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2. We present a method of using pixel measurements in an image to estimate ani-
mal size or distance from the camera using a conceptual model in photogramme-
try known as the ‘pinhole camera model’. We evaluated the performance of this
approach both using stationary three-dimensional animal targets and in a field
setting using live captive reindeer Rangifer tarandus ranging in size and distance
from the camera.

3. We found total mean relative error of estimated animal sizes or distances from
the cameras in our simulation was -3.0% and 3.3% and in our field setting was
-8.6% and 10.5%, respectively. In our simulation, mean relative error of size
or distance estimates were not statistically different between image settings
within camera models, between camera models or between the measured di-
mension used in calculations.

4. We provide recommendations for applying the pinhole camera model in a wild-
life camera trapping context. Our approach of using the pinhole camera model
to estimate animal size or distance from the camera produced robust estimates
using a single image while remaining easy to implement and generalizable to
different camera trap models and installations, thus enhancing its utility for a
variety of camera trap applications and expanding opportunities to use camera

trap images in novel ways.
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1 | INTRODUCTION

The use of time-lapse and remotely triggered cameras has become
a widely popular method of non-invasively collecting information
on wildlife and is often referred to as camera trapping in wildlife
ecology (O'Connell et al., 2011; Rowcliffe & Carbone, 2008). With
camera trap usage rapidly expanding in recent decades, researchers
continue to explore and test new methods of data collection and
analysis to answer novel ecological questions using this technology
(Sollmann, 2018; Trolliet et al., 2014). The main type of data collected
from camera trap images is often animal presence or absence in an
image. This information is typically used for assessments of species
diversity, richness, distribution or habitat use (Burton et al., 2015).
Other common types of data collected from camera trap images in-
clude animal behaviour (e.g. forging, sleeping, mating), demograph-
ics (e.g. sex, age class) or environmental characteristics (e.g. weather,
phenology; Caravaggietal.,2017; Hofmeester et al., 2020). Statistical
methods have been developed to use detection-non-detection data
to estimate the absolute abundance and density of unmarked ani-
mals; however, these methods require estimates of the area sampled
and animal movement rates (Gilbert et al., 2020; Moeller et al., 2018;
Rowcliffe et al., 2008). Though these inputs could be potentially ac-
quired from other data sources (e.g. using telemetry), several meth-
ods have been used to derive them directly from camera trap images
(e.g. Rowcliffe et al., 2011, 2016). Evaluating techniques and expand-
ing the types of data that can be collected from camera trap images
enhance the potential to use camera trapping in novel ways and can
help inform standardized methods, maximizing the value of data
generated (Scotson et al., 2017; Thomson et al., 2018).

Several methods have been described in the camera trap liter-
ature for estimating animal size or distance to the camera directly
from captured images (Berger, 2012; Caravaggi et al., 2016; Cui
et al,, 2020; Hofmeester et al., 2017; Rowcliffe et al., 2011; Tarugara
et al., 2019; Willisch et al., 2013; Xu et al., 2020). These data cre-
ate the potential to complement and/or supplement existing camera
trap applications as well as answer novel ecological questions. For
example, estimating various size dimensions of wildlife in images can
be used for monitoring physiological health, assessing growth rates,
estimating trophy potential, distinguishing between individuals, or
in assessments of demographics where size is an indication of sex
or age class (e.g. Meise et al., 2014; Tarugara et al., 2019; Willisch
etal., 2013; Zhang et al., 2018; Zheng et al., 2016). Additionally, esti-
mated distances to wildlife in images can be used to approximate the
detection range of camera motion sensors or object detection mod-
els used to process images, quantify sampling areas, derive move-
ment rates from consecutive images or to support distance sampling
approaches (e.g. Corlatti et al., 2020; Hofmeester et al., 2017; Howe
et al., 2017; Rowcliffe et al., 2008, 2011, 2016). While many tech-
niques have been developed to extract pertinent information from
camera trap images, they often arise to address specific project ob-
jectives under specific conditions which may limit their generaliz-
ability and hinder comparisons among studies (Thomson et al., 2018;
Young et al., 2018). For example, many studies in the camera trap

literature describing methods for estimating animal size or distance
from the camera have often focused on enumerating one or the
other (e.g. Hofmeester et al., 2017; Tarugara et al., 2019) and few
studies have used a standardized method (e.g. Rowcliffe et al., 2011,
2016). Based on the diversity of camera trap models, field applica-
tions, and project goals and objectives, identifying a generalizable
method for determining animal size or distance from the camera
may contribute to more efficient data collection and help establish a
standardized method to facilitate study comparisons.

Our main goal was to identify and describe a simple and gen-
eralizable method of deriving either animal size or distance from
the camera directly from camera trap images to support growing
analytical approaches and camera trap applications. Broadly, ex-
tracting information about the physical three-dimensional scene
captured in two dimensions of an image is often referred to as the
field of photogrammetry (Aleixo et al., 2020; Kannala et al., 2008).
We applied a conceptual model in photogrammetry known as the
‘pinhole camera model’ to estimate the physical size of objects at
known distances or distances to objects of known size using pixel
measurements taken directly from an image (Kannala et al., 2008;
Megalingam et al., 2016). Specifically, our objectives were to (a) de-
termine whether the pinhole camera model can produce reliable
estimates of animal size or distance using different camera traps,
models and image settings under ideal conditions using station-
ary life-like animal targets and (b) evaluate the performance of the
pinhole camera model in a practical field setting using live captive
reindeer Rangifer tarandus. We compare the pinhole camera model
approach with other methods published in the camera trap litera-
ture and provide recommendations on how to maximize its utility for
wildlife camera trap projects. Our application of the pinhole camera
model can be easily implemented in a variety of camera trap appli-
cations and provides information that may be used to complement

and/or supplement detection-non-detection datasets.

2 | MATERIALS AND METHODS
2.1 | Pinhole camera model

The pinhole camera model (Figure 1) relates a three-dimensional
scene to the two-dimensional image captured on the camera sen-
sor using similar triangles where light from a point in the physical
scene passes through the camera (i.e. pinhole or aperture) and is
transferred to a point on the camera sensor (Kannala et al., 2008;
Megalingam et al., 2016). The relationship between a physical object
and its projection on an image is summarized by the equation,

Si_ 5
q=

s
i o

where S, is the size of the object on the image (e.g. in pixels), d, is the
distance from the camera sensor to the aperture (i.e. focal length ex-
pressed in pixels), S, is the physical size (e.g. height, width in meters) of
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FIGURE 1 Conceptual model and
equations derived from the ‘pinhole
camera model’ used to estimate physical
dimensions of objects based on their
measured pixel dimension in an image

eq.1
s;*d,
So = 4
l
eq.2
Sp * d;
d, = 5
L

the object and d, is the physical distance (e.g. meters) from the cam-
era aperture to the object. As long as three out of the four inputs are
known or assumed, this equation can be rearranged to solve for the
physical size of an object (Figure 1, Equation 1), the physical distance
to an object from the camera (Figure 1, Equation 2), the size of the
object on the image (Figure 1, Equation 3) or the camera's focal length
(Figure 1, Equation 4).

The first step to applying the pinhole camera model to estimate
animal size or distance is identifying the focal length of the camera
used to capture images. Since camera trap manufacturers typically
do not report a camera's focal length (e.g. in mm), we used a calibra-
tion procedure to derive an estimate of each camera's focal length
expressed in pixels (Megalingam et al., 2016). Deriving the camera
focal length in pixels rather than millimetres conveniently results in
the units in Equations 1 and 2 cancelling out with the measured pixel
size of the object in the image, resulting in the calculated value hav-
ing physical units (e.g. meters) of the inputted distance to the object

from the camera (Equation 1) or size of the object (Equation 2).

2.2 | Camera calibration

We estimated camera focal lengths expressed in pixels of lower cost
(Campark T20~$40 USD) and higher cost (Reconyx Hyperfire 2
HF2X ~$400 USD) commercially available camera traps, each with
two different image settings. To do so, we collected five images
of a 0.25x0.25m piece of white paper on a black poster board at
1 m intervals from the camera up to 5 m; however, any object of
known size could have been used. Distances were measured using a
tape measure. We captured the white paper near the centre of the
image and approximately perpendicular to the face of the camera.
We measured the height of the paper in pixels using the straight-
line tool in the open-source software ImagelJ (Schneider et al., 2012).
Then, following Equation 4, we estimated each camera's focal length
expressed in pixels (Table 1). To determine whether the derived focal
length varied between cameras of the same make, model and image
setting, we followed this calibration procedure with three sepa-
rate cameras for each camera model and image setting and used a

O = Optical center (pinhole or aperture)

© = Field-of-View (FOV)

d = Distance to object (physical dimension)
S, = Size of object (physical dimension)

d, = Distance to image (focal length in pixels)
S; = Size of object on image (in pixels)

eq.3 . So * d; Camera I
d, O
eq.4 : d i
4 =St do L
s —

one-way ANOVA to compare mean focal lengths between similar
cameras (Table 1). We felt comparing derived focal lengths between
similar cameras was important to consider since it would have con-
sequences on whether each individual camera used in a study would
have to be calibrated or whether a single derived focal length could
be safely applied to all cameras of identical make, model and image
setting in a study (i.e. reducing effort in applying the pinhole camera
method to a large number of cameras).

2.3 | Estimating physical dimensions using pixel
measurements

To determine whether estimates of animal size or distance under
ideal and controlled conditions were influenced by camera model or
image settings (Objective 1), we used five life-like three-dimensional
animal targets ranging in size, shape and distance from the camera
(Table 2). Using stationary fixed objects, we could ensure that ac-
curate and precise measurements of animal size and distance to the
camera were recorded (i.e. minimizing measurement error). One
camera for each camera model and image setting was used to col-
lect one image of each animal at distances of 5, 15 and 25m. This
distance range represents a typical motion sensor detection range
of most wildlife camera traps (Trolliet et al., 2014). Images were
taken with animals approximately perpendicular to the camera face
and in the centre of the image. We recorded the distance, physical
nose-to-tail length (contour length along back from tip of nose to
base of tail) and shoulder height (ground to maximal height of front
shoulder) for each animal using a surveyor's measuring tape. Images
were reviewed in Imagel) and the segmented line tool was used to
measure nose-to-tail length and the straight-line tool was used to
measure shoulder height in pixels. We note that the dimensions of
the animal targets do not necessarily represent the actual size or
proportions of the represented animal species. However, our intent
was to include objects varying in size and shape, and these targets
were used to replicate realistic animal shapes and contours in a natu-
ral outdoor setting. We used each known distance from the camera
to estimate each animal's nose-to-tail length and shoulder height
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TABLE 1 Estimated camera trap and image setting focal lengths
Derived focal length d; (px) ANOVA
95% Cl
Image _—
Camera model Image setting resolution Camera ID n Mean LL UL df F p

Campark T20 3mp 2304 %1296 1 5 1745.2 1735.0 1755.4 2 2.65 0.11
2 5 1756.7 1743.4 1770.0
3 5 1757.2 1746.1 1768.4
Total 15 1753.1 1747.3 1758.8

16mp 5376 x3024 1 5 4095.5 40734 41175 2 1.02 0.39
2 5 4087.5 4068.1 4106.9
3 5 4103.9 4078.2 4129.6
Total 15 4095.6 4085.6 4105.7

Reconyx HF2X  Wide Angle 2048x1152 1 5 2923.3 2908.0 2938.6 2 0.90 0.43
2 5 2910.1 2888.2 29319
3 5 2916.3 28957 2936.8
Total 15 2916.6 29079 2925.2

Standard 2048x 1440 1 5 2931.9 29269 2936.9 2 0.15 0.86
2 5 2931.9 2919.7 29441
3 5 2934.1 29259 29424
Total 15 2932.7 29289 2936.4

Note: Estimated focal lengths are based on a calibration procedure using an object of known size (e.g. 0.25x0.25m piece of paper) at a known
distance (e.g. 1-5 m) from the camera and are expressed in pixels. For each camera model and image setting, camera ID 1 was used in our field test

and the associated focal length was used in calculations.

(Figure 1, Equation 1) and each animal's known nose-to-tail length
and shoulder height to estimate their distance from the camera at
each distance range (Figure 1, Equation 2). The specific focal length
of the camera used to collect images was used in calculations (i.e.
camera ID 1, Table 1).

2.4 | Captive reindeer field test

To evaluate our application of the pinhole camera model and its
performance in estimating animal size or distance from the cam-
era under more realistic field study conditions (Objective 2), we
recorded images of captive reindeer at the Large Animal Research
Station (LARS) at the University of Alaska Fairbanks in Alaska, USA
(IACUC #1370779-1). With permission from LARS, six individuals
(4 females, 2 males) were photographed using a Reconyx Hyperfire
2 HF2X camera with standard image setting (i.e. 2048 x 1440
image resolution) at various distances (ranging between 5.4 and
96.0 m) in various positions and locations in the image (Figure 2b;
Table 3). For this field test, the specific camera we used was differ-
ent from those we estimated focal lengths for in our camera cali-
brations. Therefore, we used the mean focal length we derived for
this camera model and image setting (i.e. 2932.7px, Table 1) in cal-
culations. For each individual reindeer, morphological dimensions
consistent with those available in published literature (e.g. Klein
etal, 1987; Nieminen & Helle, 1980) were measured by LARS staff

TABLE 2 Physical size of animal targets used for simulation

Nose-to-tail Shoulder
Animal length (cm) height (cm)
Pig 109.7 54.4
Impala 149.3 63.6
Axis deer 186.0 79.4
White-tailed deer 201.2 104.5
Moose 208.5 85.9

Note: Actual sizes (i.e. nose-to-tail length and shoulder height) do
not necessarily accurately reflect typical sizes or proportions of the
represented animal species. For example, the shoulder height of the
white-tailed deer was greater than the moose.

using a cloth tape measure. These included hind-leg length, fore-
leg length, shoulder height, back length and nose-to-tail length
(Figure 2a; Table 3). For each animal captured in images, we sub-
jectively chose and measured the pixel lengths of morphological
dimensions we felt were mostly unobstructed and least affected
by their orientation to the camera (e.g. shoulder height would be
used rather than back length if the animal was severely angled to-
wards or away from the camera, Figure 3) using ImagelJ. However,
for all animals captured in images, at least one morphological di-
mension was measured in pixels to ensure we included at least one
distance estimate for each animal (i.e. no images were discarded if
there were no perfectly visible morphological dimensions; in such
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TABLE 3 Physical size of individual captive reindeer Rangifer tarandus used for field test and the minimum and maximum distance at
which they were photographed

Morphometric (cm)

Distance (m)

Reindeer ID Sex I:Ir::'ﬂ:eg Fore-leg length Shoulder height Back length Total length Min Max
580 F 45.0 55.0 105.5 87.8 171.5 7.0 77.0
854 F 41.5 55.5 102.0 80.5 161.5 12.0 28.0
273 F 437 55.0 100.0 86.0 183.5 10.0 47.0
003 F 45.0 60.0 104.0 86.6 159.5 17.0 96.0
608 M 45.0 58.0 115.5 98.1 187.0 17.5 44.0
859 M 44.5 66.0 117.0 98.5 184.0 5.4 26.6

cases, we subjectively chose the best one available). Due to logis-
tical constraints and safety concerns, we were unable to enter the
pastures where animals were located to set up distance markers
and there were no physical landmarks (e.g. trees, rocks) that were
easily distinguishable that we could use as distance references.
Therefore, distances to animals at the time of photo capture were
recorded using a laser rangefinder (Vortex Ranger 1300). We made
no attempts to capture animals in any particular orientation (i.e.
angle to the camera) or position in the image (e.g. centred or at the
edges of the image; e.g. Figure 2b). We did, however, not record
images when animals were bedded (i.e. laying down) which would
prevent being able to measure all our available morphometrics
(also, bedded animals would be unlikely to trigger the motion sen-
sor if it were being used as is the case for many camera trapping
projects). Given these constraints, we did our best to generate an
image set as representative as possible of what would be expected
with animals moving in the camera field-of-view in a natural and
uncontrolled way, while still collecting the necessary data to apply
and evaluate the pinhole camera method. Estimates of animal size
(i.e. morphological dimensions) or distance from the camera were

calculated using Equations 1 and 2, respectively (Figure 1).

2.5 | Data analysis

To evaluate the pinhole camera model's accuracy for estimating
animal size or distance from the camera for both our simulated and
field application, we calculated the percent relative error (RE) for
each estimate, a metric commonly used in similar studies to evaluate
measurement accuracy (e.g. Berger, 2012; Cui et al., 2020; Meise
et al., 2014; Willisch et al., 2013). However, rather than using the
absolute difference between the true and estimated value in the RE
calculation, we subtracted the true value from the estimated value
resulting in negative (i.e. representing an underestimate) or positive
(i.e. representing an overestimate) RE values (i.e. RE = ([Estimated -
Actual]/Actual)x 100). For example, if the true value of a dimension
were 10, estimated values of 9 and 11 would correspond with a RE of
-10% and 10%, respectively. Since RE provides a percent error rela-
tive to the true value, the mean RE is intended to be a standardized

FIGURE 2 (a) Reindeer morphological dimensions measured in
field test including (1) shoulder height (ground to maximal height of
front shoulder), (2) fore-leg length (ground to top of radio-ulna), (3)
back length (top of front shoulder to base of tail), (4) hind-leg length
(ground to calcaneum) (5) and nose-to-tail length (contour length
along back from tip of nose to base of tail), and (b) example image
with reindeer captured at various distances, locations in the image
and positions
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FIGURE 3 Theoretical errors in estimated size or distance of

an object when using the pinhole camera model associated with
object orientation to the camera (i.e. perspective distortions).

The apparent size (i.e. what would be measured in the image and
represents S; in Figure 1 equations) of an object can be calculated
as the actual size of the object multiplied by cosine of its angle

(in degrees) to the camera. Plotted relative errors for estimated
physical size (S ) and distance (d,) are based on substituting the
apparent size for the actual size in calculations and do not account
for any other sources of error (e.g. optical distortions, measurement
error). The deer example provided is based on a measured
dimension in the x-axis (e.g. animal length) since the animal is being
rotated on the y-axis

estimate applicable to any range of animal sizes or distances from
the camera. The 95% confidence interval (Cl) of the mean RE is re-
ported as a measure of precision.

In our simulation dataset, for each camera model and image
setting, there were a total of 15 images from which animal size or
distance from the camera were estimated (i.e. five different ani-
mals captured at three different distances). To determine whether
the accuracy of estimated animal size or distance from the camera
varied between image settings within camera models, between
camera models or between measured dimensions used in calcula-
tions (i.e. nose-to-tail length or shoulder height measured in pix-
els), we used independent samples t-tests and report t-statistics
and p-values for each comparison. For all tests, a significance level
of o = 0.05 was used. To report an overall measure of accuracy
for each estimated physical dimension, we pooled all data (i.e. 120
unique measurements taken from images) and report the pooled
mean RE and 95% ClI. For our field test dataset, we pooled esti-
mates of animal sizes and distances to the camera based on the se-
lected morphological dimension measured in the image and report
the mean RE and 95% CI for estimates based on each measured
dimension as well as pooled across dimensions as an overall sum-

mary of performance.

3 | RESULTS
3.1 | Camera calibration

Combining images from all three cameras of the same model and
image setting, the total pooled mean derived focal length for the
Campark T20 camera with a 3mp image setting was 1753.1px
(n = 15; 95% Cl: 1747.3, 1758.8) and for the 16mp setting was
4095.6px (n = 15; 95% Cl: 4085.6, 4105.7). The total pooled mean
derived focal length for the Reconyx HF2X camera with a wide-
angle image setting was 2916.6px (n = 15; 95% Cl: 2907.9, 2925.2)
and for the standard image setting was 2932.7px (n = 15; 95% Cl:
2928.9, 2936.4; Table 1). For each camera model and image set-
ting, we found no statistical differences in the derived focal lengths

among the three cameras tested (all p>0.05; Table 1).

3.2 | Three-dimensional animal target simulation

Pooling all physical dimension estimates among camera models
and image settings, the total mean RE for size estimates was -3.0%
(n =120, 95% Cl: -3.7, -2.2) and for distance estimates was 3.3%
(n=120,95% Cl: 2.4, 4.1l Table 4). Individual animal size and distance
estimates from each camera model and image setting are provided in
Tables S1 and S2. There were no statistically significant differences
(all p>0.05) in the mean RE of size or distance estimates between
image settings within camera models, between camera models or

between the measured dimension used in calculations (Table 4).

3.3 | Captive reindeer field test

Pooling all physical dimension estimates among morphological di-
mensions measured in images, the mean RE in estimated sizes was
-8.6% (n = 153, 95% Cl: -10.0, -7.1) and for distance estimates was
10.5% (n = 153, 95% Cl: 8.7, 12.2; Table 5), representing a decrease
in RE of -5.6% for size estimates and increase in RE of 7.2% for dis-
tance estimates from our animal target simulation (Tables 4 and 5).
All estimates of individual morphological dimensions for each rein-

deer and individual distances are provided in Tables S3 and S4.

4 | DISCUSSION

Determining animal size or distance from the camera directly from
camera trap images expands opportunities to use camera trapping in
novel ways and complements advancements in statistical methods
for analysis of detection-non-detection data (Gilbert et al., 2020;
Moeller et al., 2018; Rowcliffe et al., 2008, 2011). We applied and
evaluated a method based on the pinhole camera model which uses
pixel measurements of wildlife in an image to estimate the size of
wildlife at known distances or distance to wildlife of known sizes
(Figure 1; Kannala et al., 2008; Megalingam et al., 2016). In our
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TABLE 5 Summary of results from captive reindeer Rangifer tarandus field test
Relative error in estimated distance Relative error in estimated size
95% ClI 95% ClI
Measured dimension used for
calculation n Mean LL UL Mean LL UL
Hind-leg length 35 16.1% 12.8% 19.4% -13.3% -15.7% -10.9%
Fore-leg length 29 15.3% 12.3% 18.3% -12.8% -15.1% -10.6%
Shoulder height 41 11.0% 8.9% 13.1% -9.6% -11.2% -7.9%
Back length 28 8.3% 3.5% 13.1% -6.6% -10.4% -2.7%
Total length 20 -4.5% -8.1% -0.9% 5.3% 1.8% 8.8%
Total 153 10.5% 8.7% 12.2% -8.6% -10.0% -7.1%

controlled three-dimensional animal target simulation, we found
the mean RE of estimated animal sizes and distances from the cam-
era (-3.0% and 3.3%, respectively; Table 4) were comparable with
other studies in which the physical specifications of the cameras
were known and careful image selection was used (Berger, 2012;
Meise et al., 2014), with only slightly increased error in our more
practical field assessment using captive reindeer (mean RE of es-
timated animal sizes and distances from the camera were -8.6%
and 10.5%, respectively; Table 5). We suspect the increased error
observed in our reindeer field test was largely a result of increased
human error in measuring actual animal size and distance to the
camera (i.e. parameter inputs assumed to be true) because measur-
ing morphological dimensions of stationary animal targets and their
distance to the camera was much easier than taking equally accu-
rate and precise measurements on live reindeer. Additionally, there
was likely increased instrument error in measuring actual distances
because we used a surveyor's measuring tape (more accurate/pre-
cise) in our simulation as opposed to a rangefinder (less accurate/
precise) in our field test. Also, vegetation often obstructed where
the animal's hooves made contact with the ground in our field test
but not in our simulation (Figure 2b). This forced us to make our best
guess at where this point was when measuring the pixel length of
vertical morphological dimensions used in the field test (i.e. hind-leg
length, fore-leg length and shoulder height), and may also contribute
to why estimates based on these dimensions were slightly less accu-
rate (i.e. greater RE) than those based on horizontal dimensions not
obstructed by vegetation (i.e. back length and total length; Table 5).
These points highlight the importance of carefully measuring param-
eter inputs, which, in turn, will maximize the accuracy of estimates
produced by the pinhole camera model.

Other currently described methods in the camera trap literature
estimate animal size or distance from the camera using reference
objects such as flags or other markers placed at known distances
from the camera or spaced at known distances apart (e.g. Corlatti
et al., 2020; Hofmeester et al., 2017; Tarugara et al., 2019; Willisch
et al., 2013), by calibrating the field-of-view at each sampling site
(e.g. Caravaggi et al., 2016), or by recreating the position of animals
in images (Cui et al., 2020). Additional limitations of these methods
include not being able to estimate continuous distances (e.g. if dis-
tance markers are used to bin animals to distance intervals), animals

being attracted to or avoiding artificial objects placed in the field-of-
view of the camera (Corlatti et al., 2020; Hofmeester et al., 2017),
increased human disturbance (e.g. trampling vegetation, spreading
human scent) in the area directly in front of the camera at each field
site, shifts in camera position (e.g. due to wind, leaning posts) poten-
tially leading to increased errors or the need for re-calibration of the
camera field-of-view (Caravaggi et al., 2016), or that images be pro-
cessed before uninstalling the camera so researchers can identify
the location of wildlife in images relative to landmarks in the cam-
era field-of-view (Cui et al., 2020). However, one important benefit
these methods have compared to the pinhole camera method is that
animal size or distance can be estimated without the requirement of
having to know (or assume) one variable to estimate the other. This
may be particularly important for species that do not have published
morphological data to estimate distances or in landscapes that do
not provide a sufficient arrangement of naturally occurring distin-
guishable reference objects (e.g. such as trees, logs, rocks, topo-
graphical features) to estimate animal size. In such cases, it may be
ideal to use the pinhole camera method in combination with one or
more alternative approaches to satisfy project needs and capitalize
on each methods' strengths to overcome their inherent limitations.
We found the pinhole camera method was simple to concep-
tualize and implement, generalizable to different camera traps and
field conditions, and yielded accurate and precise estimates over a
range of animal sizes and distances from the camera (Tables 2-5;
Tables S1-S4) while addressing several limitations and challenges
of other approaches used in the camera trap literature. First, we
demonstrated that no prior knowledge of the physical specifications
(e.g. focal length, sensor size) of the camera trap used to collect im-
ages is necessary to estimate animal sizes or distances accurately
and precisely. Other methods and tools have been used when the
physical specifications of cameras are known (Aleixo et al., 2020;
Berger, 2012; Meise et al., 2014); however, many camera trap man-
ufacturers do not report this information. For example, the physi-
cal sensor size and focal length of the Reconyx Hyperfire 2 HF2X
cameras that we used were not reported by the manufacturer nor
available in image metadata. Through a simple calibration proce-
dure, we approximated each camera's focal length expressed in pix-
els which were later used to estimate sizes and distances of animals
using equations derived from the pinhole camera model (Figure 1;
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Table 1; Megalingam et al., 2016). Second, we found that the de-
rived focal length was similar among three cameras of the same
model and image setting (Table 1), suggesting that our calibration
procedure produced reliable estimates and that once a pixel focal
length has been established for a particular camera trap model and
image setting, then it could be used to estimate physical dimensions
in any image collected from that specific camera model and setting
as we did in our reindeer field test (i.e. we did not estimate the focal
length of the actual camera used to take photographs, but instead,
applied the mean focal length determined from our initial camera
calibrations). Third, we showed that the pinhole camera method can
be used to estimate animal size or distance from the camera using a
single camera and image. An alternative method often referred to
as stereovision uses multiple cameras and the relationship between
the position of an object simultaneously captured in two or more
images from different perspectives to estimate size or distance
(Cavagna et al., 2015; Xu et al., 2020). The obvious disadvantages
of using stereovision methods for wildlife camera trapping are that
multiple cameras must be used, resulting in decreased sampling sites
or increased cost, battery usage, memory card storage and image
processing time, as well as increased complexity of the field setup
to ensure targeted wildlife are captured simultaneously from two or
more perspectives.

As an example of the potential value of the pinhole camera
method, consider a common scenario where a wildlife camera trap
study was implemented which deployed many cameras with the ini-
tial intent to only document animal detections-non-detections for
occupancy analyses. After all fieldwork was completed, researchers
decide they want to quantitatively account for differences in sam-
pling areas among camera sites (e.g. due to differences in habitat
type or detection ranges of animals varying in size) or are interested
in exploring other analyses for metrics such as animal abundance or
density. Without having collected any additional information in the
field, these researchers could use the camera calibration procedure
we described along with any available information on the targeted
species morphometrics to estimate the distances to animals in their
images allowing for estimates of the effective area sampled or ani-
mal movement rates (Gilbert et al., 2020; Hofmeester et al., 2017,
Rowcliffe et al., 2016). Note, however, careful consideration should
be used when selecting animal morphometrics to estimate distances
as any discrepancies between the known (or assumed) sizes used
in calculations and the actual sizes of the animals captured will in-
fluence errors in estimates (see Figure 4). Previously described
methods could not be used in this scenario without having collected
additional information at each sampling site at the time of camera
deployment or without revisiting sites and recreating the field-of-
view of each camera. Therefore, the pinhole camera method adds
utility to the enormously large camera trap datasets that have al-
ready been collected and also highlights the value of making images
from wildlife camera trap projects publicly available whenever pos-
sible so that additional information may be collected retrospectively
as data extraction methods continue to expand. We note, however,
that application of the pinhole camera method is not as useful for
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the size of the object (S,) is being estimated based on variation in
the focal length of the camera (d))

estimating animal size retrospectively because distances to refer-
ence objects in the camera field of view would need to be estab-
lished to estimate animal sizes. Therefore, to use the pinhole camera
method to estimate sizes, distances to reference objects should be
recorded after the camera is set up or before camera removal.

41 | Limitations and considerations

While the pinhole camera method performed well under our experi-
mental conditions and addresses several limitations and challenges
of other methods for estimating animal size or distance from the
camera, there are two general limitations of using the pinhole cam-
era model that users should be keenly aware of when applying this
method in a wildlife camera trap setting. First, as discussed above,
it is necessary to know either the physical size of objects or their
distance to the camera to estimate the other (Equations 1 and 2,
Figure 1). Any errors or variation unaccounted for in known (or as-
sumed) physical dimension inputs would likely result in increased er-
rors or reduced reliability of estimates (e.g. the RE in the inputted
physical distance is directly proportional to the RE in the estimated
physical size of the animal and vice versa; Figure 4). Therefore, the
error relationships summarized in Figure 4 may be used to help re-
searchers anticipate how well this method will perform under spe-
cific project objectives and conditions or help inform the specificity
of information needed to meet desired goals.

Second, the pinhole camera model as used here does not ac-
count for any type of image distortion that can result from different
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types of lenses used in cameras (i.e. optical distortions) or the rela-
tive position of objects in relation to the camera or within the image
(i.e. perspective distortions; Aleixo et al., 2020; Kannala et al., 2008).
Optical distortions are unique to each specific set of technical camera
specifications and lens characteristics, but in general, error size will
increase as the position of the object moves away from the centre of
the image and as the dimension being measured covers a larger por-
tion of the image (e.g. if the animal is very close to the camera such
that the dimension being measured covers most of the image; Aleixo
etal., 2020; Neale et al., 2011). Typically, the wider the camera field-
of-view, the greater effect these factors have towards the edges of
the image (Figure S1; Kannala et al., 2008). Perspective distortions
will generally increase errors in estimates when the apparent size of
the dimension being measured is highly variable depending on the
object's orientation relative to the camera (Figure 3). For example, if
an animal were in the centre of an image, the apparent nose-to-tail
length would vary considerably depending on whether the animal
was perpendicular or directly facing away from the camera when
the image is taken, whereas shoulder height would remain rela-
tively unchanged (Figure 3; Berger, 2012; Meise et al., 2014; Zhang
et al.,, 2018). We attempted to minimize these sources of error in
our animal target simulation by capturing images with animal targets
approximately perpendicular to the camera face and centred in the
image to evaluate the performance of this method under ideal study
conditions. However, we only observed a slight increase in errors in
our field test where optical distortions and animals positions relative
to the camera were not controlled for, suggesting that the pinhole
camera model can provide robust estimates despite these potential
sources of error.

Given the limitations identified above, we provide several con-
siderations and suggestions to minimize errors in estimated physical
dimensions of animals in camera trap images when using the pinhole
camera model. First, when selecting a morphological dimension,
attempt to use dimensions with low variation among individuals to
produce the most accurate results. For example, if shoulder height
has less variation than nose-to-tail length for a particular species,
then using shoulder height for pixel measurements would be pre-
ferred. Second, be aware that the apparent size of an object dimen-
sion is influenced by its orientation relative to the camera (Figure 3).
Therefore, selecting a dimension that is most consistent regardless
of its orientation relative to the camera is ideal. Third, when se-
lecting objects to measure the distance to, consider natural paths
animals may take and attempt to use distances corresponding with
where animals are most likely to be captured in the image. If a suf-
ficient arrangement of natural objects is unavailable in the camera
field-of-view, consider removal methods so artificial objects are not
left in the field (Caravaggi et al., 2016; Cui et al., 2020). Lastly, to
minimize errors associated with optical distortions, attempt to use
images where animals are near the centre of the image and measure
dimensions that do not take up a considerable portion of the image
while still being able to measure accurately and precisely. Based
on the field-of-view of most camera traps (<50 degrees; Trolliet
et al., 2014), optical distortions are unlikely to be a major issue for

most wildlife camera trap applications; however, there are multiple
ways to account for this if extremely high precision and accuracy
are necessary (e.g. barrel distortion correction; Aleixo et al., 2020;
Kannala et al., 2008). While specific project conditions and objec-
tives will likely determine the desired level of accuracy and precision
in estimated animal sizes and distances, being aware of these limita-
tions and considerations will help ensure the best possible results

are achieved when applying the pinhole camera method.

5 | CONCLUSIONS

To our knowledge, the use of the pinhole camera model for esti-
mating the size or distance to animals has not been documented or
connected to previously described methods in the camera trap liter-
ature. Previous methods have typically focused on satisfying specific
project objectives and are often not generalizable across camera
trap models or installations. We found the pinhole camera model
can provide multiple types of data useful to camera trap research-
ers and can be applied to different cameras and field setups. We
described how to apply the pinhole camera model approach through
a controlled simulation and more practical field test and showed
how estimates can be influenced by variation in model parameters
to help establish realistic expectations and inform creative uses in
wildlife camera trap research. While other methods have been used
to derive estimates of animal size or distance, we showed how this
method addresses current limitations and shortcomings while re-
maining conceptually simple and easy to implement. Ultimately,
since wildlife camera trapping has become an increasingly applied
method of collecting information on wildlife, developing innovative
and generalizable methods for extracting additional information
from images will help inform standardized protocols and maximize

camera trapping's utility for wildlife monitoring and conservation.
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