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Introduction

Abstract

The random encounter model (REM) estimates animal densities from
camera-trap data by correcting capture rates for a set of biological variables of
the animals (average group size, speed and activity level) and characteristics of
camera sensors. The REM has been widely used for setups in which cameras
are mounted on trees or other structures aimed parallel to the ground. Here,
we modify the REM formula to accommodate an alternative field of view
acquired with vertically oriented camera traps, a type of deployment used to
avoid camera theft and damage. We show how the calculations can be adapted
to account for a different detection zone with minor modifications. We find
that the effective detection area can be close to a rectangle with dimensions
influenced by the properties of the Fresnel lens of the camera’s motion sensor,
the body mass of different species and the height of the camera. The other
REM parameters remain the same. We tested the modified REM (VREM) by
applying it to wildlife data collected with vertically oriented camera traps in
Bardia National Park, Nepal. We further validated that the effective detection
area for the camera model used was best approximated as a rectangle shape
using maximum likelihood estimation. Density estimates obtained broadly
matched independent density estimates for nine species from the previous stud-
ies in Bardia with varying body sizes by four orders of magnitude. We conclude
that these modifications allow the REM to be effectively used for mammal den-
sity estimation for species with a wide range of body sizes, with vertically ori-
ented camera traps.

et al., 2019). Camera-trap surveys are economical, effi-
cient and non-invasive, as well as providing clear and

Animal abundance estimates are essential to answer
important questions in ecology and conservation biology
(Buckland et al., 2005; Gopalaswamy et al., 2012). Camera
trapping has become a major method for estimating den-
sities of terrestrial mammals (Gilbert et al., 2021; Meek

robust evidence of species occurrence (Pfeffer et al., 2018;
Sanderson & Trolle, 2005). However, one of the limita-
tions of this technique is that cameras themselves are
expensive and can be vulnerable to damage or theft,
which can bring great financial and data losses (Meek
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Density estimation with vertical camera traps

et al., 2016). In sites with poachers or elephants, for
example, placements close to the ground have a high risk
of theft or destruction (Grassman et al., 2005;
Glover-Kapfer et al., 2019).

Vertical orientation of camera traps, in which camera
traps are mounted several metres above the ground facing
straight down, is an effective solution to minimize the
risk of damage from animals like bears or elephants and
theft by humans in such situations (Grassman
et al., 2005; Meek et al., 2016). Besides the reduced risk
of vandalism and theft, a more clearly defined detection
zone and reduced habitat disturbance have been put for-
ward as advantages of a vertical orientation (Smith &
Coulson, 2012). In addition, mounting off the ground
may also make cameras less vulnerable to wildfire, espe-
cially in areas with seasonal forest fires.

One common goal of camera trapping is to estimate
population densities of mammal species as to inform con-
servation and management. Among these, the random
encounter model (REM) (Rowcliffe et al., 2008) is one of
the most reliable and most often used approaches (Palen-
cia et al., 2022; Schaus et al., 2020). REM estimates ani-
mal densities from camera-trap data by correcting capture
rates for a set of biological variables of the animals (aver-
age animal group size, speed and activity level) and char-
acteristics of camera sensors. Currently, the REM and
other approaches for estimating animal density from cam-
era traps are designed for horizontal setups (Howe
et al., 2017; Rowcliffe et al., 2008). To apply the REM to
vertical setups, modifications are required.

Here, we modify the standard formula of the detection
zone of the REM so that it can be used for wildlife den-
sity estimation with vertical camera-trap orientations, as
VREM. We show how the effective detection area must be
calculated as a rectangle, depending on the properties of
the lens of the camera’s motion sensor. Then, we test the
VREM by applying it to wildlife data collected with verti-
cal camera traps in Bardiya National Park, Nepal, a
species-rich protected area, and compare the resulting
density estimates for 12 species varying in size over 4
orders of magnitude (3.713-3160kg) with independent
estimates from former studies. Our study provides
broadens the application of density estimation using the
REM to a novel camera placement strategy.

Methods

From horizontal to vertical

The REM was adapted from the classic two-dimensional
gas model, in which the expected number of contacts is
simply the ratio of area covered by all particles present to
the total area (Hutchinson & Waser, 2007). Manipulating
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this equation and applying it to animals and cameras
allows animal density to be estimated from the capture
rate (y) for a survey period (t). For horizontal setups, the
effective detection area — the contact zone of animals and
the camera — is a sector-shaped area, defined by radius r
and angle 6, within which the camera’s passive infrared
motion sensor detects passing animals. The profile (p) is
calculated by the width of the covered path presented to
animals by the detection zone averaged across all possible
angles of approach (Rowcliffe et al., 2008). The density of
an animal species with velocity v, activity level a and
group size g can then be calculated (Formula 1).

y 78 y., £
PN re e W

Two key components of any PIR sensor are the pyro-
electric sensor and the Fresnel lens. The pyroelectric ele-
ments use the pyroelectric effect to generate an electrical
current when they are at different temperatures from one
another. The Fresnel lens is the optics of the PIR trigger
which alters where in the environment the pyroelectric
sensor is ‘looking’. Fresnel lenses can be either single-zone
or multi-zone, containing single or multiple detection
windows composing the ‘detection zone’ of the camera
(Welbourne et al., 2016). Based on this, different types of
Fresnel lenses can have different shapes of detection
zones.

Three camera-trap models were used in this project:
Browning BTC-5HDPX, Reconyx HC500 (HYPERFIRE)
and Reconyx HYPERFIRE 2 (Table S4). From the detec-
tion area of their PIR Fresnel lenses (Figs. S4 and S5), it
seems a priori likely that the effective detection zone in
vertical setups is best described by a rectangle with a
detection angle of 2x radians, defined by half width and
half height of the rectangle, a and b (Formula 2 and
Fig. 1). Based on this assumption, through a coordinate
system using the directions of a and b as the x and y
axes, the approach profile of the detection zone can be
calculated from the transverse line of the rectangle with
the approaching direction of the animal (Formula 2).
Imagine an animal approaching the detection zone from
a direction v, the profile of the detection zone from this
angle of approach should be the perpendicular distance
between the two lines (I; and 1,) that cut across the
diagonal points (A & B) of the rectangle (Fig. 1). The
profile can be derived from two times the distance
between the origin (O) and the crosspoint (C) between
l, and its perpendicular line (Formula 3) that goes
through the origin (Formulas 4 and 5). The average
profile (p) in this model can then be calculated through
trigonometry and integration (Formulas 6 and 7). The
integration range of g was set between 0 and § assuming
symmetry of rectangle.
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Photogrammetry

The width of the field of view on the ground (d) was cal-
culated from field of view angle (a, provided by the man-
ufacturer, Table S4) and height of camera (h) using the
following fowmula:

1
d=2h tan 59 (8)
Given image width in pixels (W), and the distance of
an animal from the image origin (the midpoint of the
image) in pixels (w), its real-world distance from the ori-
gin can then be calculated as: wd/W.

Animal tracking

Movement paths were tracked by tagging pixels using the
same frontmost foot consistently across all images of a

Density estimation with vertical camera traps

group observation (a continuous sequence of photo
records of a group of animals with given species passing
the camera) as the tracking point and converting to
real-world position as above for estimation of parameters
including detection zone and animal movement speed.
Only the first individual to trigger the camera within one
group observation was tracked for detection zone and
speed estimation. Speeds were calculated by dividing the
summed distance moved across images by time elapsed,
given by the difference between timestamps of the last
and first images of the observations.

Detection zone estimates

The half width and height of the rectangle detection zone
(a and b in Fig. 1) were estimated by fitting detection
functions (Buckland et al.,, 2001) to distances from the
origin in the first image of each observation in, respec-
tively, the x and y axes of the image plane. The rectangle
dimensions were assumed to potentially differ between
camera models, to increase with increasing body mass
(Rowcliffe et al., 2011; Schmidt-Nielsen, 1984) and to
increase with increasing height of the camera.

Field Test

Study site and data collection

To assess the performance of vVREM applied to field sce-
nario, we applied it to data collected in the western part

Figure 1. Diagram illustrating the profile (bold line) of a rectangle detection zone when an animal is approaching. The rectangle is defined by
half the width and height, a and b. |; and |, go across the diagonal points A and B of the rectangle with orientation reflecting the direction of

approach (y) of the animal.
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of Bardiya National Park (BNP), located in the Terai low-
lands of southwestern Nepal. BNP covers a protected area
of 968 km* and is comprised by a landscape of sal (Shorea
robusta) forests, grasslands, mixed forests and riverine for-
ests (Dinerstein, 1979a; van Lunenburg et al., 2017). BNP
is well known as a habitat rich in bird and mammal spe-
cies with a record of 513 bird species and 62 mammal
species including a large range of carnivores, mesoherbi-
vores and megaherbivores (Bardia National Park
Office, 2022; DNPWC & DFSC, 2022; Kral & van
Lunenburg, 2017).

The survey used a 1.4x1.4km grid of 50 vertically
placed camera traps with PIR triggers mounted at heights
ranging from 4.5 to 8.4 m (Fig. 2). The camera traps were
put on the trees by field staff with ladders or
elephant-back and climbing. The heights from camera
traps to the ground were measured with tape. Images of
the observations were stored in Agouti, an online plat-
form and database for processing and archiving of
camera-trap images (Casaer et al., 2019). Animals in the
images were identified and annotated using an Al
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algorithm which have been trained for vertical camera
trapping images for over four years of data, combined
with manual validation and annotation. No time limit
was given to a single observation. If the time gap between
two subsequent observations is lower or equal to 2 min,
these two observations were then merged into one. We
used a dataset that covers the period between May 10,
2018 and Mar 16, 2022. Deployments with wrong time
records due to failures of the internal clocks of the cam-
eras were deleted, including deployments with a wrong
starting time and ending time. The total sampling effort
in the remaining dataset was 32 144 days. All data analyses
and visualizations were done in R version 4.4.0 (R core
Team, 2024).

VREM parameter estimates
Animal tracking

The minimum sample size for parameter estimation was
set at 150 (Bollen et al.,, 2023; Palencia et al., 2022;

Legend

(® Camera Grid
[] Core Zone
Buffer Zone
0 2,5 5 km
|

Figure 2. Map of the study area within the western part of Bardiya National Park, showing the grid camera traps used in the survey. The inset in
the top right of the figure shows the location of Bardiya National Park within Nepal.
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Figure 3. Animal tracking in Agouti. Images A to D show the track of a tiger passing through the detection view. Each point was consistently
pinned to one of the animal’s front feet (in this case the right foot). D shows the situation when the front foot was out of view and the point

was therefore approximated outside the image frame.

Rowcliffe et al., 2011). To meet or exceed this target, we
tracked animals in all records for species with fewer than
300 observations. For with more than 300 observations,
300 observations were randomly selected. For all but one
species (golden jackal (Canis aureus) speed, n = 63), sam-
ple sizes exceeded 100, and the sample sizes of three spe-
cies fell between 100 and 150 (Indian crested porcupine
speed (Hystrix indica), n=104; Nepal gray langur (Sem-
nopithecus schistaceus), n=127; Asian elepant, n=135).
The locations were also estimated and marked both inside
and outside the view (Fig. 3). Similarly, if the front foot
was obscured by an animal’s body, the foot position was
estimated. For greater one-horned rhinoceros (Rhinoceros
unicornis) and Asian elephants (Elephas maximus), in con-
trast, the central point of the body part shown in the first
photo was selected as the tracking point.

Detection zone estimates

The number of observations per species used to model
the detection zone ranged from 107 (golden jackal) to
594 (chital (Axis axis)) (Table S1). To validate the
assumption that the detection zone is a rectangle, the
first-triggered points of each species were plotted sepa-
rately (Fig. 4) and combined using an empirical distribu-
tion with the absolute values of x and y coordinates in
metres (Fig. S2). Based on the distribution plots of the
first triggers, we assumed that the distribution of the x
and y axis distances followed a bivariate normal distribu-
tion in a rectangle-shaped detection zone, with the mid-
point of the image as the origin of the rectangle-shaped

detection zone (Figs. 4 and S2). The height and length,
which together define the sizes and shapes of the rectan-
gles, were then estimated through the maximum likeli-
hood function using height of the camera traps, body
mass and camera types as covariates (Table 1).

Three different types of cameras were used in this
study, each with a different field of view (Table S4).
Image metadata included the pixel dimensions of the
image, the position of the tracking points, the deployment
ID, the time of the records and the information of the
species.

Maximum Likelihood Estimation was applied using the
mle2 function from the bbmle package (Bolker, 2022).
The Akaike Information Criterion (AIC) was applied to
assess the best-fitting model with different covariates to
get half the height and width of the rectangle detection
zones through the coefficients result. The estimated pro-
files of different species in different camera heights and
types were then calculated with the major and minor axes
through integral (Formula 7). Bootstrap with 1000 resam-
ples of the integral results of the profiles was applied to
calculate the standard error with boot function from boot
package (Canty & Ripley, 2022; Davison &
Hinkley, 1997).

Movement speed, activity level and group size

The number of observations per species used to estimate
speed varied from 63 (golden jackal) to 312 (chital).
Activity level was estimated using all observations, with-
out weighing for group size. Sample size for estimating
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Figure 4. First trigger positions of 12 mammal species in Bardiya. The midpoints of the graphs were set as the origins. The unit of the axes is in

metres.

group size ranged from 108 (golden jackal) to 22512
(chital) (Table S1). The harmonic mean of speed observa-
tions was used to estimate the average speed (m/s)
through hmean function from sbd package in R, which
serves to reduce the impact of faster speeds on the mean
speed since animals are more likely captured while mov-
ing faster than while moving slowly (Rowcliffe, 2022b;
Rowcliffe et al., 2016). Movement paths that included
periods of animal inactivity (speed <0.01 m/s) were
excluded.

To estimate the animal activity level (proportion of
time spent active), we used the fitact function from the R
package activity, in which a circular kernel density is
fitted to radian time-of-day data to estimate the activity
level from the distribution (Rowcliffe, 2022a; Rowcliffe
et al., 2014). To account for variation in day length dur-
ing the study, clock time was converted to the solar time
before activity level estimation using solartime function

from activity package (Vazquez et al.,, 2019). Group size
(g), the mean number of animals per observation, was
included in the density calculation as in Formula (1)
since the unit of photo rate was the group not the indi-
vidual (Rowcliffe et al., 2008).

Results

Fifty-eight species were recorded in this survey, including
18 bird species, 1 amphibian species and 39 mammalian
species (Table S3). The most recorded species was chital
with 23308 observations, followed by rhesus macaque
(Macaca mulatta), Nepal gray langur and barking deer
(Muntiacus muntjak). Together, these species encom-
passed 97.5% of all animal observations.

Among all estimated parameters, group size showed lit-
tle variation across species (from 1.03 to 2.04). Con-
versely, activity level displayed slightly greater variability
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Table 1. Coefficients from the summary result of the best fit model
using mle2 function: 0.5 x width ~ height + body mass + camera type;
ratio ~ camera type. 0.5 x width was In-transformed and body mass
was power-transformed with an exponent of 2/3 (Schmidt-Nielsen,
1984).

Std. Pr
Response Estimate  error Z value (2)

0.5 x width intercept: Browning —0.6156 0.1832 —3.3607

0.5 x width height (m): 0.1618 0.0245 6.6121

0.5 x width body mass (kg) 0.0020 0.0002 11.3377

0.5 x width intercept: Reconyx —0.9700 0.0521 —6.7980
HC500

0.5 x width intercept: Reconyx —0.8760 0.0367 —7.0963
Hyperfire 2

Ratio: Browning 0.3680 0.0084 43.7651
Ratio: Reconyx HC500 0.5914 0.0419 53297 ™
Ratio: Reconyx Hyperfire 2 0.3705 0.0192 0.1335

Note: The ratio (height/width) defines the shape of the detection zone
from different types of camera traps.
kP < 0.001.

(from 0.29 to 0.75). Average speed while active showed
pronounced variation (from 0.09 to 0.39 m/s). The VREM
estimates of species density ranged from 0.22 km > (tiger,
Panthera tigris) to 155 km ™2 (chital) (Table 2).

To validate the VREM density estimates, we compared
them with independent density estimates for nine species,
sourced from four published surveys carried out in BNP
(Table S5). A Wald test on chi-square distribution with 1
degree of freedom was applied to compare the difference
between the VREM estimates and reference estimates with
standard errors. For rhinoceros, the actual population size
was known; hence, this density estimate has no standard
error. We found a broad match between vVREM and inde-
pendent estimates (Fig. 5 and Table 3).

Density estimation with vertical camera traps

Discussion

In this study, we modified the REM to a VREM to work
with vertically oriented camera traps. This involved an
alternative way to calculate the effective detection area,
which was best described by a rectangle, as well as alter-
native approaches to calculate the parameters from the
images through photogrammetry, and an alternative for-
mulation of the VREM density equation. We tested the
method in Bardiya National Park, Nepal on 12 mammal
species varying over four orders of magnitude in body
mass. We found that the density estimates obtained from
our results broadly matched those from previous studies
in BNP across nine species for which contemporary inde-
pendent estimates were available. This suggests that the
VREM can be effectively used for mammal density estima-
tion from surveys using vertically oriented camera traps.

Looking in more detail at the comparison of density
between VREM estimates and independent estimates, den-
sity was similar for three out of nine species (greater
one-horned rhinoceros, barking deer, and wild boar, Sus
scrofa), slightly overestimated for one (Asian elephant),
overestimated for two species (chital and tiger) and
underestimated for three species (sambar deer, Rusa uni-
color, Rhesus macaque and Nepal gray langur) (Fig. 5 and
Table 3). The camera trap capture rate of macaque and
langur, which are both semi-arboreal, may be biased by
missed captures when they are active in the tree canopy,
which might lead to the underestimation of the density of
this species. For this reason, VREM might not work for
semi-arboreal species. Time gaps between the reference
studies and the present research may also account for
some of the discrepancies observed in the estimates.

A second important factor may be a mismatch between
the regions covered by the current survey and the

Table2. 12 mammal species in Bardiya National Park and their group size, speed (m/s), activity level and density (ind/km?) estimated with

the VREM.

Common name

Body mass (kg)  Observations  Trap rate (obs/100d)  Group size  Speed (m/s)  Activity level  Density (ind/km?

Chital 66.17 23308 72.51 2.04+0.02 0.094+0.01 0.46+0.00 154.88+23.92
Rhesus macaque 3.71 1927 6.00 1.74+£0.04 0.29+0.04 0.35+0.01 4.49+0.90
Nepal gray langur 17.35 1,144 3.56 1.62+0.05 0.15+0.03 0.32+£0.01 6.04 +1.22
Barking deer 15.93 709 2.21 1.07+0.01 0.174+0.02 0.39+0.02 1.64+0.35
Wild boar 101.05 630 1.96 1.62+0.06 0.17+0.02 0.46+0.01 1.70+0.32
Sambar deer 180.34 587 1.83 1.17+0.03 0.18+0.02 0.46+0.02 1.25+0.23
Tiger 162.56 436 1.36 1.03+£0.01 0.39+0.08 0.75+0.02 0.22 £0.05
Indian rhinoceros 1602.33 232 0.73 1.16£0.02 0.244+0.03 0.39+0.02 0.61+0.26
Indian hog deer 34.14 246 0.77 1.10£0.02 0.09+0.01 0.57+0.02 0.80+0.18
Asian elephant 3,160 233 0.73 1.45+0.09 0.31+0.04 0.29+0.00 0.39+0.09
Indian crested porcupine 12.44 117 0.36 1.234+0.04 0.31+006 0.33+0.03 0.26 +£0.06
Golden jackal 10.35 91 0.28 1.13+£0.04 0.31+0.08 0.51+0.02 0.45+0.50
Note: Body mass data were sourced from PHYLACINE 1.2 (Faurby et al., 2018).
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Figure 5. Comparison of density estimates from VREM (y axis) with the result of previous surveys in BNP (x axis). The black dotted line is the
identity line (y=x). The closer the point is to this line, the more similar the results of vVREM are to the previous records. Axes are logarithmic. SE

bars show the uncertainty.

Table 3. Wald test result between VREM and density estimates from
reference studies.

Species W value P value

Indian rhinoceros -
Tiger 8.0507

Wild boar 1.0604

Asian elephant 3.2444

Rhesus macaque 6.2720 -
Sambar deer 5.6556 )
Barking deer 0.2676

Chital 20.0683 o
Nepal gray langur 8.8972 "
*p < .05.

**p < 0.01.

#kkP < 0.001.

comparisons. Our survey covered around an 80 km? sec-
tion of BNP including the buffer zone lying by a peren-
nial river, the Gerwa River, in the western part of BNP
containing most of the floodplain and grassland of the
whole BNP (Dinerstein, 1979a). In contrast, most com-
parison densities were derived from the full 968 km* park
area, which is predominantly covered by sal forest. The

riverine grasslands covering much of the camera trapped
region particularly attract two species, chital and tiger
(Dinerstein, 1979a; Moe & Wegge, 1994; Thapa
et al,, 2021). Since chital is the most abundant tiger prey
species, and also the possible better visibility after the fires
during the hot-dry season, tigers tend to present more in
grassland areas as well (Dinerstein, 1980), which can lead
to overestimates of these two species. In contrast, sambar
(Rusa unicolor) favours more continuous climax forests
(Dinerstein, 1979b), which mainly occur in the eastern
part of BNP outside the research area of this project. As
an important help in the forest, domestic elephants were
used to assist in camera deploying and checking, which
can make the density of this rare species slightly
overestimated.

Two species here deserve further discussion, which are
rhinoceros and chital. As one of the most endangered
species in Nepal, rhinoceros has been the subject of many
conservation efforts over the past half a century. In BNP,
since 1986, these efforts include translocation, fighting
poaching, reintroduction and very close monitoring
(DNPWC, 2017). For this reason, all individuals of rhi-
noceros within BNP are known and well monitored, while
the population size of almost all other species is merely

8 © 2024 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.
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estimated. By 2017, 35 individuals of rhinoceros lived in
BNP (DNPWC, 2017). Since rhinoceros are habitat spe-
cialists, all the potential habitats of this species are within
the riverine area. Therefore, the density estimate of rhi-
noceros from the reference is within 86 km?, instead of
the whole national park, which includes the Karnali
floodplain, community-managed forest and Khata forest
corridor (Subedi et al., 2013). This area also largely over-
laps with the study area of this project.

Another species of interest is chital, the most abundant
tiger prey-species in BNP with the highest density esti-
mate from vREM. Besides the dominance and habitat
selection of chital, some factors can also be responsible
for a higher estimate compared with density estimation
from the reference. The population of prey species, espe-
cially chital, has been increasing in recent years (DNPWC
& DFSC, 2022). The widely used method of distance sam-
pling has been applied to estimate prey density in this
area for years (Buckland et al, 2001; DNPWC &
DESC, 2022). However, such a method does not perform
well with thick vegetation for disturbance and low visibil-
ity (DNPWC & DFSC, 2022). For these reasons, together
with personal communication with experienced field tech-
nicians who conducted the distance sampling survey, a
downward bias for transect-based estimates of chital den-
sity can be reasonably expected. This, in combination
with our high accuracy in estimating the reference popu-
lation (i.e., rhinoceros), means that some of our relatively
high-density estimates may actually be representative.
Also, although the AI model in this study performs well
overall, misclassifications of similar deer species occur,
which may have led to an inflated chital capture rate.

A major challenge in adapting the REM to VREM was
to define the best-fit shape of the effective detection area,
which theoretically depends on the properties of the Fres-
nel lens used in PIR sensors. Based on the distribution of
the ‘windows” of the Fresnel lens (Welbourne
et al., 2016), the shape of the distribution of the first trig-
gered points may vary. We reasoned that the shape of the
detection area should be better described as a rectangle or
an oval based on the distribution of Fresnel lens of cam-
era trap types used in this project (Figs. S4 and S5). This
choice was further validated through the field test in
BNP. Based on a visual examination of the distribution of
the first triggers (Figs. 4 and S2), a bivariate normal dis-
tribution was observed and applied in the maximum like-
lihood function. A subsequent challenge was to determine
the scale (ratio between width and height) and size of the
detection zone based on other covariates. We found that
the scale varied between camera models and that detec-
tion zone size varied significantly with species body mass
and camera height as well as camera model.

Density estimation with vertical camera traps

One unique feature of our field application is that it
yielded density estimates for 12 different species, ranging
from small to megafauna, that together formed the bulk
of the mammal community in a single protected area.
Most REM applications to date concern one or a few spe-
cies rather than entire communities (Palencia et al., 2022;
Schaus et al., 2020; Wearn et al., 2022), and smaller, more
cryptic species in mammal communities are often lacking
in density estimates. The application in BNP explores the
effective use of REM in a wider range of body sizes in a
mammal community with a novel camera orientation.
However, our density estimates may be less accurate esti-
mates for species with smaller body size. The higher the
camera traps go, the lower the detectability will be, espe-
cially for small and medium-sized species (Meek
et al, 2016). Heights of the camera traps in this study
ranged from 4.5 to 8.4 m, whereas the effective detection
distance of many small- to medium-sized species in hori-
zontal camera placements can be shorter than 4 m (Row-
cliffe et al., 2011). Thus, preparatory trials to explore the
proper heights of the camera trap for research species to
increase the detection probability in future studies are
advisable.

In conclusion, this study extends the application of
REM from horizontal oriented camera traps to vertically
oriented camera traps, which makes it achievable to esti-
mate population density with vertical setups. This pros-
pect may encourage application of vertical oriented
camera traps as to protect camera traps from damage,
theft and forest fire. The VREM method has the potential
to contribute to the conservation and management of
mammals, especially in communities where there is a
diverse range of species with varying body mass.
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article.

Figure S1. Diagram illustrating the profile (bold line) of
an oval detection zone when an animal is approaching.
The oval is defined by major and minor axes a and b. |
and 1, are tangents to the detection zone parallel to each
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Density estimation with vertical camera traps

other with orientation reflecting the direction of approach
(y) of the animal (left). Diagram illustrating the profile
(bold line) of a rectangle detection zone when an animal
is approaching. The rectangle is defined by half the width
and height, a and b. 1; and 1, go across the diagonal
points A and B of the rectangle with orientation reflecting
the direction of approach (y) of the animal (right).
Figure S2. Empirical distribution of the first triggered
points of 16 species using the absolute values of x and y
coordinates in meters. The given values represent the pro-
portion of observations.

Figure S3. Estimated half the width (m) (y axis) distribu-
tion of species with different body mass (kg) (x axis). x

S. He et al.

axis was power-transformed with an exponent of 2/3 and
y axis was In-transformed.

Figure S4. Detection area of PIR in Reconyx Hiperfire
(left) and Hyperfire 2 (right) from instruction manual.
Figure S5. Fresnel lens of PIR in Browning BTC-5HDPX
from technical support of Browning.

Table S1. Sample size for parameter estimation.

Table S2. Comparison between VREM results in oval and
rectangle shapes.

Table S3. List of all captured species.

Table S4. Camera types used in the survey.

Table S5. Previous density estimates of some mammal
species in Bardiya.
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