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Large felids represent some of the most threatened large mammals on Earth, critical
for both tourism economies and ecosystem function. Most populations are in a state of
decline, and their monitoring and enumeration is therefore critical for conservation. This
typically rests on the accurate identification of individuals within their populations. We
review the most common and current survey methods used in individual identification
studies of large felid ecology (body mass > 25 kg). Remote camera trap photography
is the most extensively used method to identify leopards, snow leopards, jaguars,
tigers, and cheetahs which feature conspicuous and easily identifiable coat patterning.
Direct photographic surveys and genetic sampling are commonly used for species that
do not feature easily identifiable coat patterning such as lions. We also discuss the
accompanying challenges encountered in several field studies, best practices that can
help increase the precision and accuracy of identification and provide generalised ratings
for the common survey methods used for individual identification.
Keywords: camera traps, direct photographic surveys, genetic sampling, individual identification, large felids

INTRODUCTION
The robust estimation of threatened wildlife numbers remains a key topic in modern-day
conservation biology (Gopalaswamy et al., 2019; Elliot et al., 2020). This is because many of Earth’s
most imperilled species are critical to ecotourism, may adversely impact human livelihoods, and
facilitate critical ecosystem services such as top-down regulation of prey and intraguild members
(Ripple et al., 2014; O’Bryan et al., 2018). Large felids, which in this review we define as apex
predators belonging to the genus Panthera, and other large-sized cats (each with a mass of >25 kg)
are one such emblematic group of wildlife. Large felids generate substantial revenue globally via
ecotourism (e.g., jaguar viewing in Brazil’s Pantanal contributes ∼7 million USD annually, Tortato
et al., 2017), but they are often killed in human-wildlife conflicts mainly in response to livestockraiding (Tumenta et al., 2010) and are also exposed to overharvest (Packer et al., 2011), and habitat
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contraction (Joshi et al., 2016). Resultantly, most large felids are
declining (Packer et al., 2013; Donnelly, 2020).
A key underpinning for efficient and reliable population
monitoring of large felids and other mammalian species is the
ability of researchers to identify individuals that make up a wild
population (Kuningas et al., 2014; Balme et al., 2019). This is
crucial because individual misidentifications may adversely affect
management decisions, conservation assessment and even lead
to erroneous quota setting for extractive activities like trophy
hunting (Balme et al., 2010). Since the ground-breaking work
of Karanth (1995) and Karanth and Nichols (1998), survey
methods that aid in individual identification are commonly
followed by the capture-recapture (CR) framework to estimate
their populations. The reliability of density estimates using
CR models is largely contingent on accurate identification of
individuals (Choo et al., 2020). While there are population
estimation models that do not rely on individual recognition
of animals such as the random encounter model (REM)
used to estimate the density of lions in Tanzania (Cusack
et al., 2015) and tiger prey in Cambodia (Gray et al.,
2020), individual identification-based analytical models are more
superior and often take precedence due to their promising
abilities to monitor wildlife populations while maintaining an
ease of use (Johansson et al., 2020). Consequently, scientists
have increasingly diverted their attention to individual-based
identification as a critical first step to estimate population
size, understand animal ecology and behaviour, and to inform
conservation and management decisions of threatened and
endangered species.
In this paper, we review the main survey techniques that have
become established for large felid individual identification in
recent years. We also discuss how individual misidentifications
can have serious implications for management and conservation
(Karanth et al., 2003; Karanth, 2011). We avoid methods
of individual identification that are proven to be unreliable
or inefficient when compared to others (e.g., individual
identification of tigers from their pugmarks, Karanth et al.,
2003). Similarly, sign surveys, oral interview surveys or records
of livestock attacks may only indicate felid presence but are
unable to provide individual-specific details within the animal
population of interest and are often prone to erroneous and
biased inferences (Janečka et al., 2008; Karmacharya et al., 2011;
Suryawanshi et al., 2019).
Our literature review provides (a) a brief overview of the
commonly used survey methods to identify individuals of
seven large felids divided into three broad categories—species
with distinct pelage markings, species with less distinct pelage
markings and species that lack distinct pelage markings, (b)
discussion on the challenges associated with these techniques, (c)
ways to improve current individual identification survey methods
that can potentially reduce and prevent misidentification and
(d) generalised ratings of the survey methods that facilitate
individual identification. We focus on seven large cat species
namely, tiger Panthera tigris, jaguar Panthera onca, lion Panthera
leo, leopard Panthera pardus, snow leopard Panthera uncia,
cheetah Acinonyx jubatus and mountain lion Puma concolor
(each >25 kg in body mass).
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COMMON METHODS TO INDIVIDUALLY
IDENTIFY BIG CATS
The most frequently used survey methods in recent field studies
of large felids include camera trapping, direct photographic
surveys, and genetic sampling. These survey methods use
specific identification markers such as pelage patterning, vibrissae
spots, genetic markers, scars, and other external features
uniquely characteristic to each individual animal within a
population. When appropriately used they can provide reliable
data about individual identities of felids which in turn provide
better understanding of their ecology, behaviour, and for
population monitoring.
Previous research has already demonstrated that most large
felids are cryptic, wide-ranging, and occur in low densities
(Sollmann et al., 2013a; Murphy et al., 2019). While individual
identification of species with distinctive markings is often
straightforward, individual recognition of species that lack
unambiguous markings can be more challenging (Foster and
Harmsen, 2012). This is because practitioners are required to
devote more time and effort to reliably identify individuals
which lack distinct markings (Mattioli et al., 2018) or by
choosing a survey method that can detect individuals based
on other features. Failure to adopt appropriate survey methods
increases the chances of individual misidentification (Soller et al.,
2020), may inflate or deflate capture rates (Johansson et al.,
2020; Garrote et al., 2021), bias sex/age-class structure of the
population (Balme et al., 2012), and adversely impact population
management and conservation decisions (Balme et al., 2010).

Species With Distinct Pelage Markings
We classified tigers, leopards, jaguars, and cheetahs as species
with distinct pelage markings. Tiger stripes (Figure 1A; Shi
et al., 2020), leopard (Figure 1B; Balme et al., 2019) and jaguar
(Figure 1C; Soisalo and Cavalcanti, 2006) rosettes and spots, and
cheetah spots (Figure 1D; Marnewick et al., 2008), and tail rings
(Chelysheva, 2004) are prominent coat patterns characteristic
to each individual animal found in a population. Consequently,
these felid species make ideal candidates for camera trap study
design (Karanth and Nichols, 1998; Balme et al., 2019). Moreover,
as most large felids are sexually dimorphic, especially leopards
(Balme et al., 2012), disparities in morphological size and sexbased characteristics can inform researchers about the age and sex
of individuals which may assist individual recognition further.
Karanth (1995) and Karanth and Nichols (1998) used the
patterns of black stripes on individual tigers combined with
closed CR modelling to estimate their densities in the wild.
However, tigers mainly make use of trails and roads as travel
and hunting routes. Therefore, to achieve a high number of
individual identification records of different tigers, camera traps
were set along these routes. This optimal camera trap placement
along travelled routes should be considered by researchers.
This can be easily determined based on the tracks, scats
and other signs left behind by tigers (Karanth, 1995). Such
species-specific targeting of camera traps ensures maximum
likelihood of capturing individually recognisable individuals.
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to yield individual detections of female cheetahs (see Kusler et al.,
2019).
Whisker spot patterns are another prime identifiable feature
beside prominent pelage markings for some felids like leopards
which can be used to identify individuals during direct
photographic surveys (Figure 1B; Miththapala et al., 1989). Using
the vibrissae/whisker spot pattern method developed for lions
by Pennycuick and Rudnai (1970), individual leopards can be
identified by using an identification code based on the numbered
rows of vibrissae spots from the individual’s nose to its lips
(Miththapala et al., 1989). Balme et al. (2017) provides a recent
example where direct photographic surveys were used to identify
individual leopards based on their unique vibrissae spots in Sabi
Sands Game Reserve of South Africa. The number of whisker
spots and their relative placement to one another on either side
of the leopard’s muzzle varies amongst individuals (Miththapala
et al., 1989). When animals are individually identifiable but
are difficult to monitor with camera traps, direct photographic
surveys using digital cameras can be a preferred survey method
(Wilson and Delahay, 2001).
Complementary to photographic survey methods, noninvasive genetic-capture sampling using faecal DNA has become
commonplace for the individual identification of tigers (Mondol
et al., 2009; Thapa et al., 2018), leopards (Busby et al., 2009;
Bhatt et al., 2020), jaguars (Roques et al., 2014; Wultsch et al.,
2014) and cheetahs (Busby et al., 2009). The faecal DNA obtained
from these species are genotyped using genetic markers such as
microsatellites or single nucleotide polymorphism (SNP) panels
(Magliolo et al., 2021; Thuo, 2021). Genetic sampling is useful
for individual identification because it can provide researchers
with additional types of information that camera trapping and
direct photographic surveys alone cannot provide including the
diet composition and genetic diversity of a population. Such
details can provide researchers with a better understanding of the
behavioural and social ecology of the species of interest.

Deployment of two camera traps and strategic deployment on
either side of a trail to capture both flanks of an animal further
increases the chance of recording an image where individually
identifiable characteristics of an animal may be recorded (i.e.,
stripe patterns visible beyond just their coat but also on their
face, limbs, and tail, Karanth and Nichols, 2011). To prevent
the two camera flashes from interfering with each other, it is
important to avoid setting them directly facing each other. Such
protocol adherence is regularly observed for the monitoring
of tigers (Tempa et al., 2019; Jhala et al., 2021), leopards
(Hedges et al., 2015; Devens et al., 2018), cheetahs (Brassine and
Parker, 2015; Broekhuis and Gopalaswamy, 2016), and jaguars
(Greenspan et al., 2020; Harmsen et al., 2020). More recently,
to aid practitioners in individual identification, machine learning
algorithms that train Deep Convolutional Neural Networks
(DCNN) to automatically identify distinctive coat markings
of individuals from extensive reference image database have
emerged (Pucci et al., 2020). This novel technology has been
increasingly used on individually identifiable species such as
tigers (Cheema and Anand, 2017; Pucci et al., 2020; Shi et al.,
2020) and leopards (Pucci et al., 2020).
While individual leopards and jaguars are usually easily
identifiable, some populations consist of both wild-type and
melanistic phenotypes. Camera traps can be used to identify
individuals from such populations using the spots, rosettes
and scars recorded in photographs, but animals must walk
very close to the camera for clear identification (Silveira
et al., 2010). To improve the chance of identifying melanistic
individuals, camera traps can be modified. For example,
in Peninsular Malaysia members of a unique melanistic
population of leopards were individually identified using
modified infrared flash camera traps (Hedges et al., 2015).
This modification forced the cameras into night mode,
allowing for consistent and clear recognition of the melanistic
leopard’s heavily pigmented rosettes which were invisible
when cameras were operated in their daytime photo mode
(Hedges et al., 2015). Such modifications highlight the prospect
of camera traps being used to obtain individual identities
of species even in situations when their pelage markings
might be less prominent. If such camera modifications
are impossible, the use of spatial mark-resight (SMR)
models that only require a subset of the population to be
identified may be used to provide reliable population estimates
(Harihar et al., 2021).
The individual identification of cheetahs can be challenging
due to their large home ranges (Brassine and Parker, 2015).
Researchers may incorrectly assume individuals observed in a
certain area to be the same as a resident individual they are
familiar with. Furthermore, cheetahs do not regularly make
use of trails and roads like other felid species (instead using
open habitats like grassy plains), and regular camera trap
setups may yield low capture rates (Brassine and Parker, 2015).
Camera traps should therefore be placed at environmental
features regularly used by cheetahs such as “play” or scentmarking trees (Kusler et al., 2019) to increase detection rates.
Importantly however, these sites are mostly used to facilitate
communication between adult male cheetahs and are less likely
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Species With Less Distinct Pelage
Markings
We classify snow leopards as species with less distinct pelage
markings because although they possess individually identifiable
spot and rosette markings on their limbs, flanks, and dorsal
tail portion (Figure 1E), their long fur often masks the pelage
patterns (Jackson et al., 2006), leading to discrepancies in
individual identities among human observers (Johansson et al.,
2020). Additionally, because they inhabit difficult-to-access highaltitude ecosystems between 3,000 and 5,400 m above sea-level
(Janečka et al., 2008; WWF Nepal, 2018) and occupy expansive
home range sizes which are often highly variable, researchers may
incorrectly assume one photo-captured individual as another
(Alexander et al., 2016; Chetri, 2018). For these reasons, snow
leopards are vulnerable to individual misidentification and are
challenging to monitor in the wild (Johansson et al., 2020).
Thus, multiple trained researchers are often required to match
the photo-captured snow leopards independently using at least
three pelage pattern patches for more accurate identification
(Jackson et al., 2006; Alexander et al., 2016). This is a good
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direct photographic surveys (Figure 1G; Pennycuick and Rudnai,
1970; Elliot and Gopalaswamy, 2017; Gogoi et al., 2020). This
method is very accurate, as in a sample of 920 wild African
lions in Tanzania, Packer and Pusey (1993) found that 96% of
individuals who could be scored for the number and location for
both sides of the face were unique. This method of individual
identification has formed the central foundation for subsequent
estimates of lion abundance and density, and long-term ecology
studies in locations such as Kenya’s Maasai Mara (Blackburn et al.,
2016; Elliot and Gopalaswamy, 2017), Tanzania’s Serengeti and
Ngorongoro (Packer et al., 2005; Kissui et al., 2010), South Africa’s
Kalahari (Beukes et al., 2017), and India’s Gir forest (Jhala
et al., 2019; Gogoi et al., 2020). In addition to vibrissae spot
patterns, lions may also be individually identified from ear
notches and permanent facial scarring (Pennycuick and Rudnai,
1970; Gogoi et al., 2020). Simultaneously, owing to prominent
sexual dimorphism, individual lions can be confidently assigned
sex (Kane et al., 2015).
Camera trap surveys have often been used to identify
individual mountain lions (Noss et al., 2012; Rich et al., 2014;
Alexander and Gese, 2018) and in very limited circumstances
African lions (Kane et al., 2015). Unlike African lions (and
leopards) which observers can often drive up to using vehicles in
numerous field settings, mountain lions are rarely encountered
by human observers making whisker spot-based individual
identification an impractical method for identifying the species.
Therefore, there is reliance on camera trap-based studies that
make use of multiple human observers to identify individual
mountain lions from natural marks (scars, colouration, etc.) or
artificial tags (radio-collars) but there is some debate whether
such subtle features can be reliably used to identify individual
mountain lions due to high inter-observer discrepancies (see
Alexander and Gese, 2018). Similarly, Kane et al. (2015) identified
African lions from scars, wounds, mane size and colour, missing
tail tips, and markings on the interior of the side hind legs using
camera trapping in Senegal’s Niokolo Koba National Park, but it
is questionable to what degree of certainty an entire sample of
camera trapped lions could be accurately identified using such
features (mainly because individuals may not have such features,
or they may heal/change over time). This reason, and the success
of whisker spot enumeration of lions using direct photographic
surveys, could possibly explain the near-complete lack of studies
using camera traps to identify African lions (see Braczkowski
et al., 2020 for a review).
Similar to other large felids discussed in this review, genetic
analysis is a reliable and efficient method of identifying individual
lions and mountain lions (Miotto et al., 2014), and DNA may be
collected non-invasively from scats (Wultsch et al., 2014; Curry
et al., 2019) or directly from biopsy darts which sample tissue
material (Beausoleil et al., 2016).

practice for consistent and reliable individual identification of
not only snow leopards but also other large felids and broader
mammalian species.
For snow leopard individual identification, several modernday studies have utilised camera trap surveys as an effective and
efficient sampling method (Jackson et al., 2006; Sharma et al.,
2014; Alexander et al., 2016). This is because like other large
felids, snow leopards have well-defined travel routes generally
along ridgelines and valley edges which may be identified by
the presence of their signs (e.g., scats, scrapes, scent-sprays, and
tracks, Jackson et al., 2006). This knowledge can be used to
strategically position camera traps along frequently used trails
to maximise photographic captures and to identify individuals
(Janečka et al., 2011). Additionally, near- automatic machine
learning algorithms have been developed to assist practitioners
to recognise snow leopard from their pelage patterns (Hamilton,
2017; Snow Leopard Trust, 2019). Such algorithms have been
increasingly used to identify individual snow leopards (Tariq
et al., 2018; Curtin and Matthews, 2019).
Genetic sampling of snow leopard scats is another method
that is time, cost and labour-efficient, and reliable (Janečka et al.,
2011), and is especially well-suited for individual identification
of the animal as it has a proclivity for marking sites (Jackson
et al., 2006). Genetic markers such as microsatellites are
extensively used to identify individual snow leopards from
faecal DNA (Janečka et al., 2011; Karmacharya et al., 2011),
and they usually have high mutation rates containing high
information content (Magliolo et al., 2021). However, there are
some major limitations concerning microsatellite loci diversity in
snow leopards which could impede individual identification (see
discussion in paragraphs regarding limitations). Simultaneously,
in recent years, SNP markers are also being widely employed
for individual identification of snow leopards (Janjua et al.,
2020). Next generation sequencing (NGS) techniques using
SNPs provide broad genome coverage, rich information recovery
from small, degraded DNA fragments and can be standardised
automatically across laboratories (Magliolo et al., 2021). Such
superior benefits offered by SNP markers can help practitioners
learn more about elusive felids with less effort.

Species Which Lack Distinct Pelage
Markings
We grouped lions and mountain lions under species that lack
distinct pelage markings category. Individual identification of
these species is challenging because they lack conspicuous coat
patterns and researchers often rely on smaller identifiable features
(Foster and Harmsen, 2012). However, trained observers can
at times identify individual mountain lions from photographs
using natural time-stable characteristics such as kinked tails,
undercoat spots, and colouration of the tail tip and underside of
the limbs, as well as scars and botfly marks that change over time
(Figure 1F; Kelly et al., 2008; Negrões et al., 2010). Such features
are less conspicuous and cannot be found on all individuals
within a population. Contrastingly, similar to leopards, lions can
be individually identified by enumerating their whisker spots
from close-up digital photographs of individuals taken during
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REMAINING CHALLENGES
Camera Trap Surveys
Even though the common survey methods for individual
identification of large cats discussed in this review have
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preferred for non-invasive genetic sampling. On the other
hand, collecting non-target species scats can waste time and
project resources, impacting the study’s efficiency (Soller et al.,
2020). Laboratory assessment of genetic samples also requires
relatively more time and costs compared to camera trapping
(Janečka et al., 2011) and researchers have limited access to
High-Throughput Sequencing techniques such as SNPs in most
developing countries (Krehenwinkel et al., 2019). This unequal
distribution of basic facilities and resources required for genetic
sampling may cause setbacks to biodiversity monitoring and
conservation in the developing world where many species such
as large felids are threatened with extinction. Also, as SNPs
are biallelic, their per-locus information content is lower than
microsatellite markers and therefore, theoretically more SNPs are
required to match the resolution microsatellites offer, but this
number will vary based on a variety of factors some of which are
the locus in question and the genetic variation (Fitak et al., 2016).
DNA degradation can also be problematic when conducting
genetic scatology studies in the tropics and arid to semiarid climates inhabited by jaguars and mountain lions,
respectively. Faecal DNA undergoes rapid deterioration in
harsh environments due to factors such as high temperatures,
heavy rainfall, and ultraviolet light exposure (Wultsch et al.,
2014; Fitak et al., 2016). Degraded DNA can adversely affect
polymerase chain reaction (PCR) amplification success causing
genotyping errors (Wultsch et al., 2014) such as false alleles and
allelic dropouts. Genotyping success and error rates are largely
based on the primers used for species-specific and individual
identification (Wultsch et al., 2014). Additionally, microsatellite
loci in snow leopards have low variability (Janecka et al., 2017)
thereby limiting its applicability as a universal marker in many
research areas concerning the species. Such low microsatellite
diversity is typical of felids or other mammalian species whose
populations have undergone periods of historic isolation or
recent population bottlenecks [see Janecka et al. (2017)]. These
challenges should be considered when using genetic sampling to
identify individual animals.

become increasingly reliable and efficient, several challenges
remain. While camera trapping provides a high capture rate
of species that are otherwise difficult to detect in the wild
(Foster and Harmsen, 2012), using camera trap images to
identify individuals can be challenging at times (Johansson et al.,
2020). Poor lighting conditions, incorrect camera trap placement
and angle, fast moving animals resulting in blurred images,
and researcher inexperience may increase the probability of
individual misidentification. For example, in a study conducted
by Johansson et al. (2020) using a camera trap survey design,
human observers misidentified 12.5% of capture occasions
resulting in an average of 35% population inflation. Such
misidentification can further increase with large sample sizes of
images (Hiby et al., 2009; Foster and Harmsen, 2012). As larger
quantities of photographs have to be identified and constantly
cross-referenced, this causes observer fatigue, which in turn
increases error probability (Hiby et al., 2009; Alexander et al.,
2016). This issue may be particularly more problematic in species
such as mountain lions and lions that lack unique coat markings
(Alexander and Gese, 2018).

Direct Photographic Surveys
While direct photographic surveys using manually operated
digital cameras in the field are useful for identifying individual
lions that are difficult to monitor with camera trapping (Elliot
and Gopalaswamy, 2017; Elliot et al., 2020), there are few
challenges associated with direct photographic surveys that are
similar to camera trap surveys. Observer fatigue and/or bias can
cause researchers to misidentify photo-captured individuals if
the photograph record database is sufficiently large, or if the
image observer lacks the experience to detect subtle natural
markings on the animals. Using call-ups to lure individual
animals for capturing close-up images can introduce the issue
of sampling bias because in some populations individuals can be
observer-shy, therefore, making their encounters more difficult
in the wild. Generally, call-ups have large errors, and it is
not appropriate to estimate population size based on few
tame animals or habituated individuals that approach field
teams and hence can photographed as this will likely result in
population underestimation (De Blocq, 2014). Additionally, to
adequately photograph felids for individual identification via
direct photographic surveys, enough time and survey effort are
required. This, however, can be limited by weather conditions
and terrains in the field (Corcoran et al., 2019). Such limiting
factors can interfere with the efficiency of survey protocols for
individual identification.

MEASURES TO IMPROVE FELID
IDENTIFICATION
Clear individual identification is fundamental for appropriate
conservation and management of species (Johansson et al.,
2020), therefore, we discuss ways to improve current survey
methods for obtaining reliable individual identification of big
cats. We support the recommendations provided by Wilson and
Delahay (2001) that advise practitioners to consider a study’s
aim, the target species’ ecology, environmental conditions, and
an appropriate level of error associated with a particular survey
method used to identify individual animals.

Genetic Sampling Surveys
Genetic sampling is a highly efficient method for individual
identification when studying wide-ranging felids, especially
across larger areas (Janečka et al., 2011), but gathering noninvasive biological samples can have substantial observer bias.
Soller et al. (2020) found that when comparing new and
experienced observers on their abilities to sample wolf scats,
the new observers collected more scat samples and identified
species correctly slightly more often than experienced observers.
This is a less discussed but valid concern which requires
more attention, especially as experienced observers are generally
Frontiers in Ecology and Evolution | www.frontiersin.org

Photography-Based Surveys
At the data collection stage of camera trapping, appropriate
placement of camera traps, favourable lighting conditions and
making use of scent lures are three ways to improve the quality
of photographic data collected. Similarly, to enhance capture
rate during direct photographic surveys in large protected areas,
5
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FIGURE 1 | Most commonly used morphological locations used during surveys to identify the seven large felids described in our review. (A) Tiger, (B) leopard, (C)
jaguar, (D) cheetah, (E) snow leopard, (F) mountain lion and (G) lion. Photo credits: Steve Winter and Alexander Braczkowski.

call-ups (audio lures) can be used to lure individual felids
such as lions toward field teams which can improve individual
identification due to the better-quality of digital camera images
(Midlane et al., 2015). Identifying photo-captured individuals
using at least three time-stable pelage markings, using two to
three observers trained in photo-identification techniques for
individual identification from images, and honestly reporting
unidentified captures (Bahaa-el-din et al., 2016; Alexander et al.,
2020; Choo et al., 2020) are some ways to improve matching

Frontiers in Ecology and Evolution | www.frontiersin.org

reliability. Multiple trained observers when independently
identifying photo-captured felids can substantially lower the
likelihood of misidentification as this prevents observer fatigue
and bias (Bahaa-el-din et al., 2016; Choo et al., 2020).
To further assist practitioners in individual identification
of felids, feature-based software can be beneficial as these use
algorithms to recognise species and individuals from a labelled
database of photographic records, such as HotSpotter (Crall
et al., 2013), Wild-ID (Bolger et al., 2011) and Extract-Compare
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(Hiby et al., 2009). For the optimal performance of these tools,
the reference image database needs to be sufficiently large without
which the algorithm may underperform and incorrectly identify
individuals. Additionally, as these programs are sensitive to
image quality, DCNN should be trained with about 100 up to 200
images per individual animal with different image resolutions to
improve their accuracy of individual recognition (Nipko et al.,
2020; Pucci et al., 2020). Also, both the flanks of the animal
should be simultaneously photographed and used to train the
algorithm as felids have different pelage patterns on their left
and right flanks. Although useful, practitioners should be mindful
that these programs are not substitutes to human observers but
are tools to accelerate individual felid identification by preventing
observer fatigue and boredom, because human involvement is
still required to confirm image matches.

RATING SURVEY METHODS THAT
FACILITATE LARGE FELID
IDENTIFICATION
Our review advises researchers to practice caution when
determining their survey method of choice, and we re-emphasise
this by providing ratings for each survey method discussed in our
review. The required level of experience, costs, reliability, and
probability of bias and error are context-specific and therefore,
will vary on a situational basis. We arrived at these ratings
(Table 1) based on our own experience of using these methods
in several published studies, and a review of the literature.

Camera Trap Surveys
For reliable individual identification using camera trap surveys,
persons setting up camera traps in the field and those
distinguishing individual animals apart using camera trap images
require sufficient training before participating in survey activities
(Swann et al., 2011). Camera trap image observers should be
trained using a record database of photographs to familiarise
themselves with prime identifiable coat markings of target species
individuals. Knowledge about the study area, the minimum
sampling effort, the population of interest and ideal sites where
members of the population would most likely be detected are
also prudent to ensure optimal placement of camera traps (Foster
and Harmsen, 2012). For instance, when deploying camera traps
to study a population of cheetahs, the field team should be
familiar with play-tree locations to strategically position camera
trap stations nearby. Selectively placing camera traps or using
scent lures may artificially introduce sampling bias towards
certain individuals and this can affect the accuracy and robustness
of subsequent analytic results. However, sampling bias can be
reduced by standardising sampling techniques across camera
stations, and if unable to completely do so it is advisable to make
use of appropriate analytical approaches that adequately address
bias and errors (Sollmann et al., 2013b).
While camera trap surveys are generally cost-efficient (Table 1;
Green et al., 2020), the bulk of the costs originate from the
purchase of camera traps, accessories such as batteries, housing
cases and external hard drives (Swann et al., 2011). The costs

Genetic Sampling Surveys
During genetic scat analysis, both microsatellite and SNP markers
have low degrees of error when identifying individual felids
(Janjua et al., 2020). When selecting genetic markers, researchers
should consider the preferred level of accuracy, as SNPs have
lower information content per locus than microsatellites (Fitak
et al., 2016). Despite this limitation, SNPs can identify individuals
with greater confidence than microsatellites (Janjua et al.,
2020) because of their ability to amplify shorter stretches of
DNA (<100 base pairs) thus, enabling efficient genotyping
of individuals from degraded faecal DNA (Sollmann et al.,
2013a; Fitak et al., 2016). For some species like mountain
lions, tissue DNA may be preferred over faecal DNA because
when the former is directly collected using biopsy darts the
sample is not exposed to degrading environmental factors.
Biopsy darting mountain lions may be made easier if trained
hounds are used to track individual animals (Beausoleil et al.,
2016). Similarly, scat detector dogs can be useful when scat
sampling as they have a higher potential to recognise degraded
scats than humans, and this can further improve genotyping
success rates during subsequent genetic analysis (Wultsch
et al., 2014). Such optimised DNA handling and sampling
protocols can improve genotyping success rates for more reliable
individual identification.

Combination of Survey Methods
Combining survey methods such as camera trapping and genetic
sampling surveys (Gopalaswamy et al., 2012; Sollmann et al.,
2013a), or with telemetry data from global positioning system
(GPS) collars (Murphy et al., 2019) is another way to reduce
error rates associated with individual identification of animals.
Gopalaswamy et al. (2012) verified that combining camera trap
and genetic sampling survey information provided the most
precise individual identification of tigers and subsequent density
estimates compared to density estimates provided by the two
survey methods independently. Such combination methods are
useful for improving inferences from sparse datasets which
are usually obtained for elusive species. There is much scope
for combinations of survey approaches as they significantly
improve individual identification by accounting for multiple
sources of information.
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TABLE 1 | General ratings of common survey methods used to identify individual
large felids (I lowest/cheap–IIIII highest/expensive).
Survey methods

Prior
Costs and Probability of Reliability of
experience/
effort
bias and
individual
knowledge
errors
identification

Camera trapping

II

II

II

III

Direct photographic
surveys

II

I

I

IIII

III

II

III

IIII

Genetic sampling

None of the survey methods are allocated five stars for reliability of individual
identification because they each possess some limitations that can influence the
efficiency of individual identification. Note the ratings of these methods include
a measure of author bias as they are based on the collective experience of the
authors.
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the population. Furthermore, owing to the enhanced image
resolution of digital cameras, this survey method is suitable
for species with and without distinct pelage markings. Hence,
direct photographic surveys are often used to reliably enumerate
vibrissae spots of lions for individual identification (Elliot and
Gopalaswamy, 2017; Gogoi et al., 2020).

may vary depending on whether practitioners make use of
archived image databases either for portions or the entirety
of their study or collect new images. Furthermore, the effort
required to conduct camera trap surveys will differ based on
the terrain, weather conditions and political environment of the
study area (Nawaz et al., 2021). For example, camera trap surveys
along ridgelines and cliffs of the snow-covered mountainous
regions occupied by snow leopards can be challenging and if not
considered can affect research outcomes.
Observer bias and uncertainty may be elevated when camera
trapping individuals that lack conspicuous pelage markings
and/or if the image sample size is very large (Hiby et al., 2009;
Foster and Harmsen, 2012; Alexander et al., 2016). However,
with an appropriate study design (see Alexander et al. (2020)
for good practises) camera trapping can offer practitioners
reliable individual identification of felids, especially those with
distinct coat markings (Sollmann et al., 2013b). Contrastingly,
the reliability of camera trapping to identify individuals that
lack definitive pelage patterns is often debated and therefore,
this method is not a recommended approach for identifying
individual lions (Braczkowski et al., 2020).

Genetic Sampling Surveys
Non-invasive genetic sampling of scats requires field teams to
undertake basic training in scat sampling to ensure they can
recognise signs left behind by felids along trails, differentiate
between viable and heavily degraded scats, and collect the
correct scat samples left behind by species of interest. Similarly,
laboratory-based genetic analysis of scats requires researchers to
be well-trained in analysis protocols as minor faults may cause
genotyping errors (Soller et al., 2020). In general, it is good
practice to re-train field and laboratory teams to keep up with
advancements in scat sampling and genetic analysis techniques
(Soller et al., 2020).
While scat sampling surveys in the field require less costs
and effort than camera trap surveys, laboratory equipment may
incur higher costs (Janečka et al., 2011). Scat sampling in the
field usually can be conducted with basic field equipment for
collection and storage of scats. Whereas genetic analysis of scat
samples requires trained personnel and access to laboratory
facilities, and if no such facility or equipment is available
nearby, samples often have to be sent elsewhere for analysis.
Additionally, the probability of observer bias and genotyping
errors associated with non-invasive genetic sampling is worth
noticing due to faecal DNA degradation in harsh environments
(Wultsch et al., 2014). Survey time, efforts and costs may increase
if experienced researchers are biased when collecting scat samples
or if inexperienced researchers lack sufficient judgement required
to detect degraded scats (Soller et al., 2020; Zemanova, 2021).
However, practitioners can make use of scat detector dogs to
locate viable scats only (Wultsch et al., 2014). Thus, despite
the challenges of non-invasive sampling of genetic materials,
this survey method can provide highly reliable individual
identification, especially across larger areas (Janečka et al., 2011;
Zemanova, 2021), while also providing additional individualspecific details such as age, health, and diet composition.

Direct Photographic Surveys
We assign this method the same rating as camera trap
surveys because like camera trapping persons involved in direct
photographic surveys must undergo adequate training (Table 1).
Field observers responsible for photographing felids using digital
cameras also require prior understanding about the target species
population and the sites where individuals may be found.
Direct photographic surveys are generally cheaper and require
less effort as compared to camera trapping and genetic scat
sampling surveys (Table 1) but the costs of fuelling vehicles
should be factored into any design. Most long-term direct
photographic surveys (and camera trap surveys) such as the
Serengeti lion study usually incur higher costs as they require
full-time staff for tracking and identifying animals daily (Packer
et al., 2005) compared to short-term surveys. Additionally, less
effort is required for direct photographic surveys as researchers
are not required to set up and retrieve field equipment, and digital
cameras produce high-resolution images that make individual
identification more simplistic. Researchers can further reduce the
costs and efforts of this method by making use of citizen-scientists
like tourists (Rafiq et al., 2019). Photographic contributions
of wildlife tourists offer a reliable and cost-effective way for
individual identification. Citizen-science monitoring using direct
photographic methods, while inexpensive, can provide findings
comparable to traditional camera trap surveys (Rafiq et al., 2019),
especially in high tourist density areas such as Ngorongoro
(Packer et al., 1991) and Sabi Sand Game Reserve (Balme
et al., 2019), where almost every individual in the population is
amenable to close-up photography.
The probability of bias and errors are similar to camera
trap surveys and hence, have been rated accordingly (Table 1).
We have already highlighted the issue of sampling bias
associated with direct photographic surveys when call-ups are
used (De Blocq, 2014). Similarly, studies conducted using
tourist-contributed images may be subjected to biased sampling
as tourists may not encounter more elusive individuals of
Frontiers in Ecology and Evolution | www.frontiersin.org

CONCLUSION
We have illustrated that non-invasive methods such as camera
trapping and genetic sampling are consistently used for the
individual identification of large felids. The emergence of
SNP genetic markers and better camera trap equipment are
gaining recognition for enabling practitioners to improve their
individual identification methods. Direct photographic surveys
are another preferred method for monitoring felid species,
especially those with less conspicuous identification features.
Recent breakthroughs in machine learning have much to offer
with their near-fully automated pattern recognition capabilities
of large felid images, but these should not be viewed as
ultimate substitutes to rigorous data management processes
that are usually employed in felid studies. Therefore, while
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such methodological approaches ensure efficient individual
identification that is critical for the understanding of the species
ecology and for conservation advancement, they are associated
with few inherent challenges and limitations.
Lastly, we have discussed the importance of adopting
appropriate survey (and analytical) approaches that are based
on thorough consideration of target species ecology, study aims,
location and required levels of accuracy and efficiency (Wilson
and Delahay, 2001). To collect reliable individual identification
data, rigour should be maintained when identifying individuals
from camera trap images by using multiple human observers
and reporting unidentified captures (Alexander et al., 2020;
Choo et al., 2020), and the use of Microsoft Excel should be
avoided when managing genetic sampling data to prevent errors
(Ziemann et al., 2016). We therefore recommend that future
studies requiring individual identification of large felids value and

consider such rigorous data management approaches and take
advantage of emerging methods that can together help ensure
credibility of the inferences drawn to establish a reliable basis for
large felid conservation and management.
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