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ARTICLE INFO ABSTRACT

Keywords: Understanding the population status of a species is vital for their conservation. Over the last two
Carnivore decades, multiple methods for surveying lion (Panthera leo) populations have been designed and
Conservation

tested. Each have strengths and weaknesses, with different applications, and varying levels of
reliability, accuracy and precision. We conducted a PRISMA systematic review to identify and
assess survey methods for estimating lion population abundance. We searched the Web of Science
and Google Scholar for peer reviewed papers between January 1991 and December 2022. Sixty-
five papers were included, with some using multiple methods or multiple study sites; when these
were separated, 93 studies were identified. Seven broad population survey methods for lions were
identified: call ups (34.8% of studies), spoor counts (32.5%), direct observations (15.7%), direct
observations with capture recapture elements (12.4%), camera trap-based capture-recapture
analysis (4.5%), genetic surveys (3%) and distance-based surveys (1.1%). Our literature review
suggests that the most reliable methods for determining lion density or abundance are direct
observations and camera trap-based capture recapture surveys. Genetic surveys combined with
spatially-explicit capture recapture analysis also hold significant potential. Due to their lack of
reliability and tendency to over-estimate populations, call ups and spoor counts are not recom-
mended for determining population abundance. We further recommend that harmonized methods
be developed that can produce comparable and reliable estimates, which can be used to inform
conservation decisions across the species range.
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1. Introduction

To effectively monitor and conserve wild species, an accurate understanding of their population sizes, demographics, and temporal
dynamics are required (Braczkowski et al., 2020a; Maximillion et al., 2020; Stander, 1998; Young-Overton et al., 2014). In this context,
accurate measures of population abundance and density can help with understanding how best to conserve a given population
(Braczkowski et al., 2020a; Jedrzejewski et al., 2018). Tracking population density or abundance over time allows us to detect declines
or improvements, and to deploy timely, effective, and targeted conservation interventions. Similarly, to be effective, conservation
interventions, strategies, and national and international policy and action plans must be guided by reliable population estimates that
are comparable among and within populations over time (Braczkowski et al., 2020a; Maximillion et al., 2020).

The lion (Panthera leo) population in Africa, like those of many other large carnivores, is declining rapidly across much of its range
and is currently listed as Vulnerable (Bauer et al., 2015; Nicholson et al., 2023; Wolf and Ripple, 2017). These declines are mainly
driven by prey loss, habitat loss, and direct persecution (Bauer et al., 2020). As human populations and global resource needs continue
to grow, the pressure on lion populations will inevitably increase, with remote and fragmented populations across the continent being
particularly at risk (Bauer et al., 2020; Wolf and Ripple, 2017). It is, therefore, essential to ensure effective monitoring of remaining
populations to help identify those populations that require urgent conservation intervention. This requires rigorous monitoring and
reliably determining abundance and density of lion populations, especially to allow for the interpretation of trends in lion populations
(Young-Overton et al., 2014).

Globally, a range of methods have been used to survey large carnivores (Barea-Azcon et al., 2007; Wilson and Delahay, 2001). The
most common are those that use field signs (e.g., scat, spoor, hair) to determine presence and estimate their relative or absolute
abundance (Barea-Azcon et al., 2007). Initial studies indicated a close fit between sign frequency and population density for several
carnivore species (Barea-Azcon et al., 2007; Stander, 1998), although concerns regarding the accuracy of these estimates have been
long-standing (Barea-Azcon et al., 2007). Spoor counts, or track counts, are often done following roads or set transects and have been
used in terrain where substrate allows the clear identification of tracks (Midlane et al., 2014; Stander, 1998). Snow counts involve
using snow during winter seasons to cover existing tracks and then subsequently counting tracks in subsequent days to determine
abundance (Kojola et al., 2014). This method has been used widely for surveying wolves, Canis lupus, in Finland (Kojola et al., 2014)
and the interior of Alaska (Becker et al., 1998), wild boars, Sus scrofa, in the Czech Republic (Plhal et al., 2011) and Eurasian lynx, Lynx
lynx, in Norway (Linnell et al., 2007). In Africa, spoor counts have been used extensively to survey African wild dogs, Lycaon pictus,
(Stander, 1998), leopards, Panthera pardus (Balme et al., 2009) and lions (Stander, 1998). Another spoor-based method is total counts
based on identification of individual pug marks (Sharma et al., 2005), which has been used with Amur tigers, Panthera tigris altaica, in
Northeast China (Alibhai et al., 2023), leopards in Malaysia (Sanei et al., 2011) and mountain lions, Puma concolor, in California
(Fitzhugh and Gorenzel, 1985). Other forms of indirect methods include genetic surveys, which often use scent detection dogs to
increase sample size, have been used to count snow leopards, Panthera uncia, in Nepal (Karmacharya et al., 2011) and in Kyrgyzstan
and China (Long et al., 2011; McCarthy et al., 2008; Thompson et al., 2012). Audio based counts have also been used extensively to
survey carnivores (Wilson and Delahay, 2001). Howling response counts are used to estimate wolf pack size, composition and home
range size, and are based on the replies to mimicked howling (Ausband et al., 2014; Fuller and Sampson, 1988; Harrington and Mech,
1982). Similarly, roar counts, which record the number of roars produced in a given period, have also been used to survey lions
(Rodgers, 1973). Call up surveys, sometimes referred to as call-in or playback surveys, differ from audio counts because they use calls
of conspecifics, prey in distress, or competitors to draw individuals to a specific site so they can be visually counted. They have also
been used to estimate abundance of spotted hyena, Crocuta crocuta, (northern Botswana (Cozzi et al., 2013), Etosha National Park in
Namibia (Trinkel, 2009) and in Ethiopia’s National Parks (Yirga et al., 2021, 2014), and lions in the Masai Mara in Kenya (Ogutu and
Dublin, 1998), Kafue National Park in Zambia (Midlane et al., 2015) and northern Botswana (Cozzi et al., 2013). Direct
observation-based studies typically require some form of individual identification and have been used and adapted widely (Beukes
et al., 2017; Bouley et al., 2018; Brink et al., 2012). Although they are challenging to implement over large spatial scales (Brink et al.,
2012), they have been used to survey cheetahs, Acinonyx jubatus, and wild dogs in Kruger National Park in South Africa where citizen
science was used to gather photographs of individuals to determine an overall population estimate (Marnewick et al., 2014). Total
counts of known individuals have been used for African wild dogs (Nicholson et al., 2020) and lion (Beukes et al., 2017). For species
that are individually recognizable from photographs, surveys using camera traps deployed in a pre-determined grid or along a transect
can be implemented to obtain a population estimate by using a capture-recapture approach (Wilson and Delahay, 2001). This tech-
nique was pioneered with tigers using their unique pelage (Karanth, 1995; Karanth and Nichols, 2010), and has also been done for
cheetahs (Brassine and Parker, 2015; Marnewick et al., 2008), spotted and brown hyenas, Hyaena brunnea, (Vissia et al., 2021),
jaguars, Panthera onca, in the Brazilian Pantanal (Soisalo and Cavalcanti, 2006) and more recently, lions (Cusack et al., 2015; Kane
et al., 2015) and leopards (Balme et al., 2019; Pin et al., 2022). Other methods tested to estimate abundance, but not widely used,
include using predator to prey ratios, (tested on snow leopards in Kyrgystan and China (McCarthy et al., 2008)), thermal imagery
(tested on mountain lions in Florida (Havens and Sharp, 1998; Wilson and Delahay, 2001)) and distance-based survey methods (Durant
et al., 2011; Wilson and Delahay, 2001).

To survey lions, various methods are used to determine population abundance, including direct observations that use individual
identification with capture-recapture (Beukes et al., 2017; Rosenblatt et al., 2014) or without capture-recapture (Bouley et al., 2018;
Kissui and Packer, 2004), genetic based surveys (Tende et al., 2010), spoor counts (also called spoor transects or track counts (Bauer
et al., 2014; Henschel et al., 2010; Stander, 1998), call up surveys (also referred to as call in surveys) (Mohammed et al., 2020; Ogutu
and Dublin, 2002) and camera trap studies with capture-recapture analysis (Elliot and Gopalaswamy, 2017; Kane et al., 2015;
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Strampelli et al., 2022b; Western et al., 2022). As species continue to decline, it is imperative that trends are reliably monitored to
prioritize populations that require conservation action. However, there is still a lack of consensus regarding the suitability of each
method and when it can be applied effectively (Belant et al., 2019; Droge et al., 2020; Henschel et al., 2020). Despite the widespread
use of many of these methods, there has historically been some disagreement among practitioners regarding the appropriate choice,
implementation, and interpretation of these survey methods (Braczkowski et al., 2020a, 2020b; Droge et al., 2020; Elliot et al., 2020).
This lack of consensus can hamper the ability to compare abundance estimates across sites and over time, even when the same methods
are used. Some of the most significant disparities that exist include the reliability of spoor surveys for determining population
abundance (Belant et al., 2019; Droge et al., 2020; Funston et al., 2010a; Midlane et al., 2014; Stander, 1998; Winterbach et al., 2016)
and whether call up surveys can be used in areas where lions are hunted or persecuted (Kiffner et al., 2009; Mwampeta et al., 2021).

For a global conservation strategy to be developed and for Range States to adopt national strategies and prioritize conservation
action, there needs to be an understanding of the number and density of lions within each population. It is also critically important to
obtain robust confidence intervals for those figures to detect changes in population trends over time. However, there is no universally
accepted standard or norm in terms of lion survey methodology. Consequently, there is an urgent range-wide need to review methods
of population estimation for lions in Africa and to recommend scientifically supported, harmonized survey methods that can be widely
adopted. While doing this, we need to look beyond current practice to identify areas for opportunity and potential knowledge gaps,
while considering methods under development, updated analytical techniques, and improved data collection methods for existing
methodologies. Through a systematic literature review, we described and assessed the current state of knowledge regarding lion survey
methodology. We addressed four questions: (1) What survey methods are being used to survey lions and for what purpose? (2) What
are the strengths and weaknesses of methods used to survey lions? (3) What are some of the potential knowledge gaps that exist
relating to lion survey methodology? Lastly, (4) based on the literature we reviewed, what methods are recommended to estimate lion
abundance? In addition to these research questions, we aimed to provide a comprehensive comparison of existing methods for esti-
mating lion abundance in Africa.

2. Materials and methods

In July 2023, we systematically searched for peer-reviewed, accredited scientific journal papers focussing on lion surveys in two
comprehensive databases of scientific publications: the Web of Science (WoS) and Google Scholar. We excluded grey literature items,
as conclusions may not be scientifically sound or may be inaccurate because of a lack of a peer-review process. In addition, there is no

Articles identified through Articles identified through Articles identified through the African
the Web of Science (WoS) Google Scholar (GS) Lion Database (ALD) reference library
(n=153) (n =300) (n=52)
(n =505)
A

Duplicates from GS (n = 30) and the ALD search
removed (n = 35)
(n=65)

l

Articles screened after duplicates removed
(n=440)

Articles removed after not meeting inclusion criteria
(119 from WoS, 260 from GS)
(n=379)

|

Articles included for full-text review from the WoS
(n=34), GS (n=10) and the ALD (n =17) ) Citation Mining
(N=61) (n=4)

|| EUGIBILITY || SCREENING || IDENTIFICATION |

INCLUDED

Y
Articles included in review
(n=65)

Individual surveys/studies
> identified in the 65 articles
(n=93)

Fig. 1. Flow chart of the article selection process for the systematic review of lion population survey methods.
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consistent means by which to assess the scientific rigor of these publications in grey literature, nor a systematic method for retrieving
research items (Holland et al., 2018). We followed the PRISMA method for conducting systematic literature reviews (Page et al., 2021).

A preliminary search was conducted on the WoS to identify potential methods used to survey large carnivores (particularly lions)
and the common wording for those methods. From there a full search was done of papers on the WoS and Google Scholar, for which we
used the following search phrase:

ALL=("Panthera leo") AND (ALL=("camera trap") OR ALL=("call*") OR ALL=("track") OR ALL=("individual identification") OR ALL=
("spoor”))

We limited our search to papers published in the last three decades (between 1991 and the end of 2022) to capture the latest
findings and methodologies used to survey lions. These parameters were strategically selected after conducting a preliminary scan of
the literature. Results obtained from the WoS were included in our review, as well as the first 300 results from Google Scholar. We
focused on the first 300 results, as the criteria (see below) for inclusion were no longer met past this point. In addition, we considered
papers housed in the African Lion Database (ALD) that met our inclusion criteria (African Lion Database, Unpublished Data. 2022).
Based on approaches followed by similar review papers (Holland et al., 2018), we only included publications that were in English.

For inclusion in this review, the article must have met the following criteria:

e One of the study species was the lion

The study was carried out on wild lions in Africa

e A measure of abundance or density of lions was stated. An exception was made in the cases where authors were testing and
developing methods to survey lions. For example, one study tested and developed indices for spoor counts at 18 sites (Funston et al.,
2010a). Also, the case with Winterbach et al., 2016.

e Only studies where the intention was to provide some abundance metric (e.g., population number, density, spoor density) were
used

Table 1

Summary of the information extracted by reviewers of each paper (n = 65 papers), linked to the four research questions: (1) What survey methods are
being used to survey lions and for what purpose?; (2) What are the strengths and weaknesses of methods used to survey lions?; (3) What are some of
the potential knowledge gaps that exist relating to lion survey methodology? and, (4) Based on the literature we reviewed, what methods are rec-

ommended to estimate lion abundance? Other relevant data were extracted from each paper to enable descriptive comparisons between studies.

Information Extracted Description Research
question
Publication year Year the article was published. 1
Paper title and authors Full title and list of authors.
Study objectives Objectives of the stated as stated by the authors. 1
Study category “Implementing” - Studies that were purely carrying out study methods to determine a population 1
number.
“Testing”- studies that were determining the reliability or accuracy of a method.
“Testing and developing” — studies that were a testing method as well as making changes in the
methodologies in an effort to develop them further.
Method comparison Making a note on whether lion survey methods were compared.
Survey period Start and end date of the field work.
Study site details Country, survey area, name, survey size (km?), habitat type, substrate (if spoor surveys were done).
Survey method Call up, spoor survey, camera trap, distance-based surveys, faecal DNA, direct observations. 1
Direct observations were split into those that used some element of capture recapture and those that
did not.
Data collection method Camera trapping, satellite collars, systematic surveys, intensive searches, etc.
Data captured Photos, individual IDs, spoor occurrence, faeces, sightings data, number of responses (for call up
surveys), satellite tracking data, detections.
Analysis framework implemented Summarizing the analysis approach taken.
If detection was accounted for How detection was accounted for.
Population estimate The reported population abundance estimated by the study and any confidence intervals or standard
error provided.
Lion density The reported population density estimated by the study and any confidence intervals or standard error
provided.
Population trends Reporting whether trends were assessed in the study or whether the authors of the studies indicated
the method was suitable for detecting trends.
Strengths of the method Listing all strengths or advantages provided by the authors in the paper for the method. 2,4
Weaknesses of the method Listing all weaknesses or disadvantages provided by the authors in the paper for the method. 2,4
Limitations in the methods Noting any limitations of the implemented survey methods for each survey as indicated by the
implemented authors.
Notes on accuracy/precision Any notes made on the accuracy or precision of the methods. 4
Suggestions on methodological Noting any statements made by the authors on potential ways to improve the method. 3
improvement
Future research needed Noting any statements made by the authors on future research needed relevant to the methods. 3

Survey costs

Any costs related to implementing the method.
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Our searches returned a total of 505 papers (153 from WoS, 300 from Google Scholar, 52 from the ALD; Fig. 1). We removed 30
duplicate papers from the Google Scholar results and 35 from the ALD library, resulting in 440 papers. We then systematically went
through the title, abstract and methods of the remaining papers. In total, 379 (75%) of the papers were removed as they did not meet
our criteria for inclusion or were of tangential topics, as a result 61 records were included in our review. Citation mining was then done
on those 61 papers by manually reading the references and reviewing papers with titles indicating potential relevance to our review.
An additional four papers that met our inclusion criteria were found. We reviewed the full manuscript to confirm an appropriate focus
on survey methodologies to determine population or density estimations for lions in each study area. In total, 65 peer-reviewed
publications dating from 1991 to December 2022 were included in this systematic review (Fig. 1).

To provide a summary of selected papers, we determined if there were multiple surveys carried out within each of the 65 papers (i.
e., a multiple study). We defined a multiple study when separate surveys were completed in different areas (for example; we regarded
one paper as three independent surveys as call up surveys were carried out in three different areas, namely, Queen Elizabeth National
Park, Murchison Falls Conservation Area, and Kidepo Valley National Park in Uganda (Omoya et al., 2014)); or surveys that focused on
one study area but carried out multiple methods (for example; one study in Zambia was regarded as two surveys as both call up and
spoor surveys were carried out in Kafue National Park (Midlane et al., 2015). Each survey method-survey area combination was
included as a unique entry. While reviewing the papers, considerable notes were taken regarding the strengths and weaknesses of each
method that were detailed by the relevant paper authors, as well as potential opportunities to improve the method.

Each article was reviewed in full by two of the authors (SN, EA or DM) and the necessary information extracted to enable us to
address our four research questions (Table 1). For example, to determine what survey methods were used to survey lions and for what
purpose, we looked at the objectives of the article as well as the general method used. To provide a summary of what purpose the
methods were used for, we indicated whether a study was purely implementing the method, testing it, developing it, or testing and
improving it (Table 1). We also utilized other information within the paper (e.g., data captured and analysis framework) to determine
the survey method. If responses of the two reviewers differed, a third reviewer assessed the work, engaged in discussions and a
consensus was reached. Information was extracted to allow a descriptive review and comparison of lion survey methods, rather than
specifically testing methods against one another. This information was used to address our research questions and provide a com-
parison of methods.

We used all information extracted from the papers to develop a comparison summary of lion survey methods. Studies which
compared methods were used to rank methods according to their reliability, intensiveness and resource requirements. We detailed
which research questions each method could address, whether they produced a reliable measure of abundance, the land use and
habitat type they were best suited to, equipment required, ability to detect population trends and notes on their precision and bias. We
ranked methods based on their invasiveness, ease and cost of implementation and the overall requirements. Finally, we also developed
a generic flow diagram to help guide implementors in choosing the appropriate method based on their questions, area and funding.

3. Results

In total, 93 surveys from 65 peer-reviewed papers were included in this systematic literature review of lion survey studies. We
classified each within one of seven broad methodological categories (Fig. 2): Call up surveys (34.8%, n = 31), spoor counts (32.6%, n =

N
o
s

Implementing
Testing
Testing and developing

Number of studies

=)
i

Call up Spoor Direct Direct Camera Genetics Distance-
counts Obsemvations Observations  Trapping based
(CR) (CR) surveys

' Broad survey method

Fig. 2. The lion survey methods carried out in the 65 peer-reviewed publications, and the study category of each of those studies (n = 93).
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29), direct observation surveys with capture-recapture modelling (15.7%, n = 14), direct observation surveys without a capture-
recapture type framework (12.4%, n = 11), camera trapping combined with capture-recapture modelling (4.5%, n = 4), genetic
surveys with capture-recapture modelling (3.4%, n = 3) and distance based surveys (1.1%, n = 1). Overall, two thirds of the studies
used index-based methodologies (call up or spoor counts; 62.5%; n = 60).

Most studies were conducted in Tanzania (17.2% of studies; n = 17; Fig. 3) and Kenya (11%; n = 11). No published peer-reviewed
studies were found from Angola, Chad, Democratic Republic of Congo, Gabon, Malawi, Rwanda, Somalia and South Sudan - all of
which are lion range states. Most studies (67%; n = 62) were considered implementation studies (Table 1, Figs. 2,3). Seventeen studies
(18.5%) tested and developed ways to improve existing methods for surveying lions. Fourteen studies (15%) tested survey methods.
There were more papers published in the last decade than previously (72%, n = 47, Figs. 4, 5). The field work required for observation-
based studies were carried out over longer time periods than index-based methods (Fig. 5). Publication of survey results often only
occurred several years after the completion of the survey (Fig. 5).

Several knowledge gaps were identified while conducting this review (Table 3). Most related to call up surveys, particularly around
detection, survey design, or calibration. Inadequate overall study design and a lack of robust model design and validation were the
biggest data gaps regarding camera trap surveys. Fewer gaps were identified for spoor counts (Table 3). We identified three knowledge
gaps (Table 3) that span the lion survey topic in general — particularly the need to develop a “unified framework to assess lion densities”
(Droge et al., 2020; Elliot and Gopalaswamy, 2017).

Based on the literature we searched, we summarize below the key advantages, disadvantages, knowledge gaps, reliability, and
applicability of each of the methods to survey lions.

3.1. Call up surveys

The most published survey method is the call up survey (34.8%, n = 31), which gained increased research interest in 2014
(Figs. 4,5). This method of surveying lions (and hyenas) involves the structured and routine playback of a particular sound (e.g. prey
distress calls) across a given area in an attempt to lure lions closer to the call up station (Midlane et al., 2015), generally at night when
lions are most active. The number of lion responses is used to determine their density in area. Key strengths of call up surveys include
their comparatively high detection frequency (Midlane et al., 2015), efficiency (Ogutu et al., 2005), ease of execution, relatively low
cost (Henschel et al., 2014; Midlane et al., 2015), and low effort (Table 2) (Bauer, 2007; Brink et al., 2012; Henschel et al., 2014;
Mwampeta et al., 2022; Ogutu et al., 2005; Young-Overton et al., 2014). In addition, call up surveys can be conducted in a range of
landscapes independent of substrate and habitat (Cozzi et al., 2013). Midlane et al., (2015) estimated that additional cost of equipment
required to add a call up component to an existing spoor survey was USD$ 1145.

Several factors may reduce the reliability of estimates generated by call ups. If spotlights are used, the bright light can cause
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Fig. 4. Lion survey method studies (n = 93) published between 1991 and 2022.

disturbance (Mwampeta et al., 2022), discouraging individuals from emerging into the field of view. This risk can be partially miti-
gated by the use of red filters on spotlights, which have increased lion detection during surveys in the Serengeti National Park. In areas
with moderate or high human activity, which may result in avoidance of humans, forward looking infrared (FLIR) thermal monocular
spotlights may be more effective.

When call up surveys are carried out too frequently, lions may become habituated to the fact that, for example, there is no distressed
prey animal present (Belant et al., 2017; Mwampeta et al., 2022; Ogutu et al., 2005), resulting in decreased response rates and,
therefore, a lower estimate (Belant et al., 2017). Call ups may not be suitable for low-density populations, or in areas where persecution
levels are high, as response rates may be too low to calculate robust estimates (Ogutu and Dublin, 1998). Although there is debate in
the literature on whether they are best suited here or not. In addition, the bright light can cause disturbance (Mwampeta et al., 2022),
and habituation may result in decreased response rates and, therefore, a lower estimate (Belant et al., 2017). Notwithstanding this,
various types of spotlights can have different levels of efficacy depending on the species, the population, and the area management
regime, and researchers are encouraged to select the options that are most suitable for their environment and species (Mwampeta et al.,
2022). For example, spotlights with red filters are more effective in detecting and counting lions in Serengeti National Park (a
non-hunted area) than forward looking infrared (FLIR) thermal monocular spotlights (Mwampeta et al., 2022).

Our literature review indicated knowledge gaps or potential research needs (Table 3) for call up surveys including: calibration in
West Africa (Bauer, 2007; Henschel et al., 2014; Ogutu et al., 2005), factors influencing detection across sites (Belant et al., 2017;
Kirsten et al., 2018), determining optimal length between call ups (Belant et al., 2017), and solutions to reducing habituation (Belant
et al., 2017).

This method is most suitable when resources (e.g., man-power, financial and equipment) are limited (Belant et al., 2016; Brink
etal., 2012; Midlane et al., 2015; Ogutu et al., 2005). Call up surveys are also preferred in Central Africa were there are lower carnivore
densities and poorer infrastructure (Bauer, 2007), and are also preferred in mesic savannahs (Young-Overton et al., 2014). However,
multiple studies demonstrate that this method is not accurate for determining population abundance (Belant et al., 2019; Droge et al.,
2020).

3.2. Spoor counts

Spoor counts, or track surveys, were used by almost a third of the published studies (32.6%, n = 29). These surveys involve using
track frequency as an index of a species’ density (Funston et al., 2010b; Winterbach et al., 2016) based on a linear correlation between
the true density of a species and the density of their tracks in some habitats (Winterbach et al., 2016).
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Fig. 5. Field study period of the lion survey method studies (n = 93) published between January 1991 and December 2022 in 65 papers in this
systematic review.

Spoor count strengths include that it is cost effective (Bakker et al., 2020; Henschel et al., 2020; Midlane et al., 2015), easily
repeated (Ferreira and Funston, 2010; Midlane et al., 2015), can cover large spatial extents (Winterbach et al., 2016), can be used to
survey multiple carnivore species at once (Midlane et al., 2015), and can be used where individuals are shy or heavily persecuted
(Brink et al., 2012). Density estimates resulting from populations that are less than 0.27 animals per 100 km? (<0.88 tracks/100 km?)
are not reliable (Winterbach et al., 2016). Spoor count weaknesses are that they are not reliable for estimating abundance (Belant et al.,
2019; Droge et al., 2020). Regarding their reliability and accuracy, recent studies have argued that this method of surveying lions is not
reliable as it overstates precision with wide confidence intervals (Belant et al., 2019; Beukes et al., 2017; Droge et al., 2020).

A key weakness of spoor counts is that it requires an experienced tracker and an extensive road network (Kirsten et al., 2018;
Stander, 1998). This method is not suitable for all areas as it depends on the substrate (Beukes et al., 2017; Winterbach et al., 2016),
and is not suitable in areas where there is high traffic where evidence of tracks is destroyed (Beukes et al., 2017).

Recent studies have argued that this method of surveying lions is not reliable as it overstates precision and has wide confidence
intervals (Belant et al., 2019; Beukes et al., 2017; Droge et al., 2020). Based on the literature, it is evident that this method is not
reliable for estimating abundance (Belant et al., 2019; Droge et al., 2020), and is only suitable for verifying the presence of lions within
an area and to collect data to model lion distribution within an occupancy framework (Henschel et al., 2016; Midlane et al., 2014;
Petracca et al., 2020).

3.3. Direct Observations (with and without capture recapture analysis)

Direct observation type surveys are also frequently used to survey lions (26.9%, n = 25). These surveys can either be implemented
with capture recapture modelling (15.7%, n = 14) or without (12.4%, n = 11). These forms of surveys involve identifying individual
lions through opportunistic sightings (Beukes et al., 2017; Braczkowski et al., 2020b) or intensive monitoring (Blackburn et al., 2016;
Bouley et al., 2018; Ogutu and Dublin, 2002), and rely on either the natural individual marking of individuals (e.g., whisker spot
patterns or scars (Elliot and Gopalaswamy, 2017; Strampelli et al., 2022b) or through the direct marking of individuals (e.g., branding;
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Table 2
Reported weaknesses and strengths of survey methods taken from published studies found in this literature review (93 studies in 65 peer reviewed
publications).

Method Disadvantage/weakness of the method Advantage/strength of the method

Call up surveys

Spoor counts

Direct observation surveys
(with and without
capture recapture
modelling)

Camera trapping surveys
with CR analysis

Genetic surveys

Distance-based surveys

o Cannot provide reliable estimates of population density®.

o Wide confidence intervals.

o If used, “bright light emitted can disturb, cause avoidance
and reduce animal detection”2.

o Habituation of target species after multiple sessions results in
poor estimates of precision or prevents any responses® %,

o Not useful in areas where lions are hunted/persecuted as
individuals may be too cautious to approach stations with
human-activity™®.

o Cannot provide reliable estimates of population

density! 21314,

Requires experienced trackers

Track detection is more challenging when there is a high

frequency of road use as tracks are destroyed'>.

Large confidence intervals in population estimates’.

o Imprecision precludes detecting trends over time'®,

Estimates either overstate precision or are too imprecise to be

meaningful'%.

Track detection varies across substrates'®.

Require much greater sampling effort to compensate for the

lack of precision®®.

o Not suitable for low density populations. The validity of
density estimates below 0.27 carnivores/100 km? (<0.88
tracks/100 km) is questionable”.

o Registering individuals, particularly at low population
densities, takes large amounts of resources and time'%15,

o Conducting mark-recapture through individual identification
may not be feasible in environments where low encounter
rates or poor visibility restrict observations'>!5,

15,16

o o

(=]

[}

o o

o Some difficulties in finding and monitoring low density,
wide-ranging species'>17.

Initial financial layout is costly?*.

Current drawback of the Random Encounter Models (REM) is

its reliance on independent estimates of animal speed of

movement and camera detection zone dimensions®>.

o Scaling the method to larger areas is likely to be costly and/or
challenging®.

o Deploying and checking cameras requires considerable time,
as does the identification of individuals captured?*.

o DNA can degrade resulting in low quantity and/ or poor-
quality DNA available for use®”.

o Amplification failures during PCR and false alleles can also

affect population size estimates”.

o o

Wide confidence intervals®®.

Only suitable in habitats similar to the Serengeti (flat and
little vegetative cover).

o Some issues with detection confidence®.

o o

o Comparatively high detection efficiency”.

o Possible to simultaneously estimate lion and hyena density
from a single survey®°.

o Conducted in a shorter time than some other methods
(dependent on survey size)'C.

o Used across various landscapes independent of substrate and

habitat and across large areas’.

Limited equipment, skills/training requirements-°.

Easy to execute” °.

Low cost”'.

Multiple carnivore species can be surveyed simultaneously (e.

g., spotted hyena, and possibly leopard, wild dogs, and

cheetah)'®1°.

o Comparatively high detection efficiency, and low effort and

cost”.

Relatively inexpensive method”.

Easy to implement, multi-scale and effective tool for carni-

vore population monitoring”:*°.

Cover large spatial areas'®.

Robust and repeatable technique for assessing large carnivore

densities”!°, distribution and population size.

© © © ©

o o

o o

Most robust method for defining population characteristics'>.
It can be used under a citizen-science approach. This could
make the costs of such surveys considerably lower than
traditional methods®.

Suitable for small sample sizes?!.

They provide an appropriate standardized framework to
monitor species that occur in diverse habitats, at varying
densities and with changeable behaviour®!.

Provide repeatable and inexpensive measures of some
population parameters>2,

o o

o o

=]

o If SECR models are applied, has been shown to provide

reliable estimates of population density?!:23,

Produce statistically rigorous and precise estimates of

population®3,

Shown to provide reliable estimates of population

density®>24,

o Determine occupancy or density of multiple small- to wide-
ranging species concurrently?”-25,

o REM may offer a promising and more cost-effective alterna-
tive to estimating animal density®®.

o Provides accurate and precise estimates of abundance

(=]

=]

24,25

27,28

(=]

Non-invasive sampling technique
Works well for secretive species and/or in dense habitats
Allows for genetic studies of wild animals without trapping
them or observing them?”%5,

o Provides data on the health status of a population, e.g.,
inbreeding, which cannot be obtained easily using
observation in the field®”-%.

Has potential for application of SECR models.

Relatively quick to implement?®.

Cost effective?.

Applicable to most habitats with good visibility, such as short
grass plains, grassland or desert®.

0 Can be used to effectively detect long-term trends?°.

27,28

o o

© © O ©

1Cozzi et al. (2013); 2 Mwampeta et al. (2022); 3 Belant et al. (2017); 4 Ogutu et al. (1998); S Kiffner et al. (2009); © Creel & Creel (1997); 7 Henschel
etal. (2014); ® Bauer (2007); ° Ogutu and Dublin (1998); 10 Belant et al. (2016); ! Brink et al. (2012); 12 Droge et al. (2020); 13 Beukes et al. (2017); 14
Belant et al. (2019); 15 Midlane et al. (2015); 16 Henschel et al. (2020); 17 Winterbach et al. (2016); 18 Midlane et al. (201 5); 19 Bakker et al. (2020), 20
Braczkowski et al. (2020b); 21 Elliot et al. (2020); 22 Stander (1998); 23 Elliot and Gopalaswamy (2017); 24 Strampelli et al. (2022); 25 Cusack et al.
(2015); 26 Rich et al. (2019); 27 Tende et al. (2010); 28 Tende et al. (2014); 2% Dyrant et al. (2011).
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Table 3
Knowledge gaps identified in published studies found in this literature review for the recommended methods.

Method

Knowledge gap and identified research needs

References

Camera trap surveys combined with

capture-recapture modelling

Observational studies

Genetic surveys

All

Further develop Spatial Mark Resight (SMR) models (especially to “allow for the
inclusion of finite-mixture covariates such as sex), for cases where identification
rates are lower”.

“Test the suitability of other models of xenon-flash camera traps for the individual
identification of lions, as this may not be equal across models™

Further advance survey design advancements to improve precision of density
estimates produced.

“Explore the scalability of this method to larger areas”.

Explore how the dispersion of recaptures affects accuracy of estimates (this may
provide additional insights into how to optimally space traps when movement
patterns differ among species).

Continually develop SECR methods as they are a reliable method for surveying
African carnivores.

Evaluate and test the potential of SECR modelling.

Develop a “handbook of best practices in monitoring populations of apex
carnivores”.

Develop “a “unified framework™ to assess lion densities in key sites across their range
to allow for accurate population assessments and trend analyses”.

Conduct a cost benefit analysis of each method.

(Strampelli et al., 2022)

(Strampelli et al., 2022)
(Strampelli et al., 2022)

(Strampelli et al., 2022)
(Rich et al., 2019, Strampelli
et al., 2022)

(Elliot and Gopalaswamy,
2017)

(Strampelli et al., 2022;
Gopalaswamy et al., 2012)
(Droge et al., 2020)

(Elliot and Gopalaswamy,
2017)
This review

(Stander, 1991)).

Direct observation surveys are generally the most robust and reliable method for defining population characteristics such as de-
mographic composition (Beukes et al., 2017; Rosenblatt et al., 2014), can include citizen scientists (Braczkowski et al., 2020b), and can
be used for small populations (Elliot et al., 2020). While this method is reliable for determining abundance (Beukes et al., 2017), it
tends to be fairly expensive because of the cost of equipment involved and can be relatively resource intensive (Beukes et al., 2017;
Braczkowski et al., 2020b). Survey methods that utilize satellite tracking or radiotelemetry are also adapted to determine population
sizes (Becker et al., 2013; Mweetwa et al., 2018). There are, however, techniques to combine statistical modelling with direct
observation to obtain density estimates with moderate effort and cost. For example, a recent lion survey in Uganda’s Queen Elizabeth
National Park cost ~USD$ 3690 for a 93-day long survey analysed using a spatial explicit capture re-capture analysis (SECR) based
analytical framework (Braczkowski et al., 2020b).

This method has probably evolved the most relative to other lion survey methods, especially with regards to statistical analysis
(Braczkowski et al., 2020a, 2020b; Elliot et al., 2020; Elliot and Gopalaswamy, 2017; Western et al., 2022). Combining direct ob-
servations with SECR is more reliable than analytical methods previously used and generate highly robust animal densities (Bracz-
kowski et al., 2020a, 2020b). This type of analysis has only been applied to lions in the last decade (Braczkowski et al., 2020a; Kane
et al., 2015). Intensive monitoring is often deployed by conservation management to identify individuals within the population to
achieve a population estimate (Bouley et al., 2018). These types of surveys provide additional information on the population, including
demographic break-down, life histories, survival rates, and, if tracking collars are used, spatial use and home-ranges (Bouley et al.,
2018).

This method is best suited as part of long-term or intensive monitoring studies. It can be adapted to accommodate the resources
available for the survey. In addition, these studies can be designed and implemented rapidly (Elliot et al., 2020; Elliot and Gopa-
laswamy, 2017) or over longer time periods (Beukes et al., 2017; Bouley et al., 2018; Western et al., 2022).

3.4. Camera trap-based capture-recapture surveys

Camera trap surveys combined with capture-recapture (CR) modelling is a new survey technique for lions, conducted in only four
published studies (4.5%), with the first published studies in 2015 (Figs. 4, 5; (Cusack et al., 2015; Kane et al., 2015)). The first study of
this type was conducted in Niokolo-Koba National Park in Senegal and combined with mark-resight analysis (Kane et al., 2015).
Camera trap surveys were previously thought to be inefficient in estimating population density and abundance because individual
lions can be difficult to distinguish in camera trap images (Beukes et al., 2017). However, recent studies have found that this is not the
case, as a result of advances in camera trap technologies including the increased quality and resolution of images and the use of a white
flash (Cusack et al., 2015; Strampelli et al., 2022b).

The strengths of using camera trap surveys for lion density estimation is that the method is reliable, repeatable, relatively simple to
implement, and does not require large teams (Cusack et al., 2015; Kane et al., 2015; Strampelli et al., 2022b). The weakness of camera
trapping is that it requires considerable time to deploy and check traps, capture large amounts of data in databases, and process photos
(Strampelli et al., 2022b) and can be costly. Individual identification, though possible, is still difficult, and requires experienced
personnel. Finally, there is a risk that cameras get stolen, resulting in lost data, potential gaps in the survey, and lower sample sizes.

Camera trap surveys have not yet been carried out over large survey areas (Cusack et al., 2015; Kane et al., 2015; Rich et al., 2019;
Strampelli et al., 2022b). Further studies are required to determine the feasibility of implementing this method at larger scales than
have currently been implemented at (Strampelli et al., 2022b). Larger survey areas will potentially require wider spacing of trapping
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Table 4

Comparative summary of the preliminary lion survey methods according to the literature included in this systematic literature review. A descriptive narrative of how we compared methods, including

their ranking, can be found in the supplementary materials.

Call Ups Spoor Surveys

Direct Observations (with or
without capture recapture
analysis)

Camera trap-based capture recapture
surveys

Genetic surveys with
capture-recapture
modelling

Distance-based
Surveys

Key methodological (Ferreira and Funston, 2010; Midlane
papers et al., 2015; Mwampeta et al., 2022)

(Funston et al., 2010;
Keeping, 2014; Midlane
et al., 2015; Winterbach
et al., 2016; Henschel
et al., 2020)

Research questions Lion presence Lion presence

Direct or indirect  Direct Indirect
method
Reliable measure of x x
abundance
Reliability in 4 5 (least reliable)
estimating
abundance
Detect trends x x
Precision and bias High precision Precision is overstated
Confidence Poor assessment of variation around Wide confidence intervals.
intervals count (dependent on calibration effort) Poor assessment of
variation around count
Invasiveness 5 1 (least invasive)

Land use type All land use types but less suitable in All - especially suitable in
areas where lions are shy (e.g. hunting or areas where lions are

remote areas) particularly shy

Habitat type Appropriate across all habitats Ideally soft-substrate
Ease of 1 (easiest) 2

implementation
Cost of 2 Cost of equipment required for the call- 1 (cheapest)

implementation up survey was USD$ 1145. The per-
survey cost of additional equipment
required for the call-up survey decreases
with each new survey (Midlane et al.
2015)

Time requirement 2 1 (shortest study period)

(Pennycuick and Rudnai, 1970;

Becker et al., 2013; Rosenblatt et al.,

2014; Bouley et al., 2018)

Lion presence

Lion density
Population estimate
Population trend
Population structure
Direct

v

2

4

Precise when used with capture-
recapture

No information available

6 (most invasive)
Across all land use types

Appropriate across all habitats

6

(most expensive if satellite collars
are required and extensive
fieldwork)

USD$ 3690 on their 93-day SECR
lion survey in Queen Elizabeth

National Park (USD$ 900 for vehicle
and petrol costs, and USD$ 2790 on

food and lodging).
Braczkowski et al. (2020b)

6

(Cusack et al, 2015; Strampelli et al. 2022)

Lion presence

Lion density
Population estimate
Population trend

Indirect
v

1 (most reliable)

4
No information available

No information available

4
Across all land use types (camera theft needs
to be considered in some areas)

Appropriate across all habitats

6 (hardest)

5

Surveying an area of 5000 km?, with
cameras placed at regular 5-km intervals
(wider than in our study, but likely still
suitable for lion), would require ~200
stations (400 cameras, if paired). At ~150
USD per camera (https://www.cuddeback.
com/shop), this would amount to ~ USD$
60,000 of camera trap costs, in addition to
significant accessory costs (for import fees,
batteries, memory cards, and protective
cases).

Stampelli et al. 2022

6 (longest study period)

(Tende et al. 2014)

Lion presence

Genetic health
Population estimate
Genetic relatedness
Indirect

4

3

v/

No information available
No information available

1 (least invasive)
Across all land use types

Appropriate across all
habitats

(Durant et al.,
2011)

Lion presence
Population trend

Direct
v

No information
available

v

No information
available

Wide confidence
intervals

3
Across all land
use types

Habitats that
allow good
visibility

3

3

(continued on next page)
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Table 4 (continued)

Call Ups Spoor Surveys Direct Observations (with or Camera trap-based capture recapture Genetic surveys with Distance-based
without capture recapture surveys capture-recapture Surveys
analysis) modelling

Equipment Vehicle, speakers, spotlight Vehicle Vehicle, photobook, Satellite/VHF  Vehicle, cameras, batteries, camera mounts, Genetic sample Kits, Vehicle, distance
collars (optional) SD cards genetic laboratory, range finder
potentially sniffer dogs
(not always required) to
locate faecal matter
Minimum number 2 2 (tracker and driver) 1 1 2 2
of people
required
Key skills or None Experienced tracker Potentially statistical analysis if Experience in camera trap surveys and Genetic analysis or link to a Distance surveys
expertise incorporating capture recapture analysis genetic lab and analysis
required analysis
Key comparisons “Call ups are more precise than spoor counts, despite this method  “Intensive monitoring produced “Estimates achieved through Random No comparisons to other “Distance-based
with other requiring less than half the number of survey days, 23% fewer survey estimates with 3X to 7X greater Encounter Modelling with camera traps were studies done transects
studies done hours and 38% fewer kilometres driven” (Midlane et al. 2015) precision than rapid indices of more precise (i.e., narrower confidence provided
abundance”. intervals) than those obtained for Serengeti estimates of
(Rosenblatt et al. 2014) lions using distance sampling, which also density of

required a higher level of sampling effort.” (
Cusack et al. 2015)

carnivores with
greater accuracy
(density was
underestimated
by up to 65% in
fixed-width
transects) and
precision (lower
CVs were
achieved in
distance-based
transects) than
fixed-width
transect”
(Durant et al.
2010)
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stations, designing models aimed at accurately identifying single-sided individuals and potentially rotating grids to allow greater area
coverage (Strampelli et al., 2022b), while still considering the statistical assumptions for SECR analysis. In addition to assessing the
scalability of this method, aspects around model validation and survey design should also be assessed (Table 3; Rich et al., 2019;
Strampelli et al., 2022b).

Strampelli et al. (2022b) estimated that surveying an area of 5000 km? with cameras would cost ~ USD$ 60,000 (including camera
trap costs and accessory costs). This cost is estimated based on camera trap stations placed at 5 km intervals, requiring ~200 stations
(400 cameras, if paired) at ~USD$ 150 per camera (https://www.cuddeback.com/shop) (Strampelli et al., 2022b).

Artificial Intelligence software is now widely used to identify species within images, saving thousands of work hours (Green et al.,
2020; Mandisodza-Chikerema et al., 2022), although the capability to identify to an individual level has yet to be developed. While the
initial financial investment in camera trap surveys is high (e.g., purchasing cameras, camera mounts, batteries, SD cards), they can be
used over multiple years to conduct repeat surveys or survey new areas, which reduces their overall cost per survey. In addition, they
can be utilized to survey other species simultaneously, which, overall, increases their cost effectiveness.

This method is suited across all landscapes and where sufficient resources are available (particularly to cover the costs of equip-
ment). As this method is indirect, it can be used effectively where lions are elusive.

3.5. Genetics with capture-recapture modelling

Genetic studies were carried out in three studies (3.4%), although by the same author and restricted to two populations in Nigeria
(Yankari Game Reserve and Kainji Lake National Park) (Tende et al., 2014, 2010). This method involved analysing the Mitochondrial
DNA of individuals using PCR methods gathered from lion faecal matter to determine a minimum population size (Tende et al., 2014,
2010). The strengths of this method include that it is non-invasive and works well for secretive species, potentially those that are in
highly persecuted environments (Tende et al., 2010)(Table 2). An added benefit of this survey technique is that it offers insight into the
health status of a population (e.g., inbreeding), which cannot be determined through conventional survey methods (Tende et al.,
2010). Weaknesses of this method include that it can be intensive to obtain sufficient samples, can be costly and requires specialists to
analyse and interpret the results (Table 2). There is significant potential for applying SECR modelling with genetic survey data
(Gopalaswamy et al., 2012; Strampelli et al., 2022b).

While the current literature does not provide much information regarding where this method is best suited, it likely to be applicable
across a wide range of landscapes. This method is particularly applicable when various aspects relating to population health are
required (Tende et al., 2014, 2010) or when determining the minimum number of individuals in a population is required for man-
agement decisions.

3.6. Distance-based surveys

One paper (1.12%) implemented distance-based surveys for counting lions (Durant et al., 2011). Distance-based surveys involve
recording all species and their numbers within a certain distance from a transect line (Durant et al., 2011). Distance sampling can be
used as a tool for rapid counts and monitoring of several species. The strengths of this method are that it is relatively cost effective and
can be completed in a short study period (Durant et al., 2011). The weaknesses are that there are several issues relating to detection (e.
g., detection probability, imperfect detection, group size estimation) (Durant et al., 2011) and wide confidence intervals that raises
some concern over their precision (Durant et al., 2011). These surveys are possibly only practical in habitats like the Serengeti where
the area is flat, and it is relatively easy to see animals (such as desert or grasslands; Durant et al., 2011). This method is thus best suited
where resources are limited and where the habitats allow animals to be visually detected over long ranges, generally where vegetation
is sparse.

3.7. Method comparison and summary

We summarized and compared the seven methods for surveying lions (Table 4) based on the 65 papers (93 studies) reviewed. A full
descriptive narrative is available in the Supplementary Material 1.

Seven papers (10.8%) compared lion survey methods (Belant et al., 2019, 2016; Beukes et al., 2017; Bouley et al., 2018; Groom
et al., 2014; Midlane et al., 2015; Ogutu and Dublin, 1998). A comparison paper of call up and spoor surveys in northern Kafue
National Park (Zambia) determined that spoor surveys were less resource intensive (Midlane et al., 2015), with spoor surveys esti-
mated to require less than half the number of survey days, 23% less survey hours and 38% less km’s driven when compared to call up
surveys (Midlane et al., 2015). However, call up surveys were far more precise, and therefore this study recommended call up surveys
over spoor counts (Midlane et al., 2015). Another paper compared spoor counts, direct observations with capture recapture and total
counts (direct observations) in the Kgalagadi Transfrontier Park (Beukes et al., 2017). Spoor counts produced a population estimate of
242 individuals (95% CI: 176 — 307), direct observations with capture recapture estimated 246 individuals (95% CI: 237 — 256) and a
total count of known animals identified 261 individuals (Beukes et al., 2017). Minimum Known Alive calculations were found to
significantly under-estimate the population (n = 145). Although spoor counts gave a similar estimate to direct observations with
capture recapture, they were imprecise as indicated by wide confidence intervals (Beukes et al., 2017). A comparison of total counts
(through direct observations) and call up surveys in the Masai Mara National Reserve (Kenya) found that the estimates from both
methods for lions was almost equal (Ogutu and Dublin, 1998). The total count identified 447 lions and the call ups estimated 450 (95%
CI: 436 — 464) (Ogutu and Dublin, 1998); the narrow confidence intervals imply reliability in the method as results were shown to have

13



S.K. Nicholson et al. Global Ecology and Conservation 51 (2024) ¢02908

high precision and low bias (Ogutu and Dublin, 1998). In Gorongosa National Park (Mozambique), call up surveys proved to be
ineffective because when implemented in areas where lions were known to be, none responded to any of the calling stations (Bouley
etal., 2018). However, direct observation through intensive monitoring determined a population of 104 individual lions (Bouley et al.,
2018).

In general, we found that all methods could answer research questions relating to lion presence within an area, but direct ob-
servations and camera trapping were the most suitable for estimating abundance (Beukes et al., 2017; Bouley et al., 2018; Kane et al.,
2015; Strampelli et al., 2022b). It is possible that call up surveys can estimate population abundance, but results should be interpreted
with caution as there is uncertainty regarding the reliability as confidence intervals vary from wide (Beukes et al., 2017) to narrow
(Ogutu and Dublin, 1998). Indirect survey methods, spoor, camera trapping and genetic surveys, are the least invasive and potentially
more effective in areas where lions are less approachable. When it comes to ease of implementation, call up and spoor surveys ranked
the least resource intensive (Bauer et al., 2014; Henschel et al., 2020; Midlane et al., 2015, 2014) and camera trapping and genetic
surveys the most resource intensive (Kane et al., 2015; Strampelli et al., 2022b; Tende et al., 2014). Similarly, call up and spoor surveys
are the least expensive (Midlane et al., 2015), while direct observation and camera trapping surveys are the most expensive (Bracz-
kowski et al., 2020b). The most suitable methods to detect trends are direct observation studies (Bouley et al., 2018; Mweetwa et al.,
2018; Rosenblatt et al., 2014), distance-sampling (Durant et al., 2011) and potentially camera trap studies (Kane et al., 2015).

4. Discussion

Over the past several decades, many studies have developed and evaluated methods for estimating density of lions in a variety of
ecosystems (Braczkowski et al., 2020a, 2020b; Elliot et al., 2020; Funston et al., 2010a; Stander, 1998). Broadly, methods to survey
lions for abundance have included index-based methods, such as spoor counts (Funston et al., 2010a; Stander, 1998) and call-ups
(Brink et al., 2012; Midlane et al., 2015), and capture-recapture frameworks that use camera traps (Braczkowski et al., 2020b;
Elliot and Gopalaswamy, 2017), direct observations (Elliot et al., 2020; Elliot and Gopalaswamy, 2017), or genetic data (Tende et al.,
2010). Long-term direct monitoring of individuals (Elliot et al., 2020; Mweetwa et al., 2018) has also been employed by some lon-
gitudinal studies to monitor populations (Blackburn et al., 2016; Brink et al., 2012; Mweetwa et al., 2018). These methods have
evolved through time, making use of technological advances (e.g. improved camera traps) and more robust analytical approaches (e.g.,
SECR analyses).

The most robust, accurate, and precise methods for counting lions, and indeed most large carnivores, involve individual identi-
fication (Beukes et al., 2017; Braczkowski et al., 2020b; Droge et al., 2020; Strampelli et al., 2022b; Tende et al., 2014). These include
direct and intensive monitoring, camera trapping, and genetic surveys. Identification of lions, which are not clearly marked with spots
or stripes, can be challenging. Individual identification of lions began in the mid-1960’s by George Schaller and Brian Bertram in the
Serengeti, Tanzania (Rees, 2017). Whisker spot patterns were then also used to identify and count individual lions between 1968 and
1970 in Nairobi National Park, Kenya (Pennycuick and Rudnai, 1970; Rudnai, 1973). Although this method was only used in small,
relatively habituated populations where identifying lions was less challenging than in many wild populations (Smuts, 1976). Some
studies have used artificial marks to identify individuals. For example, branding was used in Kruger National Park, South Africa, in the
mid-1970 s (Bryden, 1976; Smuts, 1976; Smuts et al., 1977) and in the Kalahari Gemsbok National Park, South Africa (Mills et al.,
1978). The earliest published method in our review (1991) assessed the demography of lions in Etosha National Park (Namibia) using
direct observations analysed in a capture-recapture framework between 1985 and 1989 (Stander, 1991). More recently, advances in
the resolution and clarity of camera trap images have allowed scientists to identify individuals using whisker spots, scars, ear notches,
and other marks (Braczkowski et al., 2020b). Though many of these change over time, they are unlikely to change dramatically within
a single survey period. Camera trap surveys have been used to estimate lion densities in Tanzania, Uganda and Zimbabwe (Cusack
et al., 2015; Kane et al., 2015; Strampelli et al., 2022b). The first published studies for camera trap surveys combined with SECR
modelling for surveying lions were published in 2015, with the added benefit that this is an effective way to survey multiple species
simultaneously (Kane et al., 2015; Rich et al., 2019; Strampelli et al., 2022b). Individual identification is further enhanced using
Artificial Intelligence (AI). Machine learning algorithms, such as those designed by WildBook, Tech4Conservation, and the African
Carnivore Book can now distinguish individuals with increasing accuracy (Verschueren et al., 2023). Determining population size
through genetic analysis has been utilized to determine population size by identifying the minimum number of individuals in an area
(Tende et al., 2010; Becker et al., 2017; Rossettie et al., 2022). Genetic samples can be obtained through faecal matter (Tende et al.,
2014, 2010) or hair samples (Rossettie et al., 2022). Between 2008 and 2014, the use of DNA in lion faecal matter to identify individual
lions was used to determine the minimum number of lions in a population (Tende et al., 2014, 2010). While this method has not been
used widely for lions, it has been used with detection dogs to determine population numbers of cheetahs in Western Zambia (Becker
etal., 2017), where 27 scat samples were found to provide a population estimate of 8-14 individuals (Becker et al., 2017). Hair samples
were successfully collected using modified foothold traps from mountain lions in New Mexico to determine a minimum population size
(Rossettie et al., 2022). This method holds potential to be used more widely for lions (either through hair or faecal samples), especially
within an SECR framework, and has been used for other carnivores (Karmacharya et al., 2011; Long et al., 2011; McCarthy et al., 2008;
Thompson et al., 2012; Rossettie et al., 2022).

Due to the intensive input of time and resources required to calculate reliable population estimates using many of the individual
identification methods, especially over large systems, spoor counts and call up surveys were developed (Ogutu and Dublin, 1998;
Stander, 1998). Due to their broad applicability and relatively low cost, spoor counts have been a popular method used to survey lions
in many areas across the species’ range (Funston et al., 2010a; Stander, 1998). Initially, spoor counts were frequently used and
implemented in southern Africa (Funston et al., 2010a; Stander, 1998; Winterbach et al., 2016), while call up surveys were used in East
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Fig. 6. High-level overview of the methods used to survey lions relative to research primary research objective.

Africa (Kiffner et al., 2009, 2008; Ogutu et al., 2005; Ogutu and Dublin, 1998). However, recent research suggests that this method
produces high variation in abundance estimates with wide confidence intervals, making it difficult to detect even large changes in
population size (Droge et al., 2020). Call up surveys have also been used for decades across a variety of habitats, but also carry serious
biases relating to individual responsiveness, and the possibility of undercounting shy individuals in areas with lions that are wary
because of human persecution (Midlane et al., 2015).

As technology and analytical techniques have evolved and these index-based methods have been repeatedly tested, it has become
apparent that they are not reliable for estimating density and abundance (Belant et al., 2019; Droge et al., 2020). For example, a
simulation study published in 2020 found that spoor surveys generate estimates that either overstate precision or are too imprecise to
be of any value (Droge et al., 2020). As a result, these methods are no longer recommended for counting lions (Droge et al., 2020).
Nevertheless, they remain valuable tools for confirming lion presence in study areas, to understand space use and human impacts in an
occupancy framework, and to map lion distributions (Henschel et al., 2016; Petracca et al., 2020). We caution the utility of estimating
lion population size from methods that are shown to be unreliable for estimating abundance, especially to inform conservation and
management decisions. Doing so would particularly apply to estimates derived from questionnaire or interview type surveys (Droge
et al., 2020; Mesochina et al., 2010a, 2010b; Riggio et al., 2013). The latter method requires collecting information on lion obser-
vations to determine frequency of occurrence and applying it to an equation that accounts for variables to estimate a population size of
lions (Jacobson et al., 2013; Mesochina et al., 2010b, 2010a; Riggio et al., 2013). This method has a strong likelihood of overestimating
numbers and is scientifically questionable (Riggio et al., 2013). Additionally, spoor surveys have also been shown to produce ques-
tionable estimates that are not reliable (Belant et al., 2019; Droge et al., 2020; Midlane et al., 2015).

Other methods have been implemented to survey lions, but not extensively tested for robustness. Roar counts were tested in the
Selous Game Reserve in 1974, but no further studies utilized this method (Rodgers, 1973). While lions do reply to playbacks of
conspecifics, this is not as predictable as seen with wolves and not all pride members vocalise in response to calls. In 2011, in the
Serengeti National Park (Tanzania), distance-based surveys successfully demonstrated that trends in lion abundance could be un-
derstood (Durant et al., 2011). However, this approach can only be implemented in systems such as the Serengeti where the landscape
and sparse vegetative cover allow animals to be seen easily over relatively large distances.

We identified several key knowledge gaps that exist across the seven survey methods. Broadly, these gaps included the need to
account for detection probability and understand its impact on lions in different contexts, clarifying the efficacy and reliability of
equipment used (Mwampeta et al., 2022), the need to develop a robust a-priori survey design for each survey and to investigate
opportunities for improvement, and implementing and refining analytical model design and validation techniques (Belant et al., 2016;
Strampelli et al., 2022b). Additionally, there is limited information regarding the cost of these methods. A cost analysis comparing the
different suitable methods would be beneficial, as this kind of information is limited in the literature (Midlane et al., 2015), and would
reveal the true financial cost of each survey method which would give practitioners with limited resources important information
(Midlane et al., 2015).

It appears that lion populations in East and southern Africa are surveyed more than those in Central or West Africa, supporting the
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findings of other studies that found biases towards large carnivore surveys in the same regions (Strampelli et al., 2022a). Published lion
population/abundance surveys are not available for Angola, Chad, Democratic Republic of the Congo (DRC), Malawi, Rwanda, So-
malia and South Sudan. As most of the small populations in Malawi and Rwanda are recent reintroductions into fully fenced and
intensively monitored reserves, urgent surveys may not be a priority. However, large expanses of potential lion range in Chad, DRC,
and South Sudan have never been formally surveyed, and considerable uncertainty exists regarding lion status there. This lack of data
is potentially because of long periods of political unrest and insecurity in these countries (Angelo and Mcguinness, 2012; Ploch, 2010;
Van Damme and De Cordier, 2017). Surveys in these areas should be prioritised (African Lion Database, Unpublished Data. 2022).
Similar data gaps have been found for other carnivores where there is a strong negative bias for carnivore research (Strampelli et al.,
2022a). Notably, survey results (population numbers) are often only published years after survey work has been completed (Fig. 5).
This delay in publication is potentially problematic as decisions made with available (published) information, which are likely to be
outdated by the time they are published, could result in conservation action or management decisions being made based on infor-
mation that might no longer be correct.

Due to the globalisation of conservation and science and the need to understand and compare lion population status across their
range, there is a growing consensus that standardised survey methodologies for the counting of lions is urgently needed. Standardized
survey methodologies will greatly enhance our capacity to assess the need for conservation intervention, to measure the impacts of
ongoing conservation efforts across their range, and to direct conservation funding and other resources to the most critical locations.

One of the challenges in implementing survey methods is that the most appropriate methodology is not always selected, and
guidelines for standardized implementation are not available. While some studies use the same method, they may not always follow
the exact same methodological implementation, and this renders the results incomparable across both space and time. For example,
not taking sampling or observer bias into account during study design and during implementation could result in limited replication of
the study in subsequent years, thus preventing temporal comparison of results. This, combined with the range of survey methods
available and the sometimes-contradicting information, highlights the need for standardized guidelines on surveying lions (Droge
et al., 2020; Elliot and Gopalaswamy, 2017). To better track population trends over time, standardized methodology should be
repeated at set intervals. This has been valuable for monitoring local populations, instrumental in identifying declines (Bauer et al.,
2015) and has led to policy change at the local and national level (Becker et al., 2013). Directly coordinated and comparable estimates
obtained over space and time using standardised and rigorous methodology will allow for easier identification of range-wide popu-
lation trends. Additionally, such coordinated estimates will also provide a reliable source for deciding where to direct limited resources
to lion populations that are most at risk, and to compare the effectiveness of conservation interventions.

A decision tool, or framework, should be developed that will guide researchers and protected area managers on how best to select
the most appropriate method based on their research objectives and the resources available to them (e.g., funding, human capital, and
time availability). Based on the literature within our review, we provide a preliminary guidance tool to demonstrate how a decision
tool could assist in selecting the most suitable methodology (Fig. 6). For example, if population abundance needs to be determined, call
up and spoor surveys should probably not be used, but direct observation-based surveys, distance-based surveys, camera trapping with
capture-recapture, and genetic studies would be more suitable lion survey methods. Whether there are sufficient resources available
will also factor into decision making (Fig. 6). There is an urgent need for greater consensus on methods and to develop a unified
framework for deciding when to employ which methods. While we have attempted to do that based on the information in this review, a
more robust tool with input from survey experts would be beneficial. In addition, including elements on the cost of conducting surveys
or monitoring per km? would be immensely valuable.

The methods discussed within this review, as well as their strengths, weaknesses, and reliability are broadly applicable to other
large carnivores globally (Balme et al., 2009; Becker et al., 2017; Gompper et al., 1973; Gopalaswamy et al., 2012; Karanth, 1995;
Karanth and Nichols, 2010; Marnewick et al., 2008; Wilson and Delahay, 2001). Just as various methods were employed and refined
for surveying lions, researchers studying other species should adapt and develop survey methods that are tailored to the specific
ecological and behavioural characteristics of the target species. Many of these methods were originally developed and refined to count
elusive species like tigers and jaguars (Gopalaswamy et al., 2012; Karanth and Nichols, 2010). Few large carnivores, other than lions,
can be monitored through direct or intensive survey methods. Attempts to monitor some species, such as leopards (Balme et al., 2019),
through such methods have been made. While these have provided insights into population demography, survivorship, reproductive
success, and other valuable information, they are only applicable over a relatively small area. Camera traps and genetic sampling hold
the most promise for surveying large carnivores, and some small carnivores with distinguishable markings (Bahaa-el-din et al., 2016).
These non-invasive techniques allow us to count even the most elusive carnivores (Bahaa-el-din et al., 2016). However, when
surveying for multiple species, particularly using camera traps, it is critical to understand how one species impacts the presence of
others. For example, African wild dogs avoid areas of high lion activity. If the area surveyed is too small or biased towards areas of
known lion activity, this could lead to misleading results indicating low African wild dog density (Droge et al., 2017). Carnivores also
operate at different spatial scales. Surveys intended for wide ranging species like lions or wild dogs may create data gaps for species
with smaller home ranges that ultimately preclude density analysis for the smaller species because of a lack of recaptures, a key
requirement for capture-recapture frameworks. Nevertheless, camera trap and genetic surveys are powerful tools for gathering data on
multiple species at once, thereby maximizing the impact of conservation resources.

5. Conclusions

Our findings highlight the need for minimum standards for harmonised survey methods, including consensus on the prohibitive
limitations of some older methods. This would ensure that population estimates are reliable and comparable. We also encourage that
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surveys be carried out where data gaps exist across lion range in Africa to provide a clearer understanding of the status of lions
throughout Africa. Based on the literature, we determine that reliable estimates of lions can only be estimated through direct
observation (both with and without capture recapture frameworks) surveys and camera trap-based capture-recapture surveys.
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