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Predation threatens the viability of livestock farming, while lethal predator management can negatively influence
wildlife ecology. There is renewed interest in non-lethal vs lethal methods of livestock protection, but a systematic
comparison is lacking. Using multivariate models, we explored how predator management (shepherd, no
shepherd), land tenure, flock characteristics, and environmental factors drive losses of small livestock across
the Northern Cape, South Africa. Black-backed jackal and caracal were the dominant livestock predators in both
management groups. Predation of small livestock was five-fold lower in the shepherd (1.29% * 0.38) compared to
the non-shepherd group (6.09% * 0.51; p < 0.0001), with a seven-fold lower-level of lamb predation (1.67% * 0.51 vs.
11.52% * 0.99; p < 0.0001). Predator management, livestock type, and flock size (but not land tenure or environmental
factors) were predictor variables in a best-fit linear mixed effects model describing small livestock losses (p <
0.0001). We interpret our findings with caution because we could not control for predator and prey abundances, and
the non-herder group could have inflated their predation estimates. While the efficacy of shepherding requires more

research, we suggest that it is a viable predation management approach in South Africa and beyond.
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Introduction

Carnivores have been killing domesticated livestock for
centuries (Kerley et al. 2017) but recent human population
growth and the expansion of agricultural activities are
exacerbating livestock-carnivore, and thus human-wildlife
conflict (Baker et al. 2008). Predation can threaten the
viability of livestock farming directly through livestock
losses, and indirectly through costs associated with
mitigating predation (Yom-Tov and Ashkenazi 1995; van
Niekerk 2010; Turpie and Babatopie 2018). At the same
time, lethal predator management can negatively impact
wildlife and their ecology (Landa et al. 1999; Yom-Tov and
Ashkenazi 1995).

Predation of livestock varies widely and may be
influenced by production area, the abundance of wild
prey, predator management method, and cultural group
(Thorn et al. 2012; Thorn et al. 2013; Odden et al. 2013).
Predation estimates of small livestock in South Africa (SA)
vary between 6-19% (van Niekerk 2010; Thorn et al. 2012),
compared to 1.4% of total stock holdings in Namibia (Marker
et al. 2003), 1.8% in Kenya (Kolowski and Holekamp 2006),

2.2% in Botswana (Schiess-Meier et al. 2007) and 4.5% in
Tanzania (Holmern et al. 2007). Within a single region of
SA, losses of livestock to predation (19% of total losses)
were less than losses to poaching (32%) or drought (30%),
but higher than fire (11%) and disease (8%) (Thorn et al.
2012). Livestock or domestic animals do not usually form
the dominant part of carnivore diets despite being orders
of magnitude more abundant than wild prey (Gazzola et al.
2005; Leighton et al. 2020; Middleton et al. 2021; Kamler
et al. 2012). However, livestock predation can increase
when wild prey abundance is limiting (Odden et al. 2013)
and some predators like jackal can show a preference for
domestic animals over wild (Drouilly et al. 2018).

Livestock can be protected from predation by various
methods. Non-lethal livestock protection methods include
fencing (predator-proof and electric), kraaling (corralling),
herders/shepherds, and guardian animals, while lethal
methods include call-and-shoot or capture-and-shoot (by
farmers themselves or specialist hunters), foothold traps
and cage traps. It should be noted that guardian dogs can
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hunt or scavenge both livestock and wildlife particularly
when unaccompanied by a human attendant (Drouilly
et al. 2020), and so their status as a non-lethal livestock
protection method varies with context.

Lethal livestock protection methods in South Africa
have negatively affected populations of leopard, Panthera
pardus (Balme et al. 2010). This may have knock-on
effects leading to ecosystem degradation and a loss
of ecological functioning, as has been shown for other
carnivores across the globe (Ripple et al. 2014; Estes et
al. 2011). Many larger carnivores such as lion (Panthera
leo) and spotted hyena (Crocuta crocuta) have been
extirpated from most of their historical range in South Africa
owing, in part, to lethal predator management (van Sittert
1998; Skead 2011; Skead 2007), leaving mesopredators
such as black-backed jackal (Canis/Lupullela mesomelas)
and caracal (Caracal caracal) to serve as the de facto
apex predators. These latter two species are currently
the dominant livestock predators in South Africa (Minnie,
Avenant, et al. 2018; van Niekerk 2010).

While lethal control of predators may reduce their
numbers in the short term, there is no reliable scientific
evidence that it provides a long-term or cost-effective
solution to preventing livestock depredation (Treves et
al. 2016; van Eeden et al. 2018) and can even increase
it (Nattrass et al. 2020). Lethal control of predators can
stimulate compensatory life history responses of predators
e.g. increased populations of black-backed jackal (Minnie,
Avenant, et al. 2018; Minnie, Zalewski, et al. 2018; Minnie
et al. 2016) and caracal (Nattrass et al. 2020). Thus lethal
methods to protect livestock from potential predators may
be indiscriminate ‘shots in the dark’ (Treves et al. 2016).
The use of non-lethal livestock protection methods are
increasingly considered (Kerley et al. 2017), because these
methods protect wildlife diversity, embody sustainable
agricultural practices, and may be more effective in
reducing livestock predation than lethal methods (Treves
et al. 2016).

Several authors have suggested that herding (or
shepherding when referring to small livestock such as sheep
and goats) may be one of the best non-lethal interventions
for reducing predation when conducted correctly (Khorozyan
et al. 2017; Khorozyan and Waltert 2019; Ogada et al.
2003; Breitenmoser et al. 2005; Woodroffe et al. 2007).
Shepherding is an ancient anti-predation technique used by
early pastoralists (Diring 2013) and involves herding and
protection of small livestock while moving between grazing
areas and water points, often accompanied by kraaling of
animals in a pen at night (Samuels 2013). Traditionally,
nomadic herdsmen lived and moved with their livestock. In
a review of non-lethal livestock management techniques
across 23 countries, Khorozyan and Waltert (2019) found
that only 5% of the documented 117 interventions included
shepherding, highlighting a paucity in information on
this practice. Shepherding is a relatively common albeit
understudied practice in communal grazing areas of
sub-Saharan Africa (Breitenmoser et al. 2005; du Plessis
et al. 2018; Michler et al. 2019; Moritz et al. 2011; Turpie
and Babatopie 2018). No published research on the use
and efficacy of shepherding in South Africa exists, and this
has been highlighted as a pertinent research gap by the

Scientific Assessment of Livestock Predation in South Africa
(du Plessis et al. 2018).

South Africa’s history has resulted in different types
of land tenure, broadly divided into privately held tenure
predominantly encountered in commercial farming, and
communally held tenure encountered mostly in subsistence
farming contexts. The application of predator management
methods tends to differ with land tenure and available
resources (Turpie and Babatopie 2018). Most communal
farmers make use of relatively low-cost methods such as
herding, kraaling and other non-lethal livestock protection
measures (Turpie and Babatopie 2018; du Plessis et al.
2018) that rely on cheap labour and materials (Michler et
al. 2019). This is similar to other developing countries in
sub-Saharan Africa (Ogada et al. 2003; Breitenmoser et al.
2005; Woodroffe et al. 2007). Nonetheless, carnivores may
be killed as bycatch by communal farmers when snaring for
bushmeat (Loveridge et al. 2020). In contrast, commercial
livestock farmers in South Africa use both non-lethal and
lethal methods to mitigate livestock predation (Turpie and
Babatopie 2018; van Niekerk 2010). Traditionally, choice
of these methods is based on ethics, local feasibility and
personal or collective experience (Turpie and Babatopie
2018; van Eeden et al. 2018).

There is a clear need for a systematic evaluation of
non-lethal and lethal livestock protection methods both
globally and locally. Given the difficulty in accurately
assessing the efficacy of these methods via case-control
and experimental tests (Treves et al. 2016), there is a
general lack of evidence-based recommendations for
livestock protection in South Africa (McManus et al. 2014).
This calls for alternative approaches to assess predation
management techniques aimed at: (1) providing baseline
information on the efficacy of management techniques,
and (2) identifying testable hypotheses/predictions to direct
future research using appropriate experimental designs.
Here, we used an unplanned experimental design where
we combined two distinct, but comparable data sets
collected via different methods to test whether shepherding
reduces predation of small livestock (sheep Ovis aries
and goats Capra hircus), regardless of land tenure.
Specifically, we assessed the impact of shepherding vs.
non-shepherding practices on small livestock predation in
the arid Northern Cape province of South Africa, which, at
13%, has one of the highest-reported livestock predation
levels in the country (Turpie and Babatopie 2018). We
hypothesised that shepherding would be more effective
in reducing predation on small livestock relative to other
methods for the dominant predators of small livestock. This
represents a first exploratory step in testing the efficacy of
shepherding as a viable predation management approach
in South Africa.

Materials and methods

Study site

Farms in the study were all located in the Namaqua
District of the Northern Cape province of South Africa,
which includes the dry Succulent and Nama Karoo
biomes (Mucina and Rutherford 2006) and is an important
extensive animal production area (de Waal 1990). Data
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came from two distinct data sets (see Data sources) but
are comparable in having similar farming land use with
small livestock (sheep and goats), predators, climate (arid
desert, Képpen-Geiger classification; Beck et al. 2018),
lithology (leptosol and/or rhodosol soils; van Engelen
and Dijkshoorn 2013), landforms (plains and/or medium
grade mountains; van Engelen and Dijkshoorn 2013), and
somewhat similar surface roughness (low to intermediate;
Figure 1) but different net primary productivity. Surface
roughness (hereafter roughness) is the variation in
elevation and is recognised as an important measure
of habitat complexity that determines behaviour of both
wild and domesticated animals (Sappington et al. 2007).
Roughness was calculated in QGIS v. 3.22.3 based on the
locations of farms on a 30-m digital elevation model (Farr et
al. 2007). Net primary productivity (NPP) has been variably
correlated with predation of livestock and herbivores (Letnic
et al. 2017; Graham et al. 2005). We measured NPP at
farm locations over the period encompassing the two data
sets (2007-2016) via the global MODIS Terra data product
at 500 m resolution (Running and Zhao 2019). No relevant
mammalian population density data could be found on
global databases, e.g. TetraDENSITY (Santini et al. 2018).

Data sources

Data were collected via two methods (observations of
kills vs. interviews), on two different land tenure types
(communal vs. private small livestock farms), and at
different temporal scales (daily vs. yearly) as described in
detail in Table S1. Social-ecological studies such as those
on human-wildlife conflict span ecological, spatial, and
socio-economic variables. In response to their challenging
and interdisciplinary nature, several social-ecological studies
have successfully integrated data from different sources
(Carter et al. 2020; Behr et al. 2017). Integration of distinct
data sets, collected using different methods, may even
provide more or better information than single data sets
(Zipkin et al. 2019). This is also part of an increasing trend
to assess ecological processes operating at large spatial
scales (Zipkin et al. 2021). Critically for our study, data sets
differ in the presence or absence of shepherds, and in the
type of predator management (non-lethal or lethal). Our
data sets lack predator and natural prey densities, but we
confirmed that the same predators were responsible for
predation in the two groups. Large felids can kill more large
stock when their wild prey reaches a minimum threshold
but this relationship is not clear for small stock (Khorozyan
et al. 2015). We acknowledge that these are distinct data
sources, but data sets for the direct comparison between
communal and private farmers, and between groups with
and without shepherds are not available. Thus, these data
sets provided an important opportunity to test the hypothesis
on shepherding efficacy.

The shepherd data set (field observations)

The shepherding group was in the western Namaqua
District within the Succulent Karoo biome (Figure 1). Data
comprised hourly, and daily field observations made by
shepherds on 11 farms (six communally- and five privately-
owned) between 2012 and 2016 (Table S1). Predation
events were recorded on mobile devices by shepherds

trained to recognise tracks and signs of wildlife and
predation marks on carcasses. Where possible, signs of
predation were photographed, and verified by researchers.
The shepherd group comprised communal and private
farms that were available as part of the South African
government’s Expanded Public Works Programme (EPWP)
implemented by South African National Parks (SANParks).
This group of livestock owners with herders were all in
the Kamiesberg area and had signed agreements to use
herders as part of a sustainable farming initiative with
Conservation International (Cl). This non-random sample
could bias the outcome, for example if the farmers were
motivated to record less livestock losses as part of the
study. However, this bias is unlikely since it was herders
who were independently paid to keep accurate records, with
no incentive to bias records.

Shepherds stayed with the flock while they grazed during
the day and camped at stock posts with the flock at night,
using various non-lethal management methods such as
bell collars on small livestock, livestock guardian dogs and
kraals (Table S1). All guardian dogs were accompanied
by human attendants (and fed daily) in this study, thus
mitigating scavenging and hunting of either livestock or
wildlife (Drouilly et al. 2020). Losses of small livestock
were calculated per month, and subsequently summed per
annum and expressed as a proportion of the average flock
size in that year to allow comparison with the non-shepherd
data sets, which was collected on an annual basis.

The non-shepherd data set (interviews)

The non-shepherd data set was a sub-set of a national
survey of private livestock farmers in 2006 and 2007
by van Niekerk (2010). Data used included farms in the
Succulent and Nama Karoo part of the Namaqua District
(Figure 1). The number of farmers interviewed was based
on the percentage that each of the different magisterial
districts per province contributed to the total small livestock
populations (sheep and goat) of South Africa. Thereafter,
potential interviewees were randomly selected from a list
provided by livestock producer organisations. From this
data set, we selected only those farms within the Namaqua
District (n = 103) to allow comparison with the shepherding
group. Farmers were interviewed telephonically following a
structured questionnaire to provide an estimate of livestock
types, age classes, flock size, as well as losses of small
livestock in each category (van Niekerk 2010). This group
used a mixture of non-lethal (largely electric and jackal-
proof fencing but not herding) and lethal approaches
(largely foothold traps, or cage traps combined with
shooting). Some (11%) of these farmers did not use lethal
predator management (Table S1).

Statistical analyses

All statistics were performed in R software v. 4.2.0
(RCoreTeam 2020). Percentage data from losses of
small livestock were bounded and zero-inflated and thus
logit-transformed so that the distribution of residuals met
assumptions of analyses used. Predation percentages of
sheep, lambs, goats, and kids were compared between
shepherding and non-shepherding groups using ANOVAs
followed by post-hoc Tukey tests. The relative contribution
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Figure 1: Location of farms in the study within the Namaqua District, Northern Cape, South Africa. The inset maps show Africa and South
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to predation ascribed to each predator species was
calculated as the sum of mortalities per predator species
relative to total predation, for both groups.

Eight variables thought to influence predation (Table
1) were assessed for their importance using a boosted
regression tree (BRT) model following Elith et al. (2008)
via the ‘dismo’ package in R (gaussian family, step size
of 20, tree complexity of 10, slow learning rate of 0.001,
and bag fraction of 0.7). The relative influence of each
explanatory variable reported by the BRT model determined
their order in linear mixed effects models (LME), using
the ‘Ime4’ package (Bates et al. 2015). In LMEs, predator
management (i.e. shepherd vs. non-shepherd groups), land
tenure, livestock type, NPP, predator type and roughness
were considered fixed effects while repeated measures of
farm identity and flock size were considered random effects
(Table 1). By default, random effects are the final term in
‘Ime4’ models, irrespective of their influence.

We used Akaike Information Criterion (AIC) model
selection to distinguish among a set of possible LME
models to find the best-fit model describing drivers of
livestock loss. The most parsimonious model was one that

had the lowest AIC value, a AAIC between the null (N) and
test (T) models of at least 2, and p < 0.05). The N model
always excluded the main fixed effect of interest (predator
management method) while the T model contained it.
The significance of LME models was assessed using
the maximum likelihood test, which produces a p and x?
value for each pair of N and T models. The significance
of fixed terms within the model were assessed using
t-tests via Satterthwaite’s method (‘ImerModLmerTest’
function), while random effects were assessed via
ANOVA-like tables (‘ranova’ function). We note that LMEs
were considered more suitable than repeated measures
or multi-factor ANOVAs (Pinheiro and Bates 2000) since
they do not assume independence of predictor variables
(flock sizes varied with land tenure and management,
i.e. were not independent) and can account for bounded
(proportional) data (predation as a percentage of flock
size), clustering (management types within land tenures
and locations), and unbalanced designs (different number
of repeated measures between groups). All models
presented met assumptions of linearity, homoscedasticity,
and normality.
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Human and animal ethics

All human participants were adults and informed about the
study, of their rights to anonymity and freedom to join or
leave the study, after which they signed a consent form. All
animals were managed by their owners as part of routine
farm operations.

Results

Comparison of data sets

Farmers in both data sets managed small livestock. Most
(99.7%) of the flock were sheep in the non-shepherd
or interviewed group, while the shepherd or observa-
tion group managed both sheep (ca. 58.8% of herd) and
goats (41.2% of the flock, Table S1). The relative contri-
bution that each predator species made to predation was
similar in the non-shepherd and the shepherd data sets
(p = 0.758, df = 1, F = 0.095) where black-backed jackal
and caracal were identified as the dominant predators in
both data sets (Figure 2). Black-backed jackal contributed
to 62% and 46% of predation while caracal contributed
about 37% and 45% of predation for non-shepherd and
shepherd data sets respectively (Figure 2). Irrespective
of the data set, black-backed jackals killed margin-
ally more livestock than caracal (p = 0.055). Shepherds
reported that baboons (Papio ursinus, n = 5 instances,
13.5% of predation) and leopards (n = 1 instance, 2.7%
of predation) also killed livestock. Interviewed farmers
in the non-shepherd group did not mention baboons and
leopards as predators of sheep and goats but ascribed
some predation to feral dogs (Canis familiaris, n = 3
instances, 1.4% of predation; Figure 2). Along with the
similarity in biome, topography and land use, the similarity
between interview and observation data sets regarding the
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Figure 2: Relative contribution to predation ascribed to each predator
according to interviews (non-shepherd group) or observations
(shepherd group) in the Northern Cape province, South Africa

dominant predators and the contribution that they made to
predation of small livestock supports our assumption that
the data sets can be compared to test our hypothesis.

Livestock losses from various causes

The shepherd group reported several sources of small
livestock losses including diseases, exposure, predation,
theft, and other (unknown) causes, while the non-shepherd
group only reported on predation, theft, and other
causes. Thus, only the latter three reasons for losses
were comparable between management groups (Figure
S1a). Here, livestock loss differed between management
methods (p < 0.0001, df = 1, F = 21.3) and different causes
of loss (p < 0.0001, df = 2, F = 17.5) with no interaction.
Predation was lower when a shepherd was present
compared to no shepherd (p < 0.0001), while there was
no difference in small livestock losses from theft or ‘other’
causes between these management groups (Figure S1a).
Diseases and exposure caused comparable mortality to
predation based on the non-shepherd group (p > 0.05;
Figure S1b) but up to about 20% of the flock could be
lost from disease or exposure (Figure S1b). Shepherds
reported no losses from theft, but this was not different
to other causes of loss due to high variation in the data
(Figure S1b). Other causes of small livestock losses
(vehicle collisions, fights between stock, and being caught
in traps set for predators) accounted for less than 1%
each and were reported in only a few instances (n = 1 for
fight, n = 2 for vehicle and trap) in the shepherd group.
Overall and regardless of the cause of loss, farmers using
shepherding reported lower losses (2.32% + 0.46) of small
livestock compared to farmers who did not use shepherding
(5.15% * 0.44; p > 0.0001, df = 1, F = 27.9).

Small livestock losses from predation

According to the BRT model (R? = 0.46), the specific
farm was the most important predictor of livestock losses
from predation (35%), closely followed by the type of
management to protect livestock, i.e. the presence of a
herder or not (32%). Flock size (23%) and the type of
predator responsible for livestock losses (9%) were also
important predictors. Surface roughness had a small
influence of 0.5%. Although the 10-year average NPP was
higher in the herder vs. the non-herder group (0.32 + 0.009
vs. 0.14 + 0.007 kg C m? yr', p < 0.0001, one-way
ANOVA), the influence on livestock losses was negligible
at 0.2%. Land tenure and livestock type had the smallest
influences at 0.02% and 0.01%, respectively.

The negligible influence of land tenure on predation is
important because, together with the similarity in predators
involved, it indicates that farmers experienced similar
predation issues and drivers of predation, irrespective of
land tenure. Supporting this, subsequent LMEs identified
land tenure as an exact linear combination of other
covariates (r > 0.7) and land tenure was excluded from
LMEs. The BRT was useful in determining the order in
which potential explanatory variables could be used in
subsequent LME models. Despite their low influence
in the BRT model, NPP, roughness and livestock type
were included in the LME as parameters of interest. Data
input for the LMEs was at an annual time scale to allow
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standardisation between interview and observation data
sets. For this reason, predator type could not be used in
the models because several predators were responsible
for livestock loss at any one annual time point. Thus, all
variables except predation and land tenure (Table 1) were
used as inputs for LMEs in the order: management, surface
roughness, NPP, livestock type (fixed variables) with farm
identity and flock size as random variables (placed after
fixed variables as per the default in LMEs; Table 2).

Total livestock predation was lower (p < 0.0001, df = 1,
F = 27.1) with shepherding (1.29% % 0.38) compared to
without shepherding (6.09% * 0.51; Figure 3). Predation
also depended on the livestock type with more lambs
being killed compared to other types and age classes
(p < 0.0001, df = 4, F = 203.0; Figure 3). The best-fit LME
model describing small livestock predation comprised
the parameters: predator management (shepherd vs.

Table 1: Predictor variables used in the boosted regression trees to
determine their use and order in linear mixed effects models

Variable Description Type Effect type

Farm Anonymised farm number Numerical Random

Flock size Average annual flock size  Numerical Random

Land tenure Communal- and private Categorical Fixed
farms

Livestock type Sheep, lambs, goats, Categorical Fixed
and kids

Management  Shepherd- and non- Categorical Fixed
shepherd

NPP Net Primary Productivity Numerical Fixed
(2007-2016)

Predator type  Predator species Categorical Fixed

Roughness Variation in elevation Numerical Fixed

over the terrain

non-shepherd), livestock type, farm identity and flock size
(model T3, p = 0.0001, AAIC = 13; Table 2). This model
carried 63% of the predictive power (or AIC weight)
of the full set of models being considered (Table 2).
Management, presence of sheep and lambs, and flock size
(but not farm identity) were the most important variables in
the T3 model (Table 3).

[ Non-shepherd group
15 [] shepherd group
=~
O
i)
= 10F
s}
2
Z
)
'<T:
[m)
w 5
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Lambs Sheep Goats Kids Total
SMALL LIVESTOCK TYPE

Figure 3: Comparison of predation of small livestock (mean
percentage of herd + SE) per livestock type and age class between
farms with or without shepherding in the Northern Cape Province,
South Africa. Significant differences at the p < 0.0001 level are
indicated by ***

Table 2: The Null (N) and Test (T) linear mixed effects models explaining the variation in predation on (a) all small livestock and (b) lambs
in Northern Cape farms, South Africa. Test models (T) are always compared to the corresponding null model (N) without the main response
variable of interest, i.e., predator management. The most parsimonious model is in bold (model with the lowest Akaike information criterion
(AIC) value, a AAIC between N and T models of at least 2, and p < 0.05). Alternative combinations of parameters did not change the outcome

AIC Log

df - AIC AAIC weight Likelihood

x> p-value

(a) Small livestock predation models

N1 = Losses ~ Roughness + NPP + Type + (1|Farm) + (1|Flock size) 2253 0.01 1117

T1 = Losses ~ Management + Roughness + NPP + Type + (1|Farm) + (1|Flock size) 1 2248 5 0.10 -1114 6.6  0.0099
N2 = Losses ~ NPP + Type + (1|Farm) + (1|Flock size) 2292 0.02 -1122

T2 = Losses ~ Management + NPP + Type + (1|Farm) + (1|Flock size) 1 2292 0 0.24 -1118 7.3  0.0069
N3 = Losses ~ Type + (1|Farm) + (1|Flock size) 2257 0.00 -1122

T3 = Losses ~ Management + Type + (1|Farm) + (1|Flock size) 1 2244 13 0.63 -1114 14.8 0.0001
N4 = Losses ~ (1|Farm) + (1|Flock size) 2379 0.00 -1186

T4 = Losses ~ Management + (1|Farm) + (1|Flock size) 1 2361 18 0.00 -1176  20.4 <0.0001
N5 = Losses ~ (1|Flock size) 2378 0.00 -1186

T5 = Losses ~ Management + (1]|Flock size) 1 2359 19 0.00 -1176  20.9 <0.0001
(b) Lamb predation models

N6 = Losses ~ Roughness + NPP + (1|Farm) + (1|Flock size) 294 0.01 -141 8.7 0.0032
T6 = Losses ~ Management + Roughness + NPP + (1|Farm) + (1|Flock size) 1 287 7 0.19 -136

N7 = Losses ~ NPP + (1|Farm) + (1|Flock size) 294 0.01 -142  16.1 <0.0001
T7 = Losses ~ Management + NPP + (1|Farm) + (1|Flock size) 1 286 8 0.29 -137 9.8 0.0017
N8 = Losses ~ (1|Farm) + (1|Flock size) 302 0.00 -147

T8 = Losses ~ Management + (1|Farm) + (1|Flock size) 1 285 17 0.50 -138 18.9 <0.0001
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Similar to total livestock losses, lamb predation was lower
(p < 0.0001, df = 1, F = 25.21) with shepherding (1.67% *
0.51) compared to without shepherding (11.52% + 0.99;
Figure 3). The best-fit LME model for lamb predation
included predator management, the flock size of lambs and
farm identity (T8, p < 0.0001, AAIC = 17; Table 2). This
model carried 50% of the predictive power (or AIC weight)
of the full set of models being considered (Table 2). While
contributing to the best-fit model, flock size (p = 0.827)
and farm identity (p = 1.00) were poor predictors of lamb
predation (Table 3), thus predator management was the
only important predictor in the model for lamb predation (p <
0.0001; Table 3). Predation of small livestock was driven
by lamb predation since predation of sheep, goats and kids
was very low in both management groups (< 1%) and did
not differ between groups (Figure 3). Consequently, no best
combination of predictor variables for sheep, goat and kid
predation could be identified in the LMEs.

Flock size emerged as a predictor of total livestock
losses in LMEs but the relationship appeared to be neutral
to weakly negative, possibly depending on thresholds of
flock size (Figure 4). There appeared to be no relationship
between predation and flock size at relatively small flock
sizes (20 to 2 000 in the shepherd group) but a slight
negative relationship appeared at larger flock sizes up to
21 000 (Figure 4). We interpret these results about relatively
larger flock sizes with caution because only a few (10)
farms with 3 000 or more small livestock determined the
relationship (Figure 4).

Discussion

Validity of our approach

Three major approaches can be used to study livestock
predation (direct monitoring of livestock, face-to-
face interviews, and telephonic interviews of livestock
managers), all with varying accuracy and biases (Knowlton
et al. 1999). The resulting estimates of losses due to
predation will likely differ, but conclusions based on distinct
data sets can be moderated if the methodology is explicitly

described. The present study utilised two distinct data sets
that reveal two important findings regarding the efficacy of
shepherding and the scale of livestock predation relative to
other forms of livestock loss.

We highlight an important opportunity to use distinct, but
complimentary, data sets in addressing under-researched
and data-scarce research areas where relevant data may
not be available. Reviews of various predation management
techniques and their efficacy in reducing livestock predation
(Eklund et al. 2017; van Eeden et al. 2018) emphasise that
few studies used a case-control study design, considered
the ‘gold standard’, thus hampering evidence-based
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‘ e ©
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Figure 4: The relationship between flock size and predation
of small livestock on farms with or without shepherding in the
Northern Cape province, South Africa

Table 3: Coefficients and importance (p-values) of each predictor variable in the most parsimonious linear mixed effects models
(Table 2) describing predation of (a) all small livestock and (b) lambs in Northern Cape farms, South Africa. Satterwaite’s
post-model variance test and an ANOVA-like table were used to test the importance of fixed effects and random effects,
respectively. The most important model parameters are indicated by bolded p-values

(a) Small livestock predation model (T3)

Fixed effects Estimate Standard error df t-value p-value
Management -0.272 0.0698 194 -3.89 0.0001
Kids 0.053 0.0654 899 0.81 0.4186
Lambs 0.425 0.0942 162 4.51 <0.0001
Sheep —0.384 0.0955 151 -4.02 <0.0001
Random effects Log likelihood Likelihood ratio test

Farm identity -1114 0 1 n/a 1.00
Flock size -1189 150 1 n/a <0.0001
(b) Lamb predation model (T8)

Fixed effects Estimate Standard error df t-value p-value
Management -1.14 0.234 109 —4.87 <0.0001
Random effect Log likelihood Likelihood ratio test

Farm identity -138 0.000 1 n/a 1.00
Lamb flock size 38 0.047 1 n/a 0.8277
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management of carnivore-livestock conflict. Currently, the
application of most livestock and predation management
methods are based on ethics, local feasibility and personal
or collective experiences (van Eeden et al. 2018; Thorn et
al. 2012), largely due to the difficulty in accurately assessing
the efficacy of these methods (Treves et al. 2016). As such,
many predation management methods remain untested and
represent ‘shots in the dark’ (Treves et al. 2016).

Given the general lack of information relating to the efficacy
of various livestock and predation management strategies
in South Africa (du Plessis et al. 2018) and elsewhere
(van Eeden et al. 2018), the consolidation of different data
sets provides a valuable and under-utilised opportunity to
conduct analyses into the efficacy of these management
strategies. This approach is increasingly used to address
novel, socio-ecological hypotheses about carnivore-livestock
and human-wildlife conflict (Zipkin et al. 2019; Nattrass and
Conradie 2013). Although this approach may be prone to
errors (Eklund et al. 2017), it fills an important gap in our
understanding by (1) recognising general trends in data, and
(2) identifying hypotheses aimed at directing future research
via case-control study designs. In our study, we could justify
the combination of two distinct data sets, to successfully
address hypotheses where data are lacking.

We justified the consolidation of distinct data sets
by testing their similarity independent of the subject of
interest, i.e. shepherding efficacy. Black-backed jackal and
caracal were identified as the dominant causes of livestock
predation, as is the case on livestock farms across South
Africa (Drouilly et al. 2018; Humphries et al. 2016; Minnie,
Avenant, et al. 2018; van Niekerk 2010). Unfortunately,
data on the abundances and densities of these predators
and their wild prey were not available for our data sets and
we cannot rule out the influence of wild prey densities on
livestock losses. Collecting wildlife scat and GPS positioning
data to approximate animal density was beyond the financial
scope of this present study, which relied on existing data.
Relatively low densities of natural prey animals can drive
increased predation of livestock (Khorozyan et al. 2015;
Odden et al. 2013), but this has not been shown for small
stock in South Africa and further abroad (Khorozyan et al.
2015). We think it is possible that the predator and wild
prey densities were similar in the two data sets because of
similarities in climate, geology, habitat types, land use, and
predators involved. While NPP, another potential driver of
predation (Graham et al. 2005), was higher in communal
areas, it was not important in describing livestock losses as
evidence from our best-fit models. Finally, we cannot exclude
the possibility of inflated predation estimates in the interview
data set, as farmers may assign livestock losses to predators
in the absence of direct evidence (Nattrass et al. 2020).

Efficacy of shepherding against predation

In our study, farms with shepherds had five-fold lower
levels of livestock losses to predators than farms without
shepherds, irrespective of land tenure or environmental
variables (NPP, roughness). Another predictor of small
livestock predation was herd size but the direction of this
relationship was unclear. Our results must be interpreted
with caution because, as mentioned, we were not able to
control for important variables that are known to influence

livestock depredation (including predator and prey
abundances) or reporting bias. Despite the limitations of this
study, our findings are consistent with the global reviews
indicating the relative efficacy of non-lethal vs. lethal
predator management (van Eeden et al. 2018; Treves et al.
2016; Eklund et al. 2017; Miller et al. 2016).

Given the predominance of sheep farming in the study
area and the tendency of small- to medium-sized predators
to prey on small or young animals (Sangay and Vernes
2008; Somers et al. 2018), it is assumed that black-backed
jackal and caracal prey on lambs and this was supported
by our results. Thus, the seven-fold lower level of in lamb
predation with shepherding vs. without shepherding was a
particularly important finding for extensive arid rangelands
where small livestock predominate.

Further, the fact that land tenure did not drive livestock
predation according to LMEs, suggests that shepherding
may be equally useful to communal farmers with small
herds and private farmers with larger herds. Nevertheless,
barriers to the use of shepherding and kraaling of large
herds owned by private, commercial producers may exist
and need novel solutions. Other studies, using case-control
study designs, have documented that shepherding reduces
livestock predation by wolves (Canis lupus) (lliopoulos et
al. 2017), coyote (Canis latrans), puma (Puma concolor),
black bears (Ursus americanus) (Palmer et al. 2010), lions,
leopards and spotted hyenas (Woodroffe et al. 2007). For
example, using shepherds resulted in a two- to four-fold
reduction in livestock losses ascribed to wolves in Greece
(lliopoulos et al. 2017). Bruns et al. (2020) recently showed
that shepherding resulted in a 97% reduction in livestock
predation by wolves, although this was based on a single
sample. Similarly, Woodroffe et al. (2007) reported a
reduced probability of large carnivore predation with an
increase in the number of shepherds. Accordingly, several
authors have suggested that shepherding could be one
of the best interventions for reducing predation when
applied correctly (Khorozyan et al. 2017; Khorozyan and
Waltert 2019; Breitenmoser et al. 2005; Ogada et al. 2003;
Woodroffe et al. 2007), where human presence and animal
husbandry was linked to this efficacy (Ogada et al. 2003;
Woodroffe et al. 2007).

Conversely, some studies have reported that shepherds
do not necessarily reduce livestock predation. This may
be ascribed to the inability of timid shepherds to deter
large predators such as leopards (Khorozyan et al. 2017),
inattentive shepherds focused on other tasks such as
fence maintenance (Palmer et al. 2010) or socialising with
each other, e.g. child shepherds (Woodroffe et al. 2007),
or inadequate training of shepherds and guardian dogs
(Khorozyan et al. 2017). These conflicting results from
various studies highlights that there is no such thing as a
silver bullet, and more research in various contexts and
scales is needed. Nonetheless, our results are a valuable
first step that should motivate further testing of shepherding
efficacy in the process of developing evidence-based
management.

Placing predation in context
Predation placed in perspective with other causes of
livestock mortality and loss is useful to gauge its relative
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impact. Globally, drought and disease account for the
main losses of livestock (30% for drought and 9-52% for
disease; FAO (2018)) but are seldom compared with the
relatively lower losses (5%) reported for predation (Baker et
al. 2008). In our study, average predation of small livestock
was relatively low in absolute terms (1-6%) irrespective
of management. This is lower than the values of 6-19%
previously reported for South Africa (van Niekerk 2010;
Turpie and Babatopie 2018; Thorn et al. 2012; Nattrass
et al. 2020; Drouilly et al. 2018; Kamler et al. 2012;
Humphries et al. 2016) but consistent with the 2—8% for
southern Africa (Verschueren et al. 2020; Kolowski and
Holekamp 2006; Schiess-Meier et al. 2007; Franco et al.
2018). These estimates align well with global estimates of
predation of livestock, which are lower than other sources
of mortality. Based on our information from the shepherd
group, livestock losses from disease and exposure were as
important as predation. It is likely that direct observations
were more accurate in confirming the cause of mortality
than questionnaire surveys, as the shepherds involved
were trained to recognise tracks and signs of predators
including bite marks on livestock, while also being present
to distinguish predation from other causes of death such as
disease and exposure. Together with global assessments,
this implies that losses from disease and exposure may be
generally as high or higher than losses from predation in
South Africa, a hypothesis that could be tested by controlled
studies across a wider area.

Research needs

Several research questions arise out of this and similar
work. Given the high variability in the efficacy of most
livestock and predation management techniques in reducing
livestock predation (Miller et al. 2016), the applicability,
efficacy and cost-effectiveness of any management
technique appears to be context dependent. Ideally, several
studies across multiple contexts (livestock types, breeds
and ages, socio-economic and cultural status of the farming
community, environmental conditions, grazing pattern,
dominant predator, geographic region, etc.) are required
to ascertain the usefulness of shepherding in reducing
livestock predation (Miller et al. 2016). For example, the
Before-After-Control-Impact (BACI) approach, considered a
‘gold standard’ (Treves et al. 2016) could consider predation
alongside other causes of stock loss and mortality and
would compare them under different predator management
approaches across multiple environments. Such a
challenging analysis would need careful collaboration
between producers, wildlife managers and scientists
(Knowlton et al. 1999) while a consortium approach could
be encouraged by funders. Besides predation, we found
that average mortality of livestock from all measured causes
was lower (about 2%) for farmers employing shepherds
compared to those not using shepherds (about 5%). While
we again interpret this with caution due to imbalances in
reporting on causes of loss, it provides another testable
hypothesis, namely that shepherds can reduce not only
predation but also livestock mortality due to other causes,
e.g. by providing timeous responses to ill, injured, or lost
animals. Additional management benefits of shepherds that
could be tested include general animal husbandry, detecting

damage to infrastructure (fences, water points), assessing
grazing conditions (du Plessis et al. 2018) and promoting
the recovery of biodiversity in agroecosystems (Schurch et
al. 2021).

Finally, innovative research could take the form of
appropriately harmonising data sets from different sources,
e.g. research based on both observations of kills and
interviews/questionnaires concurrently so that biases
emerging from either data collection method could be amelio-
rated, while providing indications of social perceptions.
Possible biases could be present in our data and would
benefit from such a study. Observations of kills may underes-
timate livestock predation in cases where livestock herds
are dispersed over large grazing areas and the shepherd
can only tend to a portion of the flock, thus missing potential
kills. Similarly, observations of carnivores scavenging
on carcasses may overestimate livestock predation by
incorrectly assigning livestock mortality to the scavenger
(Somers et al. 2018). In addition, the efficacy of shepherds in
detecting livestock carcasses may be influenced by the work
ethic of the individual shepherds or habitat. In contrast, data
collected from questionnaires and interviews may overes-
timate livestock predation (Nattrass et al. 2020), especially
when respondents base these values on total livestock
counts instead of actual observation of carcasses and the
identification of the responsible predators. Research that
ground-truthed presence-absence data for the Asiatic black
bear, Ursus thibetanus (Liu et al. 2009), obtained from
questionnaires indicated no difference between questionnaire
and ground-truthed data. However, such data is non-existent
for livestock predation and thus represents a valuable future
research opportunity.

Policy implications

Until controlled, comparative studies of lethal and non-lethal
predator management have been published, we can only
generalise available findings from this and other studies
while applying the precautionary principle. Our results
suggest that non-lethal predator management methods
are effective locally and this supports strong evidence from
abroad (Treves et al. 2016; Treves and Naughton-Treves
2005). According to Knowlton et al. (1999), preferred
solutions to predation should be as non-intrusive and
benign as possible. We thus recommend that legislation on
damage-causing animals foster the coexistence of livestock
and wildlife and limit or suspend lethal approaches to
predator control.

Conclusion

We find that shepherding is not a shot in the dark, as small
livestock predation was lower with shepherds present.
While the use of shepherding requires more research
and may have several barriers to its use, it is a potentially
low-cost, non-harm approach to predator management
while also providing livelihoods. Reviving practical forms of
shepherding in a range of land tenure and socio-economic
contexts, both in the developing and developed world, could
support traditional cultural practices, and has the potential to
elevate the practice to be a vital part of animal husbandry
and farm management.
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Figure S1: Causes of small livestock mortality or loss that were comparable between farms with (dark
bars) or without (light bars) shepherds (A) and causes of small livestock mortality or loss within the
shepherd group only (B) in Northern Cape Province, South Africa. Data medians are represented as
horizontal lines within boxes that extend to the 25th and 75th data percentiles while whiskers extend
to the largest and smallest values no more than 1.5 times the interquartile range, with dots as outliers.
Different lower-case letters are positioned at data means within white dots and indicate significant
difference at the P < 0.05 level after a two-way ANOVA and post-hoc Tukey test
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Table S1: Characteristics of the data sets used in the study. Abbreviation: LGD Livestock

Guardian Dog. *The intended use of LGDs was non-lethal, and all dogs were accompanied

by a human, which is known to reduce scavenging/hunting of livestock and wildlife (Drouilly

et al. 2020)
Data set
Shepherd No shepherd
Non-lethal practices
(%)
Shepherd, kraal, LGD*, 6 0
bell collar
Shepherd, kraal, LGD* 4 0
Shepherd, kraal 1 0
Fence 0 33
Fence, bell, and other 0 24
collars
Fence, bell, and other 0 8
collars, lights
Kraal 0 4
Other 0 23
None 0 11
Lethal practices (%)
Foot loop and cage trap, 0 22
shooting
Shooting 0 15
Foot loop trap, shooting 0 14
Cage trap, shooting 0 10
Foot loop and cage trap, 0 8
hunting dog, shooting
None n/a 9

Collection method

Land tenure
Year of collection
Sampling

Design

Flock size (annual
average)

N (farms)

N (observations)
N (observations
annualized)

In-field observations by
shepherds using mobile
technology
Communal and private
2012 to 2016

Non-random within Namaqua

District

Non-lethal management not
compared to a non-shepherd

group

Lamb (92), sheep (189), goat

(127), kid (70)

11 (6 communal, 5 private)

27259
65

Telephonic interviews

Private
2006 and 2007
Stratified random within
Namagqua District
Mixed lethal and non-lethal
management not compared to
shepherd group
Lamb (1213), sheep (1216),
goat (3), kid (4)
103
103
103






