1999). Therefore, even
for the slowest-growing individuals in a population, it
would be possible to detect a change in growth rate
on an annual basis using the stereo-video system
described in this study.

The stereo-video system produced measurements
where the error did not increase with increasing size
of the shark. This may serve as an improvement on
traditional tape measurements, as physical difficul-
ties associated with measuring larger individuals can
result in errors, especially when the animal equals or
exceeds the size of the vessel.

At approximately US$1000, this system is a low-
risk, cost-efficient option for researchers. To date,
those wishing to use stereo-video have generally had
to have significant capital to afford stereo-video sys-
tems of at least US$6170 for calibration equipment,
software, and the same GoPro™ camera setup used
here. This has ultimately led to researchers in devel-
oping countries being priced out of using stereo-
video as a survey tool (C. R. Delacy pers. comm.).
This could potentially have conservation implica-
tions, as it is often in developing countries where
accurate length data are most valuable because fish-

eries lack management. Demographic data of assem-
blages, determined by accurate length measure-
ments, can help guide responsible fisheries manage-
ment and conservation decisions (Morrison et al.
2013, Hind et al. 2015). While GoPro™ cameras have
brought the cost of image hardware down, the high
cost of software and calibration equipment has
remained (Letessier et al. 2015). Our approach re -
quires no more than the cost of the cameras, a mount-
ing system to keep the cameras attached to a base-
bar so that they relocate to the same position each
time, and a waterproof checkerboard. This substan-
tial reduction in cost should allow for more re -
searchers to use stereo-video systems to improve
length estimate data. This is particularly valuable for
marine megafauna (e.g. sea turtles, sharks, and mar-
ine mammals), as many species are experiencing
severe population declines and are threatened with
extinction. These species would benefit most from
demographic studies using accurate length data to
guide conservation and management efforts, espe-
cially in cases where populations are at low levels,
making invasive sampling inappropriate.
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