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Abstract
Management and conservation actions are only as effective as our ability to monitor and assess biodiversity trends. We therefore
compared the cost efficiency and effectiveness of several standard methods to assess mammal diversity using camera traps, live
traps, track plates, mist nets for bats, acoustic bat surveys, spotlight surveys, and block transects recording individual animals,
scat, and tracks. We also assessed local knowledge through interviews.We surveyed on two contrasting arid ecosystems in South
Africa. Our data indicated that block transects were the most cost-efficient and effective method at ascertaining terrestrial
mammal species richness. Depending on the goal of the study and the area, a combination of block transects with camera traps
or spotlight surveys is a viable option. However, our study indicated the best combination to detect species across different
taxonomic groups was block transects and live traps. Local knowledge interviews can be a good addition to a survey as it assesses
mammal diversity for longer time period and not just the survey season and it provides knowledge on species that are difficult to
detect.
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Introduction

Human impacts on the environment have caused us to enter a
new era, called the Anthropocene, in which biodiversity loss is
considered one of the most critical environmental issues
(McGill et al. 2015; Steffen et al. 2015). The loss of biodiver-
sity has significant implications for ecosystem health and
threatens valuable ecosystem services and human well-being
(Chapin et al. 2000; Ceballos et al. 2015; Drouilly and
O’Riain 2019). To better understand how mammal

communities change in response to anthropogenic factors, in-
formation on their diversity and community composition is
required (Malcolm and Ray 2000). Furthermore, the knowl-
edge and monitoring of the presence, population size, and
distribution of species are necessary for planning and evaluat-
ing conservation strategies (Corlatti et al. 2016; Hackett et al.
2007). Effective management is linked to well-designed mon-
itoring systems, which require constant monitoring, to allow
for adaptive management and planning (Kerley et al. 2003; Di
Minin and Tuuli 2015). Diversity surveys are time-consum-
ing, expensive, invasive, and usually limited to surveying cer-
tain taxa (Burton et al. 2015). Biodiversity surveys, especially
on a large scale, are difficult to perform due to these limiting
factors and the cost and resources needed for keeping them up
to date are high (Leempoel et al. 2019; Di Minin and Tuuli
2015). The current biodiversity crisis is calling for developing
reliable and rapid, straightforward, and multispecies methods
to determine and monitor diversity and species richness across
a wide range of landscape characteristics (Kerley et al. 2003;
De Bondi et al. 2010; DeWan and Zipkin 2010; Burton et al.
2015; Rockhill et al. 2016).

There is a plethora of different survey methods and choos-
ing the correct one is key to providing the relevant data for
research and conservation interventions. Most methods target
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certain types or sized animals, but even then some species are
not detected (Hackett et al. 2007). However, many studies
have concluded that survey methods can be complementary
and it is advantageous to combine different methods
(Gompper et al. 2006; Leempoel et al. 2019; Rockhill et al.
2016; Torrents-ticó et al. 2017). Criteria to select the most
appropriate method or combination of methods need to be
defined, accounting for the characteristics of the study area
and taxonomic group under investigation (Swan et al. 2014).
One of the main factors restricting research and monitoring is
financial cost. Not only does the effectiveness of methods
need to be assessed, but also the cost and time efficiency in
terms of species/individuals detected per effort unit (Gardner
et al. 2008; Waudby et al. 2019). An effective method should
detect not only the most species possible, but also the most
taxonomic groups, and do so in a cost and time-efficient man-
ner. The assessment needs to realistically incorporate the cost
of equipment (Villette et al. 2016) and the cost per distance
traveled (Gaidet-Drapier et al. 2006) while also assessing the
species detected and the range of taxonomic groups detected.

Here we compared the effectiveness and efficiency of dif-
ferent mammal diversity assessment methods in two arid eco-
systems, as well as discuss their specificities and complemen-
tarity. Here we used standard field methods such as block
transects, camera traps, track plates, spotlight surveys, mist
nets, acoustic surveys, and live traps for a wide range of taxa,
and also included the use of local knowledge in the compar-
ison. We assessed the cost efficiency by determining the cost
per species detected for each method and the efficiency of
each method to estimate species richness by using species
accumulation curves to observe when the curve starts to as-
ymptote. The effectiveness was determined by the species
richness of the method compared to the number of species in
distribution range, as well as the range of taxonomic groups
the method detected. In the “Materials and methods” section,
we discuss eachmethod that we used and their advantages and
disadvantages.

Study area

South Africa is highly ranked in biodiversity and there are
approximately 300 terrestrial mammal species in southern
Africa, of which approximately 33% are endemic to the sub-
region and of those, 41 are restricted to South Africa (Drouilly
and O’Riain 2019). Of the mammal species in southern
Africa, 57 (17%) taxa are threatened (six Critically
Endangered, 20 Endangered, 31 Vulnerable), 35 (10%) are
Tear Threatened, and 7% are considered Data Deficient
(Child et al. 2017).

We surveyed in two arid ecosystems in South Africa, the
southern Kalahari in the Northern Cape Province and in the
Nama-Karoo in the Eastern Cape Province. In both

ecosystems, we surveyed two different land-use types, game
reserve as well as livestock areas.

Kalahari

We surveyed in the semi-arid savanna of the southern
Kalahari, on the Khomani San Community Land in
March 2019. The southwestern section of the Kalahari is the
driest part of the region with an average rainfall of 150-300
mm per annum (Kepe et al. 2005;Wasiolka and Blaum 2011).
The highest rainfall occurs from January to April, with a peak
in March (Spies 2016). Temperatures range from winter lows
of −10°C to summer highs of up to 45°C (Spies 2016). The
predominant land use outside the Kgalagadi Transfrontier
National Park is characterized by mixed grazing of sheep
(Ovis aries), cattle (Bos taurus), and goat (Capra hircus)
(Wasiolka and Blaum 2011). Topographically the area can
be divided into dunes (dune crests and dune valleys), sandy
plains on red to pinkish sand, and the rivers and pans (includ-
ing terraces and calcrete outcrops) on whitish, compact calcar-
eous sand and clay (Wasiolka and Blaum 2011). Auob
Duneveld and Gordonia Duneveld dominate the vegetation
in the Kalahari study area, with patches of southern Kalahari
Salt Pans, Gordonia Kameeldoring Bushveld, Nossob
Bushveld, and southern Kalahari Mekgacha (Mucina and
Rutherford 2006). We surveyed along corresponding vegeta-
tion types on two land uses in the Khomani San Community
Land on the livestock farmland Miershoop Pan (26.828292 S,
20.598056 E) and Erin Game Farm (26.954776 S, 20.675567
E).

Nama-Karoo

The survey in the Nama-Karoo in the Eastern Cape Province
took place in October 2019. The vegetation types are the
Camdeboo Escarpment Thicket, Southern Karoo Riviere,
and Karoo Escarpment Grassland (Mucina and Rutherford
2006). The dominating vegetation type is low to middle-
height shrubland with drought-resistant grasses becoming
more abundant on sandy and silty bottomlands (Spies 2016).
The geology and soil are flat or gently sloping pediments
composed of mudstone and resistant sandstones (Mucina
et al. 2006). The topography of the study area extends from
the open Karoo plains to the escarpment forming Sneeuberg
mountain range and is transected by the Melk and Apieskloof
river valleys (Martin 2017; van Cauter et al. 2005). The rain-
fall is mostly in the late summer and early autumn, with the
main peak in March, and the winters are relatively dry
(Mucina et al. 2006; Pond et al. 2002). The overall mean
average precipitation is 250 mm (Mucina et al. 2006). The
temperature ranges from 38°C during the peak high in
January and −0.3°C minimum during the peak low during
July (Mucina et al. 2006). We surveyed on similar vegetation
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types on two land uses in the Karoo, Samara Game Reserve
(32.440188 S, 24.734837 E) and De Nuk Livestock Farm
(32.331872 S, 24.674334 E).

Materials and methods

Each survey was completed in 12 days using seven different
standard methods. The methods included live traps, track
plates, camera traps, spotlight surveys, block transects record-
ing individual animals, dung, and tracks, mist nets, and acous-
tic surveys. Prior to the 12-day survey, we conducted inter-
views to assess local knowledge. The number of days we
surveyed was determined by the recommendation that track
plates should be set for a minimum of 12 days (Zielinski
1995). All research was done with the relevant ethical approv-
al, H19-SCI-NRM-001, A18-SCI-SNRM-001, and permits,
CRO 154/19CR, CRO 155/19CR, and FAUNA0648/2018.

Live traps

Live traps have been used to successfully estimate small and
medium-sized mammal species richness, composition, and
abundance across ecological gradients (De Bondi et al.
2010). Live traps are considered the key technique for moni-
toring small mammals (Scott et al. 2005; Torre et al. 2010).
Trapping provides an accurate identification of the species and
the opportunity to take samples and gather other demographic
information (Harrison et al. 2002; De Bondi et al. 2010).
However, most trapping methods are biased and target certain
species as capture success depends on many factors such as
type and size of trap, type of bait used, and the microhabitat
selected and climate (Hoffmann et al. 2010; Kiwia 2006;
Lambert et al. 2005; Yarnell et al. 2007). Using live traps is
labor-intensive, time-consuming, and may be restricted by
costs and logistics, the potential to capture the target species,
or by the risk to the animal (Scott et al. 2005; Gompper et al.
2006; De Bondi et al. 2010; Villette et al. 2016). The infor-
mation that comes from live trapping is such that it outweighs
the costs associated and, when feasible, live trapping should
be included in surveys when possible, as recommended by
Rockhill et al. (2016).

We used 7.6 × 8.9 × 22.9 cm Sherman folding aluminum
traps (H.B. Sherman Inc., Tallahasse, FL, USA) and standard
humane cage traps (SHC traps) (Global Supplies, Illovo,
South Africa) 75 × 30 × 30 cm to capture small and
medium-sized mammals. We set five 100-m transects in each
land use, giving us a total of ten transects per location. Ten
Sherman traps were placed approximately 10 m apart and two
SHC traps were placed along the same transect, one at the
beginning and one at the end of each transect (n = 100
Sherman traps total, n = 20 SHC total). Traps were checked
in the morning, then closed for the duration of the day, and

reopened in the early evening in order to avoid heat stress.
When trapping in the Kalahari, we moved our transects half-
way through the survey to avoid repeated disturbance from
carnivorous animals that habituated to raiding the Sherman
traps (Watson and Watson 1985). In the Karoo, the trapping
transects were kept in the same place the full 12 days.

Track plate and sand plot

Track plates are a relatively new method, especially to south-
ern Africa. The method was originally developed to monitor
rodent abundance in the USA and then further adapted to
survey for elusive carnivores (Zielinski 1995). Track plates
have been used successfully in other countries, from semiarid
areas of India to seasonal floodplains of Pantanal (Olifiers
et al. 2011; Vanak and Gompper 2007). There are two main
types of track plates, enclosed track plates or unenclosed track
plates (commonly referred to as sand plots), and within those
types, there are lots of adaptions, including exploring using
different mediums (Olifiers et al. 2011; Zielinski 1995). Track
plates can be an effective and cost-efficient method that has
detected elusive and hard to survey species in other studies
(Drennan et al. 1998; Connors et al. 2005; Hackett et al. 2007;
Hoffmann et al. 2010). However, some species are wary of the
artificial medium track plates (Gompper et al. 2006; Vanak
and Gompper 2007). The use of track plates can be limited as
it can be difficult to distinguish between some species tracks
or difficult to identify tracks, such as small mammals, and
there could be environmental damage to the plates, or constant
detection of non-target tracks (McCleery et al. 2014).

We set out two types of track plates, an open sand plot and
an enclosed chalk box. The sand plot was a designated plot in
the sand checked and swept daily with a broom. The enclosed
chalk box had a wooden track plate which comprises chalk at
the open end and then sticky paper (Con-tact paper) in the
middle before the bait at the enclosed end of the box, so the
animal first walked on the chalk and then over the sticky
paper, transferring a print of its track on the paper before
getting to the bait. We modified the carbon-sooted aluminum
track plate (see Zielinski 1995), using chalk instead (also see
Drennan et al. 1998). In the Karoo, we diverged more from
Zielinski (1995) and made a tunnel with two open ends, rather
than a one end closed box, by placing two track plates back to
back. Two track plates of each type were placed on the live
trapping transect at the 30 m and 70 mmark (n = 20 sand plot,
n = 20 chalked track plate). We checked the track plates daily
and recorded and identified any tracks present.

Camera traps

The use of camera traps has become an increasingly popular
method as the technology has improved and the costs have
decreased, allowing the insight into animal distributions,
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activity patterns, and behaviors (McCleery et al. 2014; Tobler
et al. 2008; Villette et al. 2016). Camera traps can collect data
on a wide range of species, which is important with the current
demand for multispecies monitoring (Burton et al. 2015).
There are different types of camera traps and different settings
within the models, and selecting the right camera model and
settings for the research objective or monitoring is important
(Meek et al. 2015). Other factors, such as vegetation structure
and composition, the ability to identify similar-looking spe-
cies, the body size of the animal and the behavior, or wariness,
of some animals also influence the success of camera traps
(Bowler et al. 2017; Meek et al. 2015; Torrents-ticó et al.
2017; Valente et al. 2018).

Camera traps can run continuously for long periods, per-
form in most vegetation types and structures, withstand most
weather conditions, and cover a wider area than other methods
(Bowler et al. 2017; De Bondi et al. 2010). Camera traps have
a large initial investment cost, but can still be a cost-effective
method (Gompper et al. 2006; Rockhill et al. 2016; Villette
et al. 2016). Camera traps are time efficient in field as the
maintenance hours of camera traps are low, but high personnel
hours are needed for data processing (McCleery et al. 2014;
Torrents-ticó et al. 2017). However, there is current research
into lessening the data processing time, like using citizen sci-
ence and artificial intelligence (Green et al. 2020; Swanson
et al. 2016; Pardo et al. 2021). Camera traps are commonly
used to monitor medium to large-sized mammals and have
been found to be effective at detecting nocturnal, threatened,
or cryptic species (Bowler et al. 2017; De Bondi et al. 2010).
Camera traps are rarely used for small mammals, which is
likely due to the difficulty in identifying similar small mam-
mal species, but have been modified to detect small mammals
in some habitats (De Bondi et al. 2010; McCleery et al. 2014).
However, it may not be possible to detect species of all body
sizes as setting camera traps to target small mammals influ-
ence the capacity to detect larger mammals, and vice versa
(Swan et al. 2014).

Our assessment overlapped with camera traps deployed for
the Snapshot Safari project (Pardo et al. 2021), using
Cuddeback (Cuddeback Digital, Green Bay, WI, USA)
Black Flash (model# 1231) and IR Plus White Flash (model#
1309) camera traps. The camera traps were positioned on a
tree or pole within a 250-m radius of a predetermined GPS
point at the center of a 5-km2 grid cell. Cameras are placed
~50 cm above ground facing the nearest game trail. In the
Kalahari, we used 18 camera traps (n = 10 on Erin, n = 8 on
livestock area) and in the Karoo, we used 17 (n = 8 in Samara
Private Game Reserve, n = 9 on De Nuk Livestock Farm).

Spotlight surveys and block transects

For many species, direct counts are impractical, and so re-
searchers must rely on indirect signs such as tracks and scats

(Stephens et al. 2006). Walking transects looking for tracks
and scat are beneficial because these surveys are simple to
implement, time efficient, and sample the entire active period
of target species (Edwards et al. 2000). While transects can be
time efficient, they can also be labor-intensive depending on
the terrain and distance needed to walk (Bowler et al. 2017).
The success of transects looking for tracks requires soils that
can take and hold a clear print, as track quality can degrade
making the chance for misidentification greater (Harrison
et al. 2002; Stephens et al. 2006). Some species also bury their
scat which would make detectability difficult (Edwards et al.
2000). Transects have been found to be an effective method to
detect medium and large mammals (Harrison et al. 2002;
Gaidet-Drapier et al. 2006; Gompper et al. 2006).

Spotlight surveys are a widely used method for assessing
nocturnal mammals (Scott et al. 2005). Spotlight surveys are
used for different taxa like cervids, lagomorphs, carnivores,
crocodiles, and fish. It is one of the most popular field
methods to assess deer abundance in Europe (Corlatti et al.
2016). The success of a spotlight survey is largely dependent
on if the animal looks towards the spotlight, to see the reflec-
tion of their eyes. The vegetation structure, moonlight phase,
and the number of drivable roads also affect species detection
while doing a spotlight survey (Edwards et al. 2000; Harrison
et al. 2002; Ruette et al. 2003; Scott et al. 2005).

We conducted spotlight surveys along roads within our
study areas, with observers with spotlights scanning in oppo-
site directions in the back of a 4 × 4 vehicle (n = 10 total
surveys in the Kalahari, n = 11 in the Karoo). The survey
started after sunset and ran 10 km in length in the Kalahari
but only 5 km in the Karoo (due to the limited size of the
livestock farm).

Once a day, 2-3 observers walked block transects accom-
panied by Khomani San trackers in the Kalahari (n = 33 tran-
sects) and trackers from the South Africa College of Tourism
(SACT) Tracker Academy (http://www.trackeracademy.co.
za/) in the Karoo (n = 36 transects). Survey groups walked
away from the drop-off point for 1.5 km, then turned 90° to
the right and walked for 500 m, and then turned and walked
back to the road another 1.5 km. Groups documented tracks,
scat/dung, and individual sightings of any animals observed.

Mist nets

The most common method to study bats is with nets or harp
traps (Kunz and Parsons 2009). Mist nets are made of a fine
mesh of synthetic fibers and are usually black (Weber et al.
1991; O’Farrell and Gannon 1999). Mist nets are typically
labor-intensive, can yield low returns, and require specialized
training (Fleming et al. 1972; Hoffmann et al. 2010). The
location of the mist nets, net height, and the number of mist
nets affect the success; e.g., the more nets, the higher chance
of success (Hoffmann et al. 2010). Moonlight and wind are
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reported to affect the success of using mist nets, as bats appear
to avoid the nets possibly because the nets are more easily
detected (Hodgkison et al. 2010). Capture success decreases
as the night progresses and the success declines if the nets are
set up in the same spot during consecutive nights (Hoffmann
et al. 2010).

Depending on the site, we used different combinations/
lengths of net set-up, using two or more monofilament 716
mist nets (Ecotone, Gdynia, Poland) of varied lengths, e.g. 3
m, 6 m, or 12 m, near water points or within obvious “flight
paths” using poles, alternating between the land uses. We on
occasion used nets stacked on top of one another, on 4 m tall
poles to increase trapping effort. We did not deploy mist nets
during evenings with strong winds. When a bat was captured,
it was quickly removed, placed in a cotton bag, and shortly
after capture identified using identification keys (Monadjem
et al. 2010; Kearney and Seamark Africanbat.org unpublished
key).

Acoustic surveys

Acoustic detectors have provided opportunities for remotely
surveying bats without the need to capture them (Hoffmann
et al. 2010). Bat species can be identified using search-phase
call sequences with varying degrees of certainty, as bats have
variable intensity of vocalization among species (Vaughan
et al. 1997). Many species of bats produce echolocation calls
that appear to be distinctive (O’Farrell and Gannon 1999;
Vaughan et al. 1997). However, there can be overlap in call
parameters of sympatric species or species with similar forag-
ing niches (Monadjem et al. 2017). Acoustic detectors survey
a larger area than mist nets and longer time frame, but may not
sample all species due to different echolocation calls, especial-
ly low-intensity vocalizations (O’Farrell and Gannon 1999).
Both O’Farrell and Gannon (1999) and Monadjem et al.
(2017) concluded that the use of complementary capture tech-
niques in addition to acoustic monitoring was more effective
at assessing the full bat species richness in study areas.

We did acoustic bat call surveys using long-duration field
recordings from Song Meter SM4 recorders (Wildlife
Acoustics, Maynard, MA, USA). We set up three recorders
among the two land uses on a tree, 1.5-2 m above ground level
near a water source in each of the land use recording in full
spectrum (*.wav). Each detector started recording 30 min be-
fore sunset and stop recording 30 min after sunrise. They were
moved every 2-3 days to survey across the land use.

Local/indigenous knowledge

Human communities living in and around protected areas of-
ten have important ties with those areas, giving them a partic-
ular knowledge about that area (Gandiwa 2012). The use of
local knowledge in wildlife management, conservation, and

research has been practiced for decades (Evangelista et al.
2018). Ecological knowledge can be particularly useful when
managing wildlife populations in remote locations where oth-
er methods may be impractical (Gilchrist and Merkel 2005).
Local knowledge can be assessed through semi-structured in-
terviews, questionnaires, analytical workshops, and collabo-
rative field work (Evangelista et al. 2018). Integration of in-
digenous knowledge can lead to a better understanding of
system dynamics, as they could be able to determine changes
(Jevon and Shackleton 2015). Hellier et al. (1999) concluded
that rapid surveys of indigenous knowledge could be used as a
source of information about trends in biodiversity, including
changes in abundance of species and dynamics of different
vegetation types.

Knowledge is unevenly spread through societies and local
knowledge is held by individuals and not groups (Chalmers
and Fabricius 2007). Anadon et al. (2009) claimed part of the
effectiveness of using local ecological knowledge was picking
the ideal group of informants. There were inconsistencies be-
tween randomly picked participants’ understanding and that
of local experts and scientists, the randomly selected people
did not have the same knowledge as the local experts
(Chalmers and Fabricius 2007). The variability in local eco-
logical knowledge could be due to different levels of environ-
mental awareness in the study community and also the extent
of human-wildlife conflicts (Gandiwa 2012).

To assess local knowledge, we interviewed 20 people in
the Kalahari and 22 people in the Karoo. The interviews were
guided by a set of cards of each mammal species potentially
occurring in these areas as extracted from Stuarts’ Field Guide
to Mammals of Southern Africa. The mammal card sets in-
cluded 77 species in the Kalahari and 82 species in the Karoo.
Each card included species name in English and Afrikaans, a
picture, and a reference of their tracks and sign, similar to the
photo book used in Evangelista et al. (2018).We used amix of
stratified and snowballing sampling approach to access ex-
perts with different experience and knowledge of wildlife in
the area. In the Kalahari, we interviewed trackers (n = 9),
rangers (n = 1), farmers/shepherds (n = 2), elders (n = 8),
and women (n = 6). In the Karoo, we interviewed various staff
members at Samara lodge (n = 10), trackers from the tracking
academy (n = 5), and the farmer and farm workers of De Nuk
Livestock Farm (n = 7). We conducted the interviews prior to
the 12-day survey to avoid any biases that could arise from the
trackers or staff members observing what species we detected
during the survey.

Data analyses

We combined the data from both land uses when comparing
the effectiveness and efficacy of the survey methods. Species
richness, the number of species in the area, is the most widely
used measure of biodiversity (Scholes and Biggs 2005;
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McGill et al. 2015; Evangelista et al. 2018). When we
assessed species richness in the Kalahari, for species in the
order Rodentia that were less than 1 kg, we combined record-
ed presences into a general “rodent species” group as we
struggled to identify the tracks, from the track plates and dur-
ing the block transects, to species level. Species accumulation
curves, which plot the cumulative number of species detected
against the sampling effort, are frequently used as an estimate
of completeness of an inventory, as the curve reaches an as-
ymptote when all species have been recorded (Tobler et al.
2008). We used the package “nlstools” version 1.0-2 (Baty
et al. 2015) in R version 2.5-2 (R Core Team 2016) to fit
species accumulation curves using Michaelis-Menten and as-
ymptotic models to observe the sampling effort of each meth-
od. We compared asymptotic and Michaelis-Menten fitted
curves which both have slightly different properties in fitting
the points. The asymptotic values, “Asym” from the asymptotic
model and “Vmax” fromMichaelis-Menten model, indicate the
value in which the curve levels out, the maximum number
detected with that method. The value k from the Michaelis-
Menten model illustrates how long it takes to reach half the
asymptotic value. For the interview data, we used number of
respondents rather than days to plot species accumulation
curves. We made two species accumulation curves, one from
the raw interview data and another curve using filtered data in
which we only kept the species that 50% or more of respon-
dents reported were present (referred to as filtered interview
data from now) to account for some bias in the answers. We
calculated the proportion of species and orders by using the
number of species or orders detected compared to the species
present in the study area according to the distribution maps
found in Stuarts’ Field Guide to Southern African Mammals.

When calculating the cost efficiency, we included the cost of
fuel, equipment, maintenance, and cost of labor for eachmeth-
od to calculate the cost per species detected. The cost of labor
was estimated with the hourly wage of $14, based of entry
level positions in the USA, and did not include post-field
processing time. Cost unit was set in US dollars.

Results

Kalahari

We detected 32 mammal species with the combination of
standard field methods, 28 species on the livestock area, and
28 species on Erin Game-hunting Farm; however, two species
on Erin are introduced non-native species, camel (Camelus
dromedarius) and impala (Aepyceros melampus) .
Respondents from the local knowledge interviews stated that
70 species were present and when we filtered the interviews to
only include species that >50% of respondents said were pres-
ent, respondents stated 34 species present (Table 1).

Block transects detected the most species of the standard
field methods (Table 1). Spotlight surveys recorded the spe-
cies that block transects did not detect, which was impala.
Block transects were the only method to detect South
African hedgehog (Atelerix frontalis), meerkat (Suricata
suricatta), ground squirrel (Xerus inauris), and honey badger
(Mellivora capensis). With the block transect, we recorded 30
species using tracks (Table 1), of which 11 species were not
detected by dung or individual encounters. We identified the
presence of 17 species using dung as evidence of presence and
detected 18 species by sightings of individuals. Mountain

Table 1 Comparison of species detected and cost efficiency of each survey method in the Kalahari and the Karoo research sites and the average cost
between the two sites

Survey method Species detected in the
Kalahari

Cost per species detected in
the Kalahari

Species detected in
Karoo

Cost per species in
Karoo

Average cost
between sites

Local knowledge 70 $16.90 72 $8.65 $12.78

Local knowledge filtered 34 $34.80 47 $13.26 $24.03

Track plate—sand plot 16 $35.97 8 $76.95 $56.46

Spotlight survey 21 $105.82 20 $158.74 $132.28

Block transects 31 $156.61 29 $199.81 $161.71

Block transects—tracks 30 - 27 - -

Block transects—dung 17 - 24 - -

Block transects—individual
sightings

18 - 18 - -

Acoustic survey 8-10 $430.57 14 $247.40 $338.99

Camera traps 15 $466.67 22 $490.14 $457.98

Track plate enclosed 3 $470.08 4 $580.87 $525.48

Mist nets 2 $432.93 1 $878.36 $655.65

Live traps 7 $1705.98 14 $931.36 $1318.24
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zebra (Equus zebra) were detected by both dung and
sightings, but not detected by tracks.We surveyed in the range
of 13 taxonomic groups in the Kalahari (Table 2 in the
Supplementary information). Block transects had the highest
proportion of species and orders detected as well as a low cost
of the standard methods (Fig. 1). Interviews have the highest
proportion of species and orders detected and the lowest cost
of all methods (Fig. 1). The combination of block transects
and spotlight surveys detected 61.54% of the taxonomic
groups, detected 41.89% of the species in distribution range
(according to Stuarts’ Field Guide to Mammals of Southern
Africa), and was $221.16 per species detected. The combina-
tion of block transects and camera traps also detected 61.54%
of the taxonomic groups, detected 40.54% of species in the
distribution range, and was $382.42 per species detected.

The values from the asymptotic models imply that we sur-
veyed for long enough with most methods as they are similar
to the values we detected; however, some methods, such as
the sand plot, had higher Asym values than what we detected

and therefore may have needed a longer survey length
(Table 2). The k value from the Michaelis-Menten model il-
lustrates block transects, spotlight surveys, and local knowl-
edge interviews detected half the asymptotic value by day 1,
while the other methods took longer (Table 3). The species
accumulation curves illustrate the difference in Asym values
and how quickly the curves reached the asymptote for the
standard methods (Figure 2 and Figure 3 in the
Supplementary information) and the interviews (Figure 4 in
the Supplementary information), which one can also see with
the Michaelis-Menten model species accumulation curves
(Figure 5 and Figure 6 in the Supplementary information).

Nama-Karoo

We detected 45 species with the combination of standard
methods in total for the Nama-Karoo site (Table 1). For the
different land uses, 33 species were recorded on Samara
Private Game Reserve and 26 species on De Nuk Livestock

Fig. 1 Comparison of the proportion of orders detected and species to number of species in distribution range, from Stuart and Stuart (2015), in order of
most effective, and the cost per species detected for all methods in the Kalahari and the Karoo
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Farm. Respondents from the local knowledge interviews re-
ported that 72 species were present in the study area (Table 1).
When we filtered the interviews to only include species that
>50% of respondents said were present, 47 species were de-
tected (Table 1).

Block transects detected the most species of the standard
methods (Table 1). Every method, but sand plots, detected
unique species that was not recorded by another method.
Live traps detected 12 unique species and of those 12, eight
were rodent species. Camera traps were the only method to
detect caracal (Caracal caracal) and mountain reedbuck
(Redunca fulvorufula). Block transects were the only method
to detect black rhino (Diceros bicornis), black wildebeest
(Connochaetes gnou), and southern African ground squirrel.
Spotlight surveys were the only method to detect cheetah
(Acinonyx jubatus) and red rock rabbit (Pronolagus
saundersiae), and live traps were the only method to detect
the rodent species and black-footed cat (Felis nigripes), cape
fox (Vulpes chama), small gray mongoose (Galerella
pulverulenta), and striped polecat (Ictonyx striatus). The com-
bination of spotlight surveys and live traps detected 33 species
and was $491 per species detected. With the block transects,
we detected 26 species by tracks, two of which were not de-
tected by dung and individual sightings, elephant (Loxodonta
africana) and bushpig (Potamochoerus larvatus). We detect-
ed 24 species when surveying for dung on the block transects
(Table 1), two species that were not detected by tracks or

individual sightings, impala and yellow mongoose (Cynictis
penicillata). We detected 18 species by sighting of individuals
(Table 1) and one species was not detected by tracks or dung,
blesbok (Damaliscus pygargus phillipsi). Species in 13 taxo-
nomic groups can be found in the survey area (Table 5 in the
Supplementary information). Block transects have the highest
proportion of species and orders detected, but sand plot sur-
veys have the lowest cost for the standard methods (Fig. 1).
Interviews have the highest proportion of species and orders
detected as well as the lowest cost of all the methods (Fig. 1).
The combination of block transects and live traps detected
76.92% of the taxonomic groups, detected 50.64% of the spe-
cies in distribution range, and was $459.40 per species detect-
ed. The combination of live traps and camera traps detected
69.23% of the taxonomic groups, detected 46.65% of the spe-
cies in distribution range, and was $661.77 per species detect-
ed. The combination of spotlight surveys and live traps detect-
ed 61.54% of the taxonomic groups, detected 41.56% of the
species in distribution range, and was $491.38 per species
detected.

The species accumulation curves illustrate the difference in
Asym values and how quickly the curves reached the asymp-
tote for the standard methods (Figure 8 and Figure 9 in the
Supplementary information) and the interviews (Figure 10 in
the Supplementary information), which one can also see with
the Michaelis-Menten model species accumulation curves
(Figure 11 and Figure 12 in the Supplementary information).

Table 2 Asymptotic model output variables for each survey method in the Kalahari and Karoo research sites including the log-likelihood value (log-
like), corrected Akaike information criterion (AICc), R2 value, the asymptotic value (Asym) with standard error, and the number of species detected

Survey method log-like AICc R2 Asym No. of species
detected

Block transects: Kalahari −17.879 41.757 0.934 30.034 (± 0.44) 31

Block transects: Karoo −9.285 27.571 0.937 28.842 (±0.19) 29

Camera traps: Kalahari −18.349 42.698 0.883 17.050 (±1.80) 15

Camera traps: Karoo −18.084 45.168 0.935 21.4475 (±0.64) 22

Live traps: Kalahari −7.887 21.773 0.912 7.441 (± 0.45) 7

Live traps: Karoo −19.228 47.455 0.911 20.454 (±6.07) 14

Spotlight survey: Kalahari −13.144 32.288 0.896 20.194 (±0.31) 21

Spotlight survey: Karoo −18.859 46.718 0.859 21.640 (±0.59) 20

Sand plot: Kalahari −14.541 35.082 0.969 30.840 (±9.09) 16

Sand plot: Karoo −11.491 31.981 0.915 10.695 (±2.68) 8

Local knowledge: Kalahari −35.701 77.400 0.966 68.126 (± 0.39) 70

Local knowledge: Karoo −55.169 116.337 0.847 69.090 (±0.75) 72

Local knowledge filtered: Kalahari 0.4875372 5.025 0.9277 33.928 (± 0.06) 34

Local knowledge filtered: Karoo −23.058 52.115 0.858 46.961 (±0.11) 47

Block transect and spotlight survey: Kalahari −16.765 39.530 0.922 30.697 (± 0.37) 32

Block transect and camera traps: Kalahari −15.608 37.215 0.938 30.098 (±0.34) 31

Block transect and live traps: Karoo −22.517 54.034 0.939 39.605 (±0.70) 41

Spotlight survey and live traps: Karoo −23.779 56.557 0.942 34.153 (±1.24) 33

Live traps and camera traps: Karoo −20.104 46.209 0.973 39.844 (±1.46) 36
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The Asym (Table 2) and Vmax (Table 3) values indicate we
surveyed for long enough, except with live traps and sand plot
surveys. The k values from theMichaelis-Menten model illus-
trate most methods reach the asymptote quickly (Table 3).

Discussion

The results of our study suggest that there is no single method
ideal for surveying all mammal species when assessing mam-
mal diversity. Of the standard methods, block transects, cam-
era traps, live traps, and spotlight surveys each presented dif-
ferent yet efficient diversity measures. Local knowledge, al-
though showing some variations illustrated by the 50% cut-
off, was quite an efficient and effective method in our
contexts.

Block transect detected the most species and was a cost-
efficient method in both arid ecosystems we surveyed in.
Block transects consistently detected species earlier in the sur-
veys with over 50% of species detected by day 1. Not only did
block transects detect the most species, but also detected spe-
cies in the most taxonomic groups of the standard methods at
both sites (61.54% in the Kalahari and 69.23% in Karoo). In
the Kalahari, most species were detected by track presence,
and only one species was detected by the presence of dung or
individual sighting that was not detected by tracks. The suc-
cess of transects using tracks is largely dependent on the

terrain, as the soils need to take and hold a clear print
(Harrison et al. 2002). The Kalahari sands provided an ideal
substrate to register tracks, unlike in the Karoo, and daily site
checks reduced the likelihood of tracks being lost to the wind.
Trained trackers accompanied the researchers which aided the
identification of the tracks and dung, and the effectiveness of
the survey method may have been different without the aid of
a trained tracker (Anadon et al. 2009; Chalmers and Fabricius
2007).

The type of vegetation and topography played a pivotal
role in the efficiency, especially of the other standardmethods.
Spotlight surveys detected the second most species in the
Kalahari, recorded the one species which block transects did
not detect, and yielded the third most species in the Karoo.
Spotlight surveys also detected species quickly and were a
relatively cost-efficient method, with the cost mostly being
in fuel and labor costs as there is little equipment needed. If
the spotlight surveys are for management purposes and not
limited to a certain time or distance, then recording opportu-
nistic observations could make spotlight surveys more effec-
tive. We noted species when driving to/from the spotlight
surveys that we did not detect during the survey, such as
black-footed cat. Contrary to most other studies (Vanak and
Gompper 2007; Rockhill et al. 2016; Bowler et al. 2017),
camera traps were not the most effective method in this cur-
rent study. Camera traps detected the second most species and
the second most taxonomic groups in the Karoo (Figure 12 in

Table 3 Michaelis-Menten model output variables for each survey
method in the Kalahari and Karoo research sites including the log-
likelihood value (log-like), corrected Akaike information criterion

(AICc), R2 value, the asymptotic value (Vmax) with standard error, the
Michaelis-Menten constant (k) with standard error, and the number of
species detected

Survey method log-like AICc R2 Vmax k Detected

Block transects: Kalahari −9.291 24.583 0.982 33.47 (±0.38) 0.92 (±0.06) 31

Block transects: Karoo −15.176 39.352 0.759 30.37 (±0.25) 0.35 (±0.03) 29

Camera traps: Kalahari −17.572 41.144 0.890 19.38 (±2.46) 5.19 (±1.56) 15

Camera traps: Karoo −6.964 42.929 0.943 26.30 (±1.25) 2.33 (±0.39) 22

Live traps: Kalahari −10.408 26.816 0.868 9.64 (±1.18) 3.24 (±1.19) 7

Live traps: Karoo −20.018 49.036 0.901 32.48 (±14.92) 15.17 (±10.16) 14

Spotlight surveys: Kalahari −15.736 37.472 0.984 22.08 (±0.671) 0.68 (±0.15) 21

Spotlight survey: Karoo −18.341 45.683 0.841 22.61 (±0.92) 1.06 (±0.24) 20

Sand plot: Kalahari −14.920 35.840 0.968 54.77 (±20.28) 26.98 (±13.21) 16

Sand plot: Karoo −12.245 33.489 0.905 17.65 (±6.49) 13.78 (±8.09) 8

Local knowledge: Kalahari −40.953 87.907 0.935 73.23 (±0.87) 0.82 (±0.08)

Local knowledge: Karoo −34.407 74.813 0.974 73.93 (±0.44) 0.797 (±0.04)

Local knowledge filtered: Kalahari −8.316 22.633 0.781 34.39 (±0.14) 0.12 (±0.02)

Local knowledge filtered: Karoo −23.058 52.114 0.888 48.02 (±0.24) 0.22 (±0.02)

Block transects and spotlight surveys: Kalahari −3.360 12.719 0.990 33.54 (±0.21) 0.68 (±0.03) 32

Block transects and camera traps: Kalahari −7.995 21.989 0.980 32.99 (±0.31) 0.72 (±0.04) 31

Block transect and live traps: Karoo −17.197 43.394 0.971 45.06 (±0.82) 1.21 (±0.11) 41

Spotlight survey and live traps: Karoo −23.231 59.462 0.922 43.31 (±3.07) 3.07 (±0.67) 33

Live traps and camera traps: Karoo −21.973 49.947 0.963 47.30 (±2.89) 3.71 (±0.63) 36
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the Supplementary information) but was one of the least ef-
fective methods in the Kalahari (Figure 11 in the
Supplementary information) and the most costly on both sites.
As the camera traps were set following Snapshot Safari South
Africa’s protocol, the camera traps were set to target medium
and large mammals, which could be why camera traps were
successful at detecting species in taxonomic groups such as
Ruminantia, Perissodactyla, Primates, Suiformes, and
Tubulidentata. The camera traps were less successful at de-
tecting species in Rodentia or the smaller bodied species in
Carnivora (Swan et al. 2014). Live traps were the least effec-
tive method in the Kalahari, but more effective in the Karoo.
Live traps were also the costliest method; however, once the
equipment is purchased, live traps are relatively low cost to
service and maintain (Figure 11 and Figure 12 in the
Supplementary information).

The local knowledge interviews were the most effective
and incorporative and detected 12 of the 13 taxonomic
groups in the Karoo and all the taxonomic groups in the
Kalahari. The major benefits of local knowledge interviews
are the broad range of species identified as well as the low
cost of the method. In the Kalahari, respondents stated that
there are 70 species present and 34 species with the filtered
interviews, but we detected with the standard methods only
32 species. The filtered interviews did not detect species we
otherwise reported with standard methods in the Kalahari
such as slender Mongoose (Galerella sanguinea), bushveld
gerbil (Gerbilliscus leucogaster), and highveld gerbil
(Gerbilliscus brantsii), which reflects that the method has
some limitations. In the Karoo, the filtered interviews did
not detect 6 rodent species, which we detected with the
standard methods. Studies have shown the success of local
knowledge interviews largely depends on the respondents,
and therefore the failed detection of the rodents could be
because the knowledge of specific rodents by those we
interviewed was limited (Anadon et al. 2009; Chalmers
and Fabricius 2007). We also need to take into consider-
ation that the identification of rodent species and other cryp-
tic species can be more difficult compared to larger species.
In the Kalahari, the species that the filtered interviews de-
tected, but we did not detect with the standard me-
thods, were either vagrant species, such as the kudu
(Tragelaphus strepsiceros) likely from Kgalagadi
Transfrontier National Park, or difficult to detect, such as
the African striped weasel (Poecilogale albinucha), or we
did not specifically survey in the appropriate habitat to de-
tect, such as the hyrax (Procavia capensis). Therefore, local
knowledge interviews could provide a useful source of in-
formation that includes vagrant or seasonal species that may
not be present at the time of the other surveys or species that
are difficult to detect.

On both study sites, the standard methods did not detect
species in all taxonomic groups whose geographic distribution

range are reported to overlap with the study area (Table 2;
Table 7 in the Supplementary information). To obtain the
most comprehensive survey, a combination of methods and
not just one method should be considered (Gompper et al.
2006; Rockhill et al. 2016). Our research in the Kalahari high-
lights the efficacy of block transects, but the only way to
detect majority of the species is to use a combination of
methods. As spotlight surveys detected the one species that
block transects did not, the most effective combination was
block transects and spotlight surveys in the Kalahari, which
was also cost-efficient. In the Kalahari, the species accumula-
tion curve for block transects only asymptotes on day 10 (Fig.
1 and Figure 4 in the Supplementary information); however,
when combined with spotlight surveys, the species accumula-
tion curve asymptotes on day 5 (Figure 3 and 5 in the
Supplementary information). Therefore, if a rapid inventory
is the object, doing block transects and spotlight surveys will
yield the majority of species while still being cost-efficient.
Another effective combination is the combination of block
transects and camera traps; however, this combination was
more costly. Camera traps can be more effective over longer
periods (Leempoel et al. 2020); therefore, if the objective is
long-term monitoring and if project funds allow, camera traps
can be a good addition to supplement other effective survey
methods, such as block transects.

In the Karoo, as live traps detected unique species in
different taxonomic groups, particularly the small rodent
species, the most comprehensive survey would be a combi-
nation of methods with live traps. Not only did live traps
detect the small rodent species that other methods did not,
but also was the only method that detected black-footed cat
and cape fox. In the Karoo, the most effective combination
of standard methods was block transects and live trap,
which detected 41 species, was the most cost-efficient of
the combination of methods, and detected the most taxo-
nomic groups among the standard methods, 76.92% of the
taxonomic groups. The three orders that the combination of
methods did not detect are Afrosoricida, Eulipotyphla, and
Hyracoidea . The range of Scla te rs golden mole
(Chlorotalpa sclateri) (order Afrosoricida) overlaps with
our study area (Karoo) and was not detected by our
methods. Furthermore, shrew species and hedgehog species
(order Eulipotyphla) and hyrax species (order Hyracoidea)
were not detected, as most of these species require special-
ized methods we did not include or we did not specifically
sample in the specialized habitats. The second most effec-
tive combination was live traps and camera traps, which
detected 35 species, and detected 69.23% of the taxonomic
groups, missing Proboscidea as well as the other groups
previously mentioned. The third most effective combina-
tion of methods was spotlight surveys with live traps, which
detected 33 species, but only detected 61.54% of the taxo-
nomic groups. The taxonomic groups this combination of
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methods missed were the same as previously mentioned as
well as Primates. However, it was a more cost-efficient
combination of methods than live traps and camera traps.

For a comprehensive survey, we recommend to include live
traps with other effective methods, such as block transects.
However, if the object of the survey is to detect medium and
large body-sized mammals, then we recommend a combination
of block transects with camera traps or spotlight surveys. In the
Kalahari, spotlight surveys were effective and cost-efficient;
however, in the Karoo, spotlight surveys were not as effective.
Camera traps detected more species in the Karoo and can be an
effective long-term monitoring tool. Therefore, if financially
possible, wewould recommend a combination of block transects
and camera traps for a medium and large mammal survey in an
ecosystem similar to Karoo but a combination of block transects
and spotlight surveys in ecosystems similar to the Kalahari.

There are a few study design considerations and potential
caveats we want to highlight. On both study areas, we strug-
gled to catch bat species with mist nets (and 3 bank harp traps
in the Kalahari). In the Kalahari and the Karoo, the wind
played an important limiting factor; therefore, we only mist
netted for a few nights and only caught two species in the
Kalahari. In the Karoo, we caught only one species and only
on Samara Private Game Reserve, no species were caught on
the livestock farm, yet many were seen to avoid the mist nets
on evenings when we deployed nets. The echolocation data
allowed the putative identification of five phonic species in the
Kalahari and 7 species in the Karoo, based on species range
map from Monadjem et al. (2010) and Stuart and Stuart
(2015). Adams and Kwiecinski (2018) identified 12 species
based on acoustic surveys in the Kgalagadi NP, some species
“extra-limital” based on the printed distribution maps. The
detection of only a few species could have been due to other
variables, such as limited sampling or the season we surveyed
or the adverse effects of El Niño influencing bat activity
(Pretorius et al. 2020), rather than the lack of species present.
Further research should be done to assess the effectiveness
and efficiency of methods to assess bat species along with
other mammal species. In the Kalahari, the detectors recorded
from 18:30 to 23:00 due to battery use and to focus on the
most active time of most bats. The detectors only recorded for
6 days on the livestock area and then stopped working. On
Erin, it recorded for 10 days, with only two nights of data were
lost. One detector in the Karoo was damaged by baboon 2
days after deployment (22 October 2019) and thereafter only
two detectors were retained in Samara and the livestock area.

In the Kalahari, we detected only 3 species of rodents while
live trapping, but we surveyed in the range of 29 rodents (Stuart
and Stuart 2015). Other studies detected more species than
what we detected (Blaum et al. 2007a; Hauptfleisch et al.
2017; Wallgren et al. 2009). Seasonality, the drought influ-
enced by El Niño-Southern Oscillation weather system
(Benkenstein 2017), or other variables such as trap type or bait

(Lambert et al. 2005; Kiwia 2006), could have influenced the
low number of species detected, or it could be the areas we
surveyed have a low species diversity of rodent species less
than 1 kg.

The enclosed track plates were not very successful, the
weather made detecting and identifying tracks difficult as
wind blew sand and dirt onto the paper, covering it completely
so no track prints could register. Wewere able to identify three
species in the Kalahari and four in the Karoo, but a few we
were unable to confidently identify, so it could have detected
more. Track plates were one of the most expensive methods,
$580.87 per species detected in the Karoo, and $474.08 per
species detected in the Kalahari. Our findings are the opposite
of previous studies that find enclosed track plates to be a cost-
efficient and effective method; however, none was in southern
Africa. Further studies could be done to see if different sub-
strates are more effective and if the enclosed chalk track plates
are effective in different habitats in South Africa.

The sand plots, or unenclosed track plates, were relatively
successful in the Kalahari as the sand provided a good sub-
strate to register tracks. However, positively identifying the
rodent tracks was difficult, we could identify jumping mouse
(which was detected by only this method), gerbil tracks, and
“nag muis,” a species of mouse that we were unable to con-
firm the identity. Because we were unable to identify these
tracks to species level, we grouped all rodent species less than
1kg into one group. Sand plots were not effective in the
Karoo, even for larger mammals, as the dirt was too compact
for tracks to register. One of the main benefits of sand plots is
low cost, which we also found in our study on both sites. In
both the Kalahari and the Karoo, both models estimated the
asymptotic value to be higher compared to what we detected,
and the k value was larger than 12, implying we did not survey
long enough with this method to adequately assess species
richness. Sand plots can be highly effective in the Kalahari
or other places with good soil substrate and with a longer
survey length, but further research is needed.

In conclusion, it is best to combine methods to assess
mammal diversity and the combination will vary depend-
ing on the environment of the study area. Our assessment
indicates that block transects were the most cost-efficient
and effective method at assessing terrestrial mammal spe-
cies richness, as this method detected the most species;
however, it did miss species. Local knowledge interviews
can be a good addition to a survey as it assesses mammal
diversity for the whole year and not just the survey season
and it provides knowledge on species that are difficult to
detect. However, local knowledge interviews are only ef-
fective if there are people with expert knowledge. If doing
a comprehensive terrestrial mammal survey with standard
methods in arid ecosystems is similar to the Kalahari and
the Karoo and if financially viable, the addition of live
traps to block transects is recommended, as live traps
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were the most effective at detecting the smaller species in
taxonomic groups. Depending on the goal of the study
and the area, a combination of block transects with cam-
era traps or spotlight surveys is also a viable option.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13364-021-00562-x.

Acknowledgements We thank the following entities for allowing us to
survey in the area and for participating in the interviews: the Khomani
San Community, Samara Private Game Reserve, and De Nuk Livestock
Farm. We would like to express our appreciation to the Khomani San
trackers and the trackers from the SACT Tracker Academy at Samara for
the assistance throughout the survey. We are very grateful for the assis-
tance with data collection provided by Nelson Mandela University stu-
dents, University of Pretoria students, Beryl Wilson from the McGregor
Museum, Dr Nokubonga Mgqatsa, Manqhai Kraai, and Prof. Michael
Somers.

Author contribution Chloe Burt and Jan A. Venter conceptualized the
study; Chloe Burt, Mark Keith, Chloé Guerbois, and Jan A. Venter de-
veloped and designed experiments and collected data; Chloe Burt assisted
by Hervé Fritz analyzed the data; Chloe Burt assisted by Mark Keith,
Hervé Fritz, Chloé Guerbois, and Jan A. Venter wrote the manuscript. All
authors read and approved the final manuscript.

Funding The studywas funded by the National Research Foundation and
Foundational Biodiversity Information Programme (Grant nr
FBIP170720256205).

Data availability Data is available on request.

Code availability Standard readily available R-codes were used and are
mentioned in the text.

Declarations

Ethics approval All research was done with the relevant ethical approv-
al, H19-SCI-NRM-001, A18-SCI-SNRM-001, and permits, CRO 154/
19CR, CRO 155/19CR, and FAUNA0648/2018.

Competing interests The authors declare no competing interests.

References

Adams R, Kwiecinski G (2018) Sonar surveys for bat species richness
and activity in the Southern Kalahari Desert, Kgalagadi
Transfrontier Park, South Africa. Diversity 10(3):103. https://doi.
org/10.3390/d10030103

Anadon JD, Gimenez A, Ballestar R, Perez I (2009) Evaluation of local
ecological knowledge as a method for collecting extensive data on
animal abundance. Conserv Biol 23:617–625. https://doi.org/10.
1111/j.1523-1739.2008.01145.x

Baty F, Ritz C, Charles S, Brutsche M, Flandrois J-P, Delignette-Muller
M-L (2015) A toolbox for nonlinear regression in R: the package
nlstools. J Stat Softw 66(5):1–21 URL http://www.jstatsoft.org/v66/
i05/

Benkenstein A (2017) Climate change adaptation readiness: lessons from
the 2015/16 El Niño for climate readiness in Southern Africa. SAIIA
Occas Pap 250:1–18

Blaum N, Rossmanith E, Jeltsch F (2007a) Land use affects rodent com-
munities in Kalahari savannah rangelands. Afr J Ecol 45:189–195.
https://doi.org/10.1111/j.1365-2028.2006.00696.x

Bowler MT, Tobler MW, Endress BA et al (2017) Estimating mamma-
lian species richness and occupancy in tropical forest canopies with
arboreal camera traps. Remote Sens Ecol Conserv 3:146–157.
https://doi.org/10.1002/rse2.35

Burton AC, Neilson E,Moreira D et al (2015)Wildlife camera trapping: a
review and recommendations for linking surveys to ecological pro-
cesses. J Appl Ecol 52:675–685. https://doi.org/10.1111/1365-
2664.12432

Ceballos G, Garcia A, Pringle RM et al (2015) Accelerated modern
human–induced species losses: entering the sixth mass extinction.
Sci Adv 1:1–6. https://doi.org/10.1126/sciadv.1400253

Chalmers N, Fabricius C (2007) Expert and generalist local knowledge
about land-cover change on South Africa’s wild coast: can local
ecological knowledge add value to science? Ecol Soc 12:10.
https://doi.org/10.1042/BST0391533

Chapin FS, Zavaleta ES, Eviner VT et al (2000) Consequences of chang-
ing biodiversity. Nature 405:234–242. https://doi.org/10.1038/
35012241

Child MF, Roxburgh L, Do Linh San E, Raimondo D, Davies-Mostert
HT (2016) The Red List of Mammals of South Africa, Swaziland
and Lesotho. South African National Biodiversity Institute and
Endangered Wildlife Trust, South Africa. https://www.ewt.org.za/
resources/resources-mammal-red-list/mammal-red-list/#
1549273479257-060d0258-2637

Connors MJ, Schauber EM, Forbes A et al (2005) Use of track plates to
quantify predation risk at small spatial scales. J Mammal 86:991–
996. https://doi.org/10.1644/1545-1542(2005)86[991:UOTPTQ]2.
0.CO;2

Corlatti L, Gugiatti A, Pedrotti L (2016) Spring spotlight counts provide
reliable indices to track changes in population size of mountain-
dwelling red deer Cervus elaphus. Wildl Biol 22:268–276. https://
doi.org/10.2981/wlb.00244

De Bondi N, White JG, Stevens M, Cooke R (2010) A comparison of the
effectiveness of camera trapping and live trapping for sampling ter-
restrial small-mammal communities. Wildl Res 37:456–465. https://
doi.org/10.1071/WR10046

DeWan AA, Zipkin EF (2010) An integrated sampling and analysis ap-
proach for improved biodiversity monitoring. Environ Manag 45:
1223–1230. https://doi.org/10.1007/s00267-010-9457-7

Di Minin E, Tuuli T (2015) Global protected area expansion: creating
more than paper parks. Bioscience 65:637–638. https://doi.org/10.
1111/conl.12158

Drennan JE, Beier P, Dodd NL (1998) Use of track stations to index
abundance of sciurids. J Mammal 79:352–359. https://doi.org/10.
2307/1382872

Drouilly M, O’Riain MJ (2019) Wildlife winners and losers of extensive
small-livestock farming: a case study in the South African Karoo.
Biodivers Conserv 1493–1511. https://doi.org/10.1007/s10531-
019-01738-3

Edwards GP, De Preu ND, Shakeshaft BJ, Crealy IV (2000) An evalua-
tion of two methods of assessing feral cat and dingo abundance in
central Australia. Wildl Res 27:143–149. https://doi.org/10.1071/
WR98067

Evangelista PH, Mohamed AM, Hussein IA et al (2018) Integrating in-
digenous local knowledge and species distribution modeling to de-
tect wildlife in Somaliland. Ecosphere 9. https://doi.org/10.1002/
ecs2.2134

Fleming TH, Hooper ET, Wilson DE (1972) Three Central American bat
communities: structure, reproductive cycles, and movement pat-
terns. Ecology 53:556–569

Gaidet-Drapier N, Fritz H, Bourgarel M et al (2006) Cost and efficiency
of large mammal census techniques: comparison of methods for a

324 Mamm Res (2021) 66:313–326

https://doi.org/10.1007/s13364-021-00562-x
https://doi.org/10.3390/d10030103
https://doi.org/10.3390/d10030103
https://doi.org/10.1111/j.1523-1739.2008.01145.x
https://doi.org/10.1111/j.1523-1739.2008.01145.x
http://www.jstatsoft.org/v66/i05/
http://www.jstatsoft.org/v66/i05/
https://doi.org/10.1111/j.1365-2028.2006.00696.x
https://doi.org/10.1002/rse2.35
https://doi.org/10.1111/1365-2664.12432
https://doi.org/10.1111/1365-2664.12432
https://doi.org/10.1126/sciadv.1400253
https://doi.org/10.1042/BST0391533
https://doi.org/10.1038/35012241
https://doi.org/10.1038/35012241
https://www.ewt.org.za/resources/resources-mammal-red-list/mammal-red-list/#1549273479257-060d0258-2637
https://www.ewt.org.za/resources/resources-mammal-red-list/mammal-red-list/#1549273479257-060d0258-2637
https://www.ewt.org.za/resources/resources-mammal-red-list/mammal-red-list/#1549273479257-060d0258-2637
https://doi.org/10.1644/1545-1542(2005)86<991:UOTPTQ>2.0.CO;2
https://doi.org/10.1644/1545-1542(2005)86<991:UOTPTQ>2.0.CO;2
https://doi.org/10.2981/wlb.00244
https://doi.org/10.2981/wlb.00244
https://doi.org/10.1071/WR10046
https://doi.org/10.1071/WR10046
https://doi.org/10.1007/s00267-010-9457-7
https://doi.org/10.1111/conl.12158
https://doi.org/10.1111/conl.12158
https://doi.org/10.2307/1382872
https://doi.org/10.2307/1382872
https://doi.org/10.1007/s10531-019-01738-3
https://doi.org/10.1007/s10531-019-01738-3
https://doi.org/10.1071/WR98067
https://doi.org/10.1071/WR98067
https://doi.org/10.1002/ecs2.2134
https://doi.org/10.1002/ecs2.2134


participatory approach in a communal area, Zimbabwe. Biodivers
Conserv 15:735–754. https://doi.org/10.1007/s10531-004-1063-7

Gandiwa E (2012) Local knowledge and perceptions of animal popula-
tion abundances by communities adjacent to the northern
Gonarezhou National Park, Zimbabwe. Trop Conserv Sci 5:255–
269. https://doi.org/10.1177/194008291200500303

Gardner TA, Barlow J, Araujo IS et al (2008) The cost-effectiveness of
biodiversity surveys in tropical forests. Ecol Lett 11:139–150.
https://doi.org/10.1111/j.1461-0248.2007.01133.x

Gilchrist G,MalloryM,Merkel F (2005) Can local ecological knowledge
contribute to wildlife management? Case studies of migratory birds.
Ecol Soc 10(1):20. [online] URL: http://www.ecologyandsociety.
org/vol10/iss1/art20/

Gompper ME, Kays RW, Ray JC et al (2006) A comparison of noninva-
sive techniques to survey carnivore communities in northeastern
North America. Wildl Soc Bull 34:1142–1151

Green SE, Rees JP, Stephens PA et al (2020) Innovations in camera
trapping technology and approaches: the integration of citizen sci-
ence and artificial intelligence. Animals 10. https://doi.org/10.3390/
ani10010132

Hackett HM, Lesmeister DB, Desanty-combes J, Mont WG (2007)
Detection rates of eastern spotted skunks (Spilogale putorius) in
Missouri and Arkansas using live-capture and non-invasive tech-
niques. The American Midland Naturalist 158(1):123–131

Harrison RL, Barr DJ, Dragoo JW (2002) A comparison of population
survey techniques for swift foxes (Vulpes velox) in New Mexico.
Am Midl Nat 148:320–337

Hauptfleisch M, Vinte M, Blaum N (2017) A comparison of the commu-
nity dynamics of bioturbating small mammals between livestock
and wildlife farming areas in the Kalahari, Namibia. Namibian J
Environ 1:34–39

Hellier A, Newton AC, Ochoa-Gaona S (1999) Use of indigenous knowl-
edge for rapid assessing trends in biodiversity: a case study from
Chiapas, Mexico. Biodivers Conserv 8:869–889. https://doi.org/10.
1023/A:1008862005556

Hodgkison R, Balding ST, Zubaid A, Kunz TH (2010) Temporal varia-
tion in the relative abundance of fruit bats (Megachiroptera:
Pteropodidae) in relation to the availability of food in a lowland
Malaysian rain forest. Biotropica 36:522–533

Hoffmann A, Decher J, Rovero F et al (2010) Field methods and tech-
niques for monitoring mammals. In: Eymann J, Degreef J, Häuser
CH, Monje JC, Samyn Y, Vandenspiegel D (Eds) Manual on field
recording techniques and protocols for all Taxa Biodiversity
Inventories and Monitoring, vol. 8 (part2): i-iv. Abc Taxa, pp
482–529

Jevon T, Shackleton CM (2015) Integrating local knowledge and forest
surveys to assess Lantana camara impacts on indigenous species
recruitment in Mazeppa Bay, South Africa. Hum Ecol 43:247–
254. https://doi.org/10.1007/s10745-015-9748-y

Kepe T, Wynberg R, Ellis W (2005) Land reform and biodiversity con-
servation in South Africa: complementary or in conflict? Int J
Biodivers Sci Ecosyst Serv Manag 1:3–16. https://doi.org/10.1080/
17451590509618075

Kerley GIH, Pressey RL, Cowling RM et al (2003) Options for the con-
servation of large and medium-sized mammals in the Cape Floristic
Region hotspot, South Africa. Biol Conserv 112:169–190. https://
doi.org/10.1016/S0006-3207(02)00426-3

Kiwia HYD (2006) Species richness and abundance estimates of small
mammals in Zaraninge coastal forest in Tanzania. Tanzania J Sci 32:
52–60

Kunz TH, Parsons S (eds) (2009) Ecological and behavioral methods for
the study of bats, 2nd edn. Johns Hopkins University Press,
Baltimore, Maryland

Lambert TD, Malcolm JR, Zimmerman BL (2005) Variation in small
mammal species richness by trap height and trap type in
Southeastern Amazonia. Agriculture 86:982–990.

Leempoel K, Hebert T, Hadly EA (2020) A comparison of eDNA to
camera trapping for assessment of terrestrial mammal diversity.
Proceedings of the Royal Society B: Biological Sciences
287(1918):1–24. https://doi.org/10.1098/rspb.2019.2353

Malcolm JR, Ray JC (2000) Influence of timber extraction on central
African small-mammal communities, forest structure and tree diver-
sity. Conserv Biol 14:1623–1638. https://doi.org/10.1046/j.1523-
1739.2000.99070.x

Martin SA (2017) The aardvark as an ecological engineer in the Eastern
Karoo: dig patterns and emergent processes. Thesis

McCleery RA, Zweig CL, Desa MA et al (2014) A novel method for
camera-trapping small mammals. Wildl Soc Bull 38:887–891.
https://doi.org/10.1002/wsb.447

McGill BJ, Dornelas M, Gotelli NJ, Magurran AE (2015) Fifteen forms
of biodiversity trend in the anthropocene. Trends Ecol Evol 30:104–
113. https://doi.org/10.1016/j.tree.2014.11.006

Meek PD, Ballard GA, Fleming PJS (2015) The pitfalls of wildlife cam-
era trapping as a survey tool in Australia. Aust Mammal 37:1–12.
https://doi.org/10.1071/AM14021

Monadjem A, Shapiro JT, Mtsetfwa F et al (2017) Acoustic call library
and detection distances for bats of Swaziland. Acta Chiropterologica
19:175–187. https://doi.org/10.3161/15081109ACC2017.19.1.014

Monadjem A, Taylor PJ, Cotterill FPD, Schoeman MC (2010) Bats of
southern and central Africa: a biogeographic and taxonomic synthe-
sis. Wits University Press, Johannesburg, p 728

Mucina, L. and Rutherford, M.C., Eds. (2006) The Vegetation of South
Africa, Lesotho and Swaziland. Strelitzia 19, South African
National Biodiversity Institute, Pretoria.

O’Farrell MJ, Gannon WL (1999) A comparison of acoustic versus cap-
ture techniques for the inventory of bats. J Mammal 80:24–30.
https://doi.org/10.2307/1383204

Olifiers N, Loretto D, Rademaker V, Cerqueira R (2011) Comparing the
effectiveness of tracking methods for medium to large-sized mam-
mals of Pantanal. Zool 28:207–213. https://doi.org/10.1590/S1984-
46702011000200008

Pardo LE, Bombaci S, Huebner SE, Somers MJ, Fritz H, Downs C,
Guthmann A, Hetem R, Keith M, le Roux A, Mgqatsa N, Packer
C, Palmer MS, Parker DM, Peel M, Slotow R, Strauss WM,
Swanepoel L, Tambling C, Tsie N, Vermeulen M, Willi M,
Jachowski DS, Venter JA (2021) Snapshot Safari: a large-scale col-
laborative to monitor Africa’s remarkable biodiversity. S Afr J
Sci Afr J Sci. https://doi.org/10.17159/sajs.2021/8134

Pond U, Beesley BB, Brown LR, Bezuidenhout H (2002) Floristic anal-
ysis of theMountain Zebra National Park, Eastern Cape. Koedoe 45:
35–57. https://doi.org/10.4102/koedoe.v45i1.18

Pretorius M, Broders H, Seamark E, Keith M (2020) Climatic correlates
of migrant Natal long-fingered bat (Miniopterus natalensis) phenol-
ogy in north-eastern South Africa.Wildl Res 47:404. https://doi.org/
10.1071/wr19165

R Core Team (2016) R: a language and environment for statistical com-
puting, Vienna, Austria. Available at: https://www.R-project.org/

Rockhill AP, Sollman R, Powell RA, DePerno CS (2016) A comparison
of survey techniques for medium- to large-sized mammals in forest-
ed wetlands. Southeast Nat 15:175–187. https://doi.org/10.1656/
058.015.0112

Ruette S, Stahl P, Michel A (2003) Applying distance-sampling methods
to spotlight. J Appl Ecol 40:32–43

Scholes RJ, Biggs R (2005) A biodiversity intactness index. Nature 434:
45–49. https://doi.org/10.1038/nature03289

Scott DM, Waite S, Maddox TM et al (2005) The validity and precision
of spotlighting for surveying desert mammal communities. J Arid
Environ 61:589–601. https://doi.org/10.1016/j.jaridenv.2004.09.
008

Spies A (2016) Kalahari Gemsbok National Park Management Plan:
2016-2026. 1–132

325Mamm Res (2021) 66:313–326

https://doi.org/10.1007/s10531-004-1063-7
https://doi.org/10.1177/194008291200500303
https://doi.org/10.1111/j.1461-0248.2007.01133.x
http://www.ecologyandsociety.org/vol10/iss1/art20/
http://www.ecologyandsociety.org/vol10/iss1/art20/
https://doi.org/10.3390/ani10010132
https://doi.org/10.3390/ani10010132
https://doi.org/10.1023/A:1008862005556
https://doi.org/10.1023/A:1008862005556
https://doi.org/10.1007/s10745-015-9748-y
https://doi.org/10.1080/17451590509618075
https://doi.org/10.1080/17451590509618075
https://doi.org/10.1016/S0006-3207(02)00426-3
https://doi.org/10.1016/S0006-3207(02)00426-3
https://doi.org/10.1098/rspb.2019.2353
https://doi.org/10.1046/j.1523-1739.2000.99070.x
https://doi.org/10.1046/j.1523-1739.2000.99070.x
https://doi.org/10.1002/wsb.447
https://doi.org/10.1016/j.tree.2014.11.006
https://doi.org/10.1071/AM14021
https://doi.org/10.3161/15081109ACC2017.19.1.014
https://doi.org/10.2307/1383204
https://doi.org/10.1590/S1984-46702011000200008
https://doi.org/10.1590/S1984-46702011000200008
https://doi.org/10.17159/sajs.2021/8134
https://doi.org/10.4102/koedoe.v45i1.18
https://doi.org/10.1071/wr19165
https://doi.org/10.1071/wr19165
https://www.r-project.org/
https://doi.org/10.1656/058.015.0112
https://doi.org/10.1656/058.015.0112
https://doi.org/10.1038/nature03289
https://doi.org/10.1016/j.jaridenv.2004.09.008
https://doi.org/10.1016/j.jaridenv.2004.09.008


Steffen W, Broadgate W, Deutsch L et al (2015) The trajectory of the
anthropocene: The great acceleration. Anthropol Rev 2:81–98.
https://doi.org/10.1177/2053019614564785

Stephens PA, Zaumyslova OY, Miquelle DG et al (2006) Estimating
population density from indirect sign: track counts and the
Formozov-Malyshev-Pereleshin formula. Anim Conserv 9:339–
348. https://doi.org/10.1111/j.1469-1795.2006.00044.x

Stuart C, Stuart T (2015) Stuarts’ Field Guide to Mammals of Southern
Africa, including Angola, Zambia & Malawi, Struik Nature,
Penquin Random House Publishers, Cape Town, p 456

Swan M, Di Stefano J, Christie F et al (2014) Detecting mammals in
heterogeneous landscapes: implications for biodiversity monitoring
and management. Biodivers Conserv 23:343–355. https://doi.org/
10.1007/s10531-013-0604-3

Swanson A, Kosmala M, Lintott C, Packer C (2016) A generalized ap-
proach for producing, quantifying, and validating citizen science
data from wildlife images. Conserv Biol 30:520–531. https://doi.
org/10.1111/cobi.12695

Tobler MW, Carrillo-Percastegui SE, Leite Pitman R et al (2008) An
evaluation of camera traps for inventorying large- and medium-
sized terrestrial rainforest mammals. Anim Conserv 11:169–178.
https://doi.org/10.1111/j.1469-1795.2008.00169.x

Torre I, Guixé D, Sort F (2010) Comparing three live trapping methods
for small mammal sampling in cultivated areas of NE Spain. Hystrix
It J Mamm 21:147–155. https://doi.org/10.4404/Hystrix-21.2-4558

Torrents-ticó M, Rich L, Mcnutt JW et al (2017) On the right track?
Comparing concurrent spoor and camera-trap surveys in
Botswana. Afr J Wildl Res 47:128–137

Valente AM, Binantel H, Villanua D, Acevedo P (2018) Evaluation of
methods to monitor wild mammals on Mediterranean farmland.
Mamm Biol 91:23–29. https://doi.org/10.1016/j.mambio.2018.03.
010

van Cauter A, Kerley GIH, Cowling RM (2005) The consequence of
inaccuracies in remote-sensed vegetation boundaries for modelled
mammal population estimates. Afr J Wildl Res 35:155–161

Vanak AT, Gompper ME (2007) Effectiveness of non-invasive
techniques for surveying activity and habitat use of the
Indian fox Vulpes bengalensis in southern India. Wildl Biol

13:219–224. https://doi.org/10.2981/0909-6396(2007)13[219:
EONTFS]2.0.CO;2

Vaughan N, Jones G, Harris S (1997) Habitat use by bats (Chiroptera)
assessed bymeans of a broad-band acoustic method. J Appl Ecol 34:
716–730

Villette P, Krebs CJ, Jung TS, Boonstra R (2016) Can camera trapping
provide accurate estimates of small mammal (Myodes rutilus and
Peromyscus maniculatus) density in the boreal forest? J Mammal
97:32–40. https://doi.org/10.1093/jmammal/gyv150

Wallgren M, Skarpe C, Bergström R et al (2009) Influence of land use on
the abundance of wildlife and livestock in the Kalahari, Botswana. J
Arid Environ 73:314–321. https://doi.org/10.1016/j.jaridenv.2008.
09.019

Wasiolka B, Blaum N (2011) Comparing biodiversity between protected
savanna and adjacent non-protected farmland in the southern
Kalahari. J Arid Environ 75:836–841. https://doi.org/10.1016/j.
jaridenv.2011.04.011

Watson CRB, Watson RT (1985) Small-mammal trapping: analysis of
disturbance and methods of trap protection. S Afr J Wildl Res 15:
54–58

Waudby HP, Petit S, Gill MJ (2019) The scientific, financial and ethical
implications of three common wildlife-trapping designs. Wildl Res
46:690–700. https://doi.org/10.1071/WR19084

Weber J-M, Aubry S, Lachat N et al (1991) Fluctuations and behaviour of
foxes determined by nightlighting. Preliminary results. Acta Theriol
(Warsz) 36:285–291. https://doi.org/10.4098/AT.arch.91-29

Yarnell RW, Scott DM, Chimimba CT, Metcalfe DJ (2007) Untangling
the roles of fire, grazing and rainfall on small mammal communities
in grassland ecosystems. Oecologia 154:387–402. https://doi.org/
10.1007/s00442-007-0841-9

Zielinski WJ Kucera TE (1995) American Marten, Fisher, Lynx, and
Wolverine: Survey Methods for Their Detection. General
Technical Report PSW-GTR-157. USDA Forest Service, Pacific
Southwest Research Station, Albany, CA.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

326 Mamm Res (2021) 66:313–326

https://doi.org/10.1177/2053019614564785
https://doi.org/10.1111/j.1469-1795.2006.00044.x
https://doi.org/10.1007/s10531-013-0604-3
https://doi.org/10.1007/s10531-013-0604-3
https://doi.org/10.1111/cobi.12695
https://doi.org/10.1111/cobi.12695
https://doi.org/10.1111/j.1469-1795.2008.00169.x
https://doi.org/10.4404/Hystrix-21.2-4558
https://doi.org/10.1016/j.mambio.2018.03.010
https://doi.org/10.1016/j.mambio.2018.03.010
https://doi.org/10.2981/0909-6396(2007)13<219:EONTFS>2.0.CO;2
https://doi.org/10.2981/0909-6396(2007)13<219:EONTFS>2.0.CO;2
https://doi.org/10.1093/jmammal/gyv150
https://doi.org/10.1016/j.jaridenv.2008.09.019
https://doi.org/10.1016/j.jaridenv.2008.09.019
https://doi.org/10.1016/j.jaridenv.2011.04.011
https://doi.org/10.1016/j.jaridenv.2011.04.011
https://doi.org/10.1071/WR19084
https://doi.org/10.4098/AT.arch.91-29
https://doi.org/10.1007/s00442-007-0841-9
https://doi.org/10.1007/s00442-007-0841-9

	Assessing different methods for measuring mammal diversity in two southern African arid ecosystems
	Abstract
	Introduction
	Study area
	Kalahari
	Nama-Karoo

	Materials and methods
	Live traps
	Track plate and sand plot
	Camera traps
	Spotlight surveys and block transects
	Mist nets
	Acoustic surveys
	Local/indigenous knowledge
	Data analyses

	Results
	Kalahari
	Nama-Karoo

	Discussion
	References


