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ARTICLE INFO ABSTRACT

Keywords: Climate change is triggering diverse responses from communities across environmental and socioeconomic
Rangelands contexts. In African rangelands, selling livestock is critical for adapting to changes in environmental conditions.
Social-ecological systems As these decisions further affect environmental and community wellbeing, identifying where, when, and how
Blri(::agt]:a daptation livestock sales are expected to respond to particular climatic shifts is important for delineating the total impact of
Pastoralism climate change and responding accordingly. Scattered evidence suggests that socioeconomic wellbeing moder-

ates how communities use cattle sales in response to precipitation. However, this has not been quantified as a
generalizable trend across spatial and temporal scales. This study examines the relationship between socioeco-
nomic wellbeing (using a standard deprivation index), precipitation, and monthly cattle slaughtering across
South Africa from 2015 to 2022. We find that in better-off provinces (—1 standard deviation of deprivation),
expected cattle slaughtering declined from 73,296 (90 % CIL: 38,430-130,709) under the highest observed
precipitation, to 57,897 (90 % CI: 30,431-103,378) in response to the lowest observed precipitation. In contrast,
worse-off provinces (+1 standard deviation), increased expected cattle slaughtering from 10,306 (90 % CI:
5916-19,753) under high precipitation, to 19,966 (90 % CI: 11,437-38,245) after low precipitation. We further
investigate this dynamic using a novel statistical disaggregation procedure, showing similar effects at a 16-km
scale for the year 2020 and producing high-resolution estimates of where slaughtering was most likely given
socioeconomic and environmental conditions. Our findings show that poorer communities are more likely to sell
cattle in response to drought, a practice that can erode long-term resilience and deepen inequities.

Bayesian hierarchical modeling

Scanlon et al., 2023), tracking human behavioral responses to these
processes remains challenging, especially at scale (Walawalkar et al.,

1. Introduction

The global land area and human population annually exposed to
extreme weather events will continue increasing into the next century
(Fischer and Knutti, 2015; Lange et al., 2020; Laufkotter et al., 2020;
Zscheischler et al., 2020). As highlighted by the Intergovernmental
Panel on Climate Change (2023), supporting individuals, communities,
and regions to sustainably adapt to these changes is an urgent priority
for all levels of government. While we possess sophisticated systems for
monitoring weather patterns (Ebert-Uphoff and Hilburn, 2023; Hao
et al.,, 2019) and concurrent land cover changes (Pringle et al., 2021;
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2023). As a result, generalized insights on how specific groups (e.g.,
socioeconomic, occupational) are likely to respond to particular changes
in weather (e.g., drought) remain underdeveloped (Ireland, 2010;
Rodriguez Solorzano, 2016). Advancing these “middle-range theories’
of climate change adaptation, which use data to identify broad,
context-specific patterns, can guide targeted interventions promoting
equitable and sustainable adaptation at scale (Arteaga et al., 2023;
Meyfroidt et al., 2018).

Climate change adaptation through land use change (e.g.,
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deforestation, changes in agriculture or grazing) is particularly impor-
tant to understand as a general phenomenon, as it further affects
greenhouse gases, earth surface reflectance, biodiversity, and human
wellbeing (Beckage et al., 2022; Geng et al., 2023). Complex relation-
ships between climate and land use are evident across contexts, but the
effects are especially marked amongst small-scale subsistence producers
who utilize land (e.g., for agriculture and grazing) to meet daily needs
(Benabderrazik et al., 2022; Fedele et al., 2021; Pienkowski et al., 2024;
Wells et al., 2024). For example, small-holder farms are more likely to
expand crop area to buffer dry periods than are commercial operations
in wealthy countries (Zaveri et al., 2020). African pastoralists are among
the groups most directly affected by and pressured to adapt to changing
weather patterns, and thus present an important context to understand
where and when interventions supporting climate adaptation can be
most effective (Murray-Tortarolo and Jaramillo, 2020; Thornton et al.,
2009).

Recurrent and worsening droughts and floods (Johnston et al., 2024;
Pomposi et al., 2018; Trancoso et al., 2024) are exacerbating poverty
and livestock health issues in African rangelands (Barrett et al., 2020;
Emediegwu et al., 2022; Sloat et al., 2018). Namely, increasing tem-
peratures and precipitation variability negatively affect cattle pop-
ulations by decreasing forage and water availability and increasing
erosion and the incidence of disease (Johnston et al., 2024; Lacetera,
2019; Onyeneke et al., 2023; Vaiknoras, 2024). Limited livelihood al-
ternatives and continued landscape fragmentation also mean that many
African pastoralists have a bounded set of adaptive strategies available
to respond to changes in weather and forage (Callahan, 2025; Nozieres
et al.,, 2011; Reid et al., 2014). One common response among small-
holders coping with the short-term impacts of drought is selling cattle to
generate additional income (Bahta and Myeki, 2021).

As tenure insecurity and habitat fragmentation limit the long-
distance seasonal movement of livestock, accessible markets have
become essential in African rangelands, and in South Africa in particular
(Boone, 2007; Hobbs et al., 2008; Nketiah and Ntuli, 2024). Markets
contribute to reducing the ecological vulnerability of pastoralists by
facilitating cattle destocking and restocking in response to local forage
conditions (Tessema et al., 2014). During prolonged droughts, livestock
can be sold for cash or animal feed, serving as a form of insurance
against weather risks (Ouédraogo et al., 2021). However,
drought-induced cattle sales are economically disadvantageous, result-
ing in income loss and disruption of stock planning. The value of cattle
declines sharply during droughts because of reduced animal weights,
increased disease risk, and because markets become saturated as many
people attempt to offload cattle simultaneously (Kimaro et al., 2018).

Both theoretical and empirical case studies have shown that drought-
induced cattle sales can create poverty traps for African pastoralists;
technically speaking, this dynamic is driven by richer households’ ca-
pacity to smooth assets while poorer households are more likely to
smooth consumption (Carter and Lybbert, 2012). An early study of 37
Tanzanian households found that while wealthy households maintained
their herds during droughts, poorer households faced cyclic and wors-
ening poverty brought on by forced sale of animals (Sieff, 1999). Panel
data from 55 Ethiopian pastoralist households similarly showed that
precipitation shocks reinforced wealth inequality (Lybbert et al., 2004).
While this localized evidence indicates that wellbeing differentiates
pastoralists’ adaptive responses to drought within communities, the
salience of these patterns has not been comprehensively demonstrated
between communities, at the country scale and throughout time.

In this manuscript, we ask whether community wellbeing reliably
moderates the rate of South African cattle sales in response to changes in
precipitation at multiple temporal and spatial scales. To answer this, we
analyze monthly cattle slaughtering data from all South African prov-
inces from 2015 to 2022. These data provide significant variation in
both socioeconomic wellbeing and precipitation conditions. Socioeco-
nomic variation is owed in part to interconnected historical and
ecological processes such as forced resettlement under apartheid (Mani
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etal., 2021). Precipitation variation in these data is characterized by two
recorded droughts in 2015/2016 and 2019/2020, both linked to El Nino
events which affect global atmospheric circulation and reduce precipi-
tation in the December to February rainy season by up to 80 % (Alemaw,
2022; Kimutai et al., 2024). We first quantify how community wellbeing
influences cattle sales in response to precipitation changes, finding that
wellbeing is strongly determinative of provincial-level response. We
then employ spatial disaggregation methods (Arambepola et al., 2022)
to confirm a similar effect within a single year and at a 16-km spatial
resolution. We further use this method to identify within-province lo-
cations where cattle sales are most probable in a single year, based on
the identified important environmental and socioeconomic variables.
This study advances our understanding of how precipitation variability
interacts with socioeconomic factors to shape rangeland use and offers a
framework for identifying targeted interventions to support climate
resilience at scale.

2. Methods
2.1. Data collection

2.1.1. Cattle sales

We obtained information on the outcome of interest—cattle sales-
—using curated cattle slaughtering statistics, which were used as a
proxy, as there are no comprehensive records of formal and informal
sales across South Africa (Fig. 1). These data include slaughtered cattle
that were produced by both small-scale communal grazing associations,
as well as large-scale commercial operations. An important assumption
of using cattle slaughtering as a proxy for cattle sales across both formal
and informal markets is that sales and slaughtering statistics are nor-
mally (unbiased) correlated in their response to the socioeconomic and
biophysical variables of interest. This assumption was interrogated and
determined to be reasonable during personal communications with ex-
perts from regenerative grazing organizations operating in South Africa
(Meat Naturally and Conservation South Africa). Another key assump-
tion of using these data is that cattle are slaughtered in the province
where they are produced. While this is not always true, the large
geographic size of provinces in South Africa and high associated travel
costs lead most cattle to be slaughtered in the closest available facility.
We return to these assumptions in the discussion.

Slaughtering statistics for all South African provinces (Fig. 1) were
obtained from the Red Meat Abattoir Association, the largest indepen-
dent organization representing all official abattoirs nationwide. Data
were collected at the provincial level and for every month from January
2015 to December 2022. We did not evaluate available data on smaller
livestock species, such as goats, sheep, and pigs, as they have more
nuanced sale pressures. These small stock are kept and sold as a stepping
stone to buying cattle in some places and are generally viewed as less of
a long-term investment. Moreover, a higher proportion of cattle are sold
through formal abattoirs than are small stock, for which recorded
slaughters may be as low as 0.5 % (Qekwana and Oguttu, 2014). Hence,
including the slaughtering statistics for these animals would introduce
additional measurement error to our statistical models likely to obscure,
rather than delineate, the mechanisms of interest.

2.1.2. Environmental and socioeconomic drivers of cattle sales

We identified and collected data that would enable us to isolate the
effects of the two main predictors of interest: precipitation and com-
munity wellbeing. Potential covariates were identified by reviewing
published literature where they were recognized as drivers of cattle
sales, through the ethnographic experience of our team, and through
personal communications with experts (Emediegwu et al., 2022; Godde
et al., 2019; Lunde and Lindtjgrn, 2013; Zscheischler et al., 2020). We
then constructed a directed acyclic graph, or causal model (Fig. S1), to
display the assumed relationships between variables, allowing for the
identification of confounders that would require conditioning when
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Fig. 1. Illustrative visualization of data used in the study for one month, December 2020. Panel A (response variable) shows the total number of recorded cattle
slaughters in each province for the given month. Panel B (predictor of interest) shows the cumulative monthly precipitation in each 0.25-degree grid for the given
month. Panel C (predictor of interest) shows the 1-km Global Gridded Relative Deprivation Index value, taken as static across the timeseries; dark grey shows ‘NA’
values where no human population data are available. Panels D, E, & F respectively show cattle population, distance to city, and proportion of the population
dependent on nature (control variables). Panels D, E, & F are also taken as static across the timeseries and were obtained at the 5-arc minute resolution for both
gridded products and provincial level for nature dependency. The color bars adjacent to each map show the ranges of values for each variable.

estimating the effects of interest (Biggs et al., 2011; McElreath, 2020).
Specifically, while many socioeconomic and ecological factors (e.g.,
temperature) might affect the rate of cattle sales in a given place and
time, these will only bias the coefficient estimates of interest—and hence
need to be controlled for—if they affect both a predictor of interest and
cattle sales simultaneously (Arif and MacNeil, 2023). The resulting list
of control variables includes: cattle population, distance to urban cen-
ters, proportion of human population dependent on nature, and month
of the year (Fig. 1). All data are described along with links to their
sources in the supplemental material (S2).

Historical precipitation data were gathered as daily total values from
the Climate Hazards Group InfraRed Precipitation with Station data
(CHIRPS) database at the 0.25-degree resolution (Funk et al., 2015). We
summed these values across each province for each month in 2015-2022
to yield total monthly precipitation, which has been shown to more
strongly explain variance in forage quality compared to other metrics
such as intra- and interannual variation (Godde et al., 2019). As forage,
and thus pastoral decision-making, does not instantaneously respond to
rainfall, we used a ‘rolling sum’ to calculate the total past rainfall for
each province over the past 12 months (Gutiérrez et al., 2020; Wu et al.,
2022). A 12-month interval was selected because the effects of rainfall
on pasture growth and livestock productivity often manifest with a
one-year lag, influencing forage availability and reproductive perfor-
mance in the following year (Emediegwu and Ubabukoh, 2023).

Community wellbeing was measured using the Global Gridded
Relative Deprivation Index (hereafter “deprivation”) available from the
United States National Aeronautics and Space Administration Socio-
economic Data and Applications Center. These data are relative values
ranging from 0 to 100, where 100 is the highest observed level of
deprivation. Deprivation is calculated using the subnational Human
Development Index, infant mortality, and child dependency, and
remotely sensed data products measuring built-up areas, and nighttime
lights, with input data covering 2010 through 2021 (CIESIN, 2022).
Deprivation data are available as 1-km pixels and was considered as

static throughout the study period. We calculated the median value for
deprivation for each province.

We obtained gridded estimates of cattle populations from the Grid-
ded Livestock of the World data product (Robinson et al., 2014) avail-
able from the Food and Agriculture Organization (Table S2). This
product contains estimates of cattle population at the 5-arc minute
resolution for both 2015 and 2020 (Fig. 1). We summed these estimates
across pixels to obtain a total estimated cattle population for each
province.

Distance to urban centers was calculated at the pixel level across
each province by measuring the Euclidean distance to a town or city
included in the Humanitarian OpenStreetMap ‘populated places’ data-
base (Table S2). We summarized these values across each province by
calculating the median pixel value. Finally, we obtained estimates of the
proportion of the population in each province directly dependent on
nature for their basic needs (at least three out of: housing materials,
water, energy, or occupation) from Fedele et al. (2021). These data are a
composite estimate, derived from inputs from 2015 to 2020 and avail-
able at the province level. We standardized all covariates to have a mean
of 0 and a standard deviation of 0.5, improving the numerical stability
and allowing for the direct comparison of coefficient estimates (Gelman
et al., 2008).

2.2. Timeseries analysis

To estimate the primary effect of interest—the effect of precipitation
on cattle slaughtering conditional on community wellbeing—we
modelled counts of cattle slaughter (Slaughter) as a Poisson distributed
outcome for each province (p) in every month (f) from January
2015-December 2020 using a Bayesian hierarchical statistical model.
We controlled for differential numbers of cattle in each province by
including an offset term log(Cattle, ), transforming the discrete counts
into a slaughtering rate in each province and each month. We used the
cattle population estimates for 2015 as the provincial cattle population
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estimate for the entire time series to maintain consistency across rate
calculations. We allow for varying intercepts (i.e., base rates of
slaughtering) for each province by estimating the parameter 0, in
addition to the global intercept 0, accounting for baseline differences in
slaughtering rates across provinces resulting from culture, government
policy, etc.

We assumed the total precipitation for the past 12 months in each
province (Precipy) to have a multiplicative interaction with the pro-
vincial median deprivation (Deprivation,), with an estimated slope co-
efficient of p1. We also estimate the independent effect of the previous
12-month cumulative precipitation (referred to below as “past rain-
fall”) for each province ($2). We estimate an independent effect of
deprivation as f3, allowing for community wellbeing to affect cattle
slaughter irrespective of precipitation. We include the two quantitative
control variables, proportion of human population dependent on nature
(NatDepend,) and distance to major urban centers (DistCities,), with
slope coefficients estimated by parameters 4 and f5, respectively.
Finally, the month of the year is included as a binary effect with slope
estimates of 6 through p17 for January to December, to yield the
equation

Slaughter,, ~ Poisson (ym>

log (up[) = a0 + PO, + B1 - Precip,, - Deprivation, + 2 - Precip,,
+ B3 - Deprivation, + /34 - NatDepend, + f35 - DistCities,
+ 6 - January + ... + 17 - December + log(Cattle, )

B0, ~ Cauchy(0,0), @

which we use to isolate f1, the primary effect of interest.

We specified weakly regularizing priors for all parameters as rec-
ommended by Gelman et al. (2008) for producing conservative coeffi-
cient estimates, while allowing for complete sampling of the parameter
space. We considered any parameters for which the inner 0.9 quantile of
posterior draws (i.e., credible interval (CI)) were entirely positive or
negative to have a credible effect on cattle slaughtering. In a Bayesian
context, this indicates at least a 0.95 probability of a credible effect,
given the data.

In interpreting and communicating the effect size of the primary
parameter of interest—f1—we calculated the conditional effect, or the
expected change in cattle slaughtering, given variability in past rainfall
and community wellbeing when all other variables are held constant. In
calculating the conditional effects of both community wellbeing and
past rainfall, we hold each control variable constant at the observed
mean value. In calculating the conditional effect of past rainfall, we hold
the deprivation value (community wellbeing) constant at the mean, one
standard deviation below the mean, and one standard deviation above
the mean, estimating the expected cattle slaughter for each deprivation
level across the observed range of past rainfall (Fig. 2A). This range of
deprivation values correspond closely to the observed range of median
deprivation values across all provinces. Across the continuous range of
deprivation values, we calculated the estimated effect of past rainfall on
cattle slaughtering, allowing us to identify if and where in this range the
effect of rainfall changes sign (+) and where in this range, that effect is
statistically credible (Fig. 2B).

We implemented all timeseries analyses using the probabilistic pro-
gramming language STAN (Stan Development Team, 2024), accessed
through the ‘brms’ package in R (Biirkner, 2017; R Core Team, 2023).
We considered this statistical model to be stable based on observed R
values equal to one for all parameters and the adequate mixing of
Markov chains (Fig. S3A) (Gelman et al., 2020). We performed a pos-
terior predictive check, shown in Fig. S3B, showing that this model
reliably reproduced the observed data using the estimated coefficient
values. All data and code used in this analysis are available in the sup-
plemental material of this manuscript (S5).
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Fig. 2. Conditional effects of provincial-level deprivation and past precipita-
tion (12 months) on monthly cattle slaughtering across all South African
provinces from 2015 to 2022. Panel A shows median predicted monthly cattle
slaughter as a function of total provincial rainfall, mediated by levels of
deprivation. Colors show varying deprivation levels, including —1 standard
deviation, average deprivation, and +1 standard deviation. The shaded areas
around each line represent the 90 % credible intervals (CI). Panel B shows the
interaction effect of deprivation on the relationship between past rainfall and
cattle slaughter, displaying the slope estimate of past precipitation as a function
of deprivation. The shaded area shows the 90 % CIL.

2.3. Spatial disaggregation

The cattle slaughtering data used in the timeseries analysis are
available only at the provincial scale. While these data are highly
resolved temporally, allowing us to identify trends in adaptive responses
to precipitation over time at the aggregate level, they are too spatially
coarse to inform targeted interventions for individual communities.
Here, we used the parameter estimates derived from the timeseries
analysis as prior information to spatially disaggregate these provincial
slaughtering data and estimate the effect of interest at a finer spatial
resolution. We demonstrate this disaggregation for 2020, the year for
which the most recent gridded estimates of cattle populations were
available.

In summarizing cattle slaughtering at the yearly resolution, we
summed the reported slaughtering values for each province for the year
2020. We summarized precipitation data by calculating the cumulative
rainfall in each pixel from January to December of 2019. We spatially
aligned all covariates, upscaling to approximately a 16-km resolution, to
create a more realistic scale of decision-making. While pastoralist
mobility is highly variable across contexts (Coppolillo, 2000; Turner and
Schlecht, 2019), 16-km captures the upper range of daily foraging radius
of communal cattle herds, limiting the likelihood of pseudo-precision in
our projections of cattle sales locations (Hendricks et al., 2005; Liao
et al., 2017). We upscaled by taking the sum of cattle populations and
performing a bilinear interpolation for all predictors. We do not include
the proportion of the population dependent on nature for their wellbeing
as a predictor, as these data are only available at the provincial level
(Fedele et al., 2021).

We implemented a Bayesian spatial disaggregation regression as
introduced by Arambepola et al. (2022) to model the number of cattle
slaughtering for each province (p), as a Poisson distribution, as in the
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timeseries analysis. For each of the 9 provinces (p), deterministic cattle
slaughtering counts (y,) were modelled as the weighted sum of the
pixel-level predictions (mu,;) multiplied by the total number of cattle (a)
reported in each pixel (j) to yield the equation

Slaughter, ~ Poisson (yp)
NP
Yp = 2 Gpj - My, 2
j=1

where Np is the total number of pixels in province p.
Within each province, the number of cattle slaughtered (mu) per
pixel (j) was modelled as

log (muy, ) = PO + p1 - Precip,; - Deprivation,; + 2 - Precip,; @)
+ B3 - Deprivation,; + p4-DistCities,; +GPy; + Uy;,

where $0 is the global intercept, p1 is the slope coefficient estimate for
the interaction of the cumulative rainfall from 2019 and the deprivation
value for each 16-km pixel. The independent effects of 2019 rainfall and
deprivation are estimated by coefficients f2 and p3, respectively. The
estimated slope coefficient for the effect of distance to urban center on
cattle slaughtering is estimated by p4. Statistical noise is accounted for at
the pixel-level with the terms GP,;, which is a Gaussian random field,
and u,; which accounts for independent random noise (“iid” effect).

We fit this statistical model using a Bayesian approximation frame-
work, specifically through the integrated nested Laplace approximation
(INLA), which allows for efficient estimation of approximately Gaussian
spatial processes (Lindgren and Rue, 2015). Thus, our model assumed
and approximated continuous space across the study area. Another
required assumption of the model is the estimation of the aggregated
response data as a weighted sum of all counts within each polygon (i.e.,
16-km pixels within each province) (Nandi et al., 2023).

We used weakly informative priors for each coefficient, informed by
the coefficient estimates from the timeseries model (shown in Fig. S4A).
All slope coefficients were estimated using a normally distributed prior
distribution with a mean of —0.5 and a standard deviation of 0.5. This
centered all coefficients near the observed slope value from the times-
eries model, while allowing enough variance to identify null or positive
effects, should they be supported by the data. We assessed the within-
sample predictive capacity of this model, as shown in the supple-
mental material (Fig. S3C), to identify that the estimated coefficients
were capable of adequately reproducing the observed data. Coefficient
values for this model are reported at the 95 % CI, as INLA is a Bayesian
approximation and the interpretation of a 90 % CI as indicating a 95 %
probability of a true effect does not hold in this approximated frame-
work as in the true Bayesian implementation of the timeseries model.

3. Results
3.1. Timeseries analysis

The standardized coefficient estimates from the timeseries regression
model (Equation (1)) strongly indicate that community wellbeing
moderates the use of cattle slaughtering as an adaptive response to
changes in precipitation at the provincial level across South Africa.
Specifically, the estimated effect of the interaction of deprivation and
past precipitation was negative in each of 20,000 draws from the pos-
terior distribution, indicating a 1.0 probability that the interaction co-
efficient is negative, based on our data. This effect can be seen visually in
Fig. S4A, as the 90 % CI does not overlap the zero line. Our data also
show credible negative independent effects of community wellbeing and
past precipitation on cattle slaughtering at the provincial level across the
timeseries. The proportion of posterior draws that estimated the effects
of deprivation and the past 12 months of precipitation as negative were
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1.0 and 0.99, respectively (Fig. S4A).

We used the estimated coefficient values and associated un-
certainties from the timeseries regression to calculate the expected
conditional effect of changes in rainfall across different deprivation
levels on reported cattle slaughters, given a mean value of all other
predictors (Fig. 2). In less deprived areas (—1 standard deviation), an
increase in 12-month provincial cumulative rainfall from the lowest to
the highest observed values resulted in a median expected increase in
cattle slaughtering from 57,897 cattle (90 % CI: 30,431-103,378) to
73,296 (90 % CI: 38,430-130,709). Conversely, in areas with average
deprivation, increased rainfall was associated with a decrease in ex-
pected slaughtering, from 34,013 cattle (90 % CI: 22,957-51,121) to
27,503 (90 % CI: 18,556-41,303). This decline was also observed in
highly deprived areas (41 standard deviation), where the expected
slaughter fell by nearly half, from 19,966 cattle (90 % CI 11,437-38,245)
to 10,306 (90 % CI 5916-19,753) as rainfall increased across the
observed range (Fig. 2A).

The credibility of the interaction coefficient of deprivation and past
(12-month) precipitation indicates that, given our data, provincial
deprivation moderated the effect of rainfall on cattle slaughter from
2015 to 2022 across South Africa. We show this as a change in the
estimated slope value for the effect of past precipitation on cattle
slaughter across deprivation values ranging from —1 standard deviation
to +1 standard deviation away from the mean in Fig. 2B. These values
are conditional on an average value of all other covariates, including the
month with the closest to average precipitation (October). A positive
effect of rainfall on cattle slaughter was observed only in better-off (less
deprived) provinces, with an estimated increase of 6301 cattle (90 % CI:
2025-16,496) slaughtered as 12-month cumulative rainfall increased
from —2 standard deviations to the average value. This trend was
reversed in both average and worse-off communities. In areas with
average and higher (+1 standard deviation) deprivation, rainfall was
associated with a negative effect, reducing expected slaughtering by an
estimated 2780 cattle (90 % CI: —6836 to —1070) and 4213 cattle (90 %
CI: —11,745 to —1594), respectively with every +2 standard deviations
in 12-month cumulative precipitation.

3.2. Spatial disaggregation

The standardized coefficient estimates from the disaggregation
regression (Equations (2) and (3)) showed that the spatial distribution of
cattle slaughtered in 2020 was likely driven by similar factors as iden-
tified at the provincial level from 2015 to 2022 in the timeseries model.
The primary difference in interpretation is that coefficients from the
disaggregation regression reflect within-year effects at a spatial resolu-
tion of approximately 16 km (Fig. S4B). Deprivation showed the stron-
gest effect on cattle slaughtering (credible at a 95 % interval), while the
interaction of cumulative precipitation in 2019 and deprivation also
showed credible yet weaker effects. The independent effect of past
precipitation was not credible at the 95 % level.

We used the coefficient values from the disaggregation regression to
produce a spatially explicit cattle slaughtering estimates across South
Africa in 2020 (Fig. 3). The disaggregated map (Fig. 3B) shows localized
patterns not visible in the Red Meat Abattoir Association provincial data
(Fig. 3A), with the highest expected cattle slaughtering occurring near
urban centers. For instance, hotspots were identified around Pretoria
and Johannesburg in Gauteng province. In contrast, lower slaughtering
rates were predicted across most of the country, particularly in the
western regions.

4. Discussion

This study demonstrates that economic wellbeing is determinative of
how South African pastoral communities use cattle sales to cope with
drought, confirming previous localized insights and anecdotal evidence
as a robust, generalized rule. We examined highly temporally and
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Fig. 3. Provincial cattle slaughter data from 2020 across South Africa and resulting
disaggregated expectations. Panel A shows the aggregated cattle slaughter by
administrative regions from Red Meat Abattoir Association for 2020. Panel B shows
the mean expected cattle slaughter for 2020 at a spatial resolution of approximately
16-km, as predicted by the disaggregation regression. The color bars next to each
map display the range of cattle slaughtered, with higher concentrations indicated by
warmer colors, yellow and green. White areas within maps denote regions with
missing data or administrative exclusions.

spatially resolved datasets, indicating that community wellbeing reli-
ably moderates the use of cattle sales in response to changes in precip-
itation across both space and time. We detected evidence of this trend at
the provincial scale over eight years and within a single year (2020)
across 16-km grids covering the country.

These results are consistent with our hypothesized mechanism, in
which reduced rainfall leads to increased cattle sales in disadvantaged
communities as people are forced to sell animals to feed the remainder of
the herd. This hypothesis was derived in part from personal communi-
cations with experts describing their experiences with this dynamic. A
representative from the rangeland restoration social enterprise, Meat
Naturally stated, “these farmers [pastoralists] sell out of necessity [...],
they destock in order to afford the hay for the remaining cattle and to
meet the family needs.” This expert continued to note “there will defi-
nitely be an increase [in cattle sales from drought], but it might not
necessarily increase the farmers’ income because we have seen that
when drought comes, the price of animals drops. So, it is just a dynamic
to make sure they survive in the business” (Dr E. Masaire, personal
communication, July 24, 2024). In contrast, better-off communities and
large-scale commercial operations are presumed to be able to buy sup-
plementary feed outright and otherwise support stock health, selling
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animals only when they are in good physical condition after years of
high precipitation (Reid et al., 2014).

Generalized mechanisms, such as those shown here, can refine our
thinking about the expected outcomes of changes in climate and the use
of interventions. These broadly applicable, context-specific expectations
are critical as we attempt to trace the cumulative consequences of
climate change through connected environmental and economic sys-
tems (e.g., Andrews et al., 2024). In the case of African rice production,
for instance, it is expected that future climatic conditions will drive the
expansion of production areas, particularly in rainfed agriculture (De
Vos et al., 2023). This effect can be offset by increasing rice imports,
pointing to targeted policy solutions to limit agricultural expansion
resulting from climate change in rainfed versus irrigated lands (Gouel
and Laborde, 2021). Land use changes resulting from climate adaptation
can be understood as second-order impacts of climate change and thus
are instrumental to understanding its cumulative impact (Degroot et al.,
2021; Ferner et al., 2018; Sinare et al., 2022). Here, we add to a growing
body of evidence (e.g., Zaveri et al., 2020) that these responses are likely
differentiated by levels of economic wellbeing and community devel-
opment in many systems.

4.1. Climate change adaptation, equity, and interventions

In pastoral communities, livestock serve as a capital buffer against
environmental and other income shocks (Kibona and Yuejie, 2021;
Collishaw et al., 2023; Onyeneke et al., 2023). However, pastoral
communities in wealthier areas can more strategically utilize this buffer
because of larger herds and better access to markets and services. For
smallholders, even minor losses can threaten the viability of their entire
operation, increasing the risk of herd collapse during prolonged crises
(Godde et al., 2019; Collishaw et al., 2023).

As stated by a representative from Conservation South Africa, “many
[small-scale pastoralists] either lose their livestock through death or
they will try to hang on to their livestock for as long as they possibly can
[...] it will usually take years, a few seasons of drought before [pasto-
ralists] decide to sell, sometimes it’s already too late because they have
experienced so much loss already” (Dr G. Arena, personal communica-
tion, July 30, 2024). Hence, while the increased sales shown here by
poorer communities in response to drought are a form of adaptation, this
season-by-season adaptation may be maladaptive in the long-term,
perpetuating preexisting inequities.

Wealthier communities benefit from extensive social networks and
cooperatives, providing access to crucial resources like loans, insurance,
restocking options, and market information (Borgerhoff Mulder et al.,
20105 Collishaw et al., 2023; Kibona and Yuejie, 2021). These networks
enhance market participation and improve their ability to navigate
weather variability. Wealthier communities and commercial operations
are better positioned to make preemptive decisions in the face of ex-
pected climate changes in the decades to come. Even with information
on future climate and market conditions provided from supportive or-
ganizations like Conservation South Africa, small-scale livestock oper-
ations may be unable to adapt. As one Conservation South Africa
representative noted, “We don’t know of [small-scale pastoralists] that
pre-emptively slaughter or sell their livestock because of future extreme
events to come. And this is not because they are not thinking about
adapting to climate, but rather because it is a bigger financial risk” (Dr
G. Arena, personal communication, July 30, 2024).

The differentiated responses to precipitation variability shown here
suggest differentiated infrastructure and market intervention strategies
to support climate adaptation in better-off and worse-off communities.
In poorer areas and for smaller herds, interventions may aim to support
herd health and limit the need for suboptimal, drought-induced sales
during times of low precipitation. Specific interventions might include
supplemental fodder, livestock vaccination, and the introduction of
hardier cattle species (Mapiye et al., 2007; Slayi et al., 2023).
Drought-induced cattle sales may also be avoided by introducing
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collaborative coping strategies such as village savings and loans asso-
ciations (Rass, 2006), or through externally funded cash transfers or
insurance programs (Jensen et al., 2017).

During times of high precipitation and especially preceding expected
drought conditions (e.g., El Nino), market support efforts may prioritize
areas where cattle exist (Fig. 1D) but have little recorded cattle
slaughtering (Fig. 3B), suggesting these areas might have unmet market
demand. In these areas, mobile abattoirs and on-farm slaughter units can
improve access to markets and preserve animal welfare, offsetting the
decreasing number of traditional slaughterhouses across South Africa
(Astruc and Terlouw, 2023). These mobile units can also help support
industry recovery in regions under Foot and Mouth Disease restrictions.
Governments and non-profit organizations can provide timely infor-
mation systems accessible at the community level to inform strategic
destocking before drought or before disease outbreaks reach unaffected
communities (Bahta et al., 2016).

4.2. Limitations and future research

The data and statistical approaches used in this manuscript are
subject to several important limitations. We link records of cattle
slaughtering at the provincial level with observed precipitation in each
province. Drawing these links assumes that there is no movement of
cattle raised in one province to be slaughtered in another; this
assumption is likely unmet. However, we speculate that unobserved
movement of cattle from poorer (more deprived) to richer provinces to
be slaughtered in response to decreases in precipitation would likely
lead to more conservative estimates in our statistical analysis, indicating
the true effect may be stronger than reported here.

We assess the impact of cumulative precipitation over the past 12
months based on the suggestion of Godde et al. (2019). While total
precipitation has been shown to effectively predict forage quality,
variability in precipitation has also been shown to affect both vegetation
and community adaptation to climate change (Clark et al., 2025; Pisor
et al., 2023). Future work might examine cattle sales in response to
anomalies or variability in precipitation, rather than the total amount.
Moreover, both climate change and livestock management practices can
cause changes in the proportion of palatable versus unpalatable vege-
tation (Hopping et al., 2018). These small-scale changes can lead to local
experiences of environmental change that deviate from what is readily
observable in the satellite record (Clark et al., 2024); future work may
also examine cattle stocking in response to local perceptions of precip-
itation or vegetation change rather than remote observations (e.g., Clark
et al., 2024a,b).

Other limitations in the data include the omission of information on
informally sold and slaughtered animals. Poorer and more rural com-
munities are more likely to engage in informal markets than commercial
livestock operations, thus potentially biasing our findings toward these
operations and away from communal and small-scale pastoralists.
Moreover, in using cattle slaughtering statistics as a proxy for cattle
sales, we assume an unbiased correlation in their response to precipi-
tation changes. Yet, as wealthier commercial operations are more likely
to report slaughtering than small-scale subsistence operations, some
variation in our response variable could be driven by differential
reporting across richer and poorer communities, rather than actual sales
rates. This dynamic would, however, likely lead to the underestimation
of cattle slaughter in response to drought in poorer areas, leading to
conservative estimates in our reported models. Further research might
aim to systematically identify the conditions under which formal and
informal cattle sales are expected to show parallel trends.

Furthermore, we were unable to obtain data on disease prevalence
(e.g., foot-and-mouth disease), which can limit the formal sale of ani-
mals and hence encourage engagement with informal markets. Our data
could then also show bias toward areas with a lower burden of disease.
As with all regression-based statistical approaches, our parameter esti-
mates depend on the absence of omitted confounding variables
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(McElreath, 2020). While we used causal diagrams (Fig. S1A and S1B)
and expert opinion to attempt to identify all possible confounds, unob-
served confounds may still affect the reported parameter estimates.
Additional research might take a nested sampling approach to reduce
the influence of omitted variable bias (Byrnes and Dee, 2025).

The primary analytical limitation of this manuscript is the disjointed
analyses of the high-resolution temporal and spatial data using the
timeseries and disaggregation regressions, respectively. A more
comprehensive analytic strategy would make use of the monthly
timeseries of slaughtering data in the disaggregation framework shown
in equations (2) and (3). At the time of writing this manuscript, how-
ever, this is not possible using the available ‘disaggregation’ package
available in R (Nandi et al., 2023). Future statistical work might usefully
expand this mathematical disaggregation framework to include times-
eries and panel data.

Future research might also explore additional contexts where com-
munity wellbeing is expected to influence resource use in response to
climate change. Identifying contexts where these differences take the
form of sustainable versus unsustainable resource use might be partic-
ularly interesting and actionable. This study does not explicitly consider
how climate change may drive individuals to abandon raising livestock
entirely. This so-called ‘deagrarianisation’ is widespread in South Africa
(Fischer et al., 2024) and may lead to interesting and unexpected
social-ecological dynamics as the abandonment of pastoralism opens
grazing lands for other pastoralists or special interests (e.g., mining).

5. Conclusions

Documenting the myriads of ways that climate change is affecting
people and our environment is critical to mitigate negative outcomes.
This includes not only the directly observable impacts, but also the
downstream effects of human behavioral responses to these changing
conditions. While some localized and experiential evidence is emerging,
these processes are not largely understood as general phenomena. In this
manuscript, we examine the prevalence of one such process across South
Africa over eight years. We show that community wellbeing is strongly
associated with how livestock are managed in response to precipitation.
In particular, the data indicate that communities with greater wellbeing
are likely to respond to decreased precipitation in ways that are more
economically sustainable may be less environmentally damaging (i.e.,
purchasing supplemental fodder rather than overgrazing during
drought). This process suggests then that gains can be made for both
environmental and community wellbeing by supporting lower income
pastoral communities to more strategically respond to ongoing and
future climatic changes. Governments and non-profit organizations
aiming to achieve these gains may use the generalized trends and spatial
identification methods described here to more deliberately deliver in-
terventions to communities where they will be most effective.

CRediT authorship contribution statement

Matt Clark: Writing — original draft, Visualization, Validation, Su-
pervision, Software, Project administration, Methodology, Investiga-
tion, Formal analysis, Data curation, Conceptualization. Iacopo Tito
Gallizioli: Writing — review & editing, Writing — original draft, Visual-
ization, Validation, Software, Project administration, Methodology,
Investigation, Formal analysis, Data curation. Olivia Crowe: Writing —
review & editing, Writing — original draft, Investigation, Conceptuali-
zation. Thomas Pienkowski: Writing — review & editing, Writing —
original draft, Methodology, Conceptualization. Ruan de Wet: Writing
- review & editing, Investigation, Conceptualization. Anna Jean Haw:
Writing — review & editing, Investigation, Conceptualization. Morena
Mills: Writing — review & editing, Writing — original draft, Supervision,
Resources, Project administration, Methodology, Funding acquisition,
Conceptualization.



M. Clark et al.

Data and code

All data and code used in this manuscript can be found in the
following repository: https://doi.org/10.5281/zenodo.13856118.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

M.C,, T.P., and M.M were supported under the Leverhulme Trust
funded project “The race to environmental sustainability” (RPG-2021-
440). TP was supported by Research England’s Expanding Excellence in
England (E3) Fund, UK Research and Innovation. We would like to thank
Dr. Edmore Masaire of Meat Naturally and Dr. Gina Arena of Conser-
vation South Africa for volunteering their time, and Prof. Monique
Borgerhoff Mulder for providing comments on an early version of this
manuscript. We also thank Dr. Carlos Munoz Brenes of Conservation
International for supporting the field visits that informed this research.
This is contribution 22 of the Catalyzing Conservation project.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2025.127066.

Data availability

All data and code are provided in a stable repository that is given in
the title page of this manuscript under the supplementary material.

References

Alemaw, B.F., 2022. The Recent droughts of 2019/20 in Southern Africa and its
teleconnection with ENSO events. Atmos. Clim. Sci. 12 (2). https://doi.org/
10.4236/acs.2022.122015. Article 2.

Andrews, J., Ready, E., Khamis, B.M., Ali, A.M., Ali, A.A., Makame, M.A., Rashid, R.S.,
Clark, M., 2024. Seasonality in cash income drives illegal resource extraction:
evidence from Zanzibar. https://doi.org/10.5281/zenodo.13908797.

Arambepola, R., Lucas, T.C.D., Nandi, A.K., Gething, P.W., Cameron, E., 2022.

A simulation study of disaggregation regression for spatial disease mapping. Stat.
Med. 41 (1), 1-16. https://doi.org/10.1002/5im.92.20.

Arif, S., MacNeil, M.A., 2023. Applying the structural causal model framework for
observational causal inference in ecology. Ecol. Monogr. 93 (1), e1554. https://doi.
org/10.1002/ecm.1554.

Arteaga, E., Nalau, J., Biesbroek, R., Howes, M., 2023. Unpacking the theory-practice gap
in climate adaptation. Climate Risk Management 42, 100567. https://doi.org/
10.1016/j.crm.2023.100567.

Astruc, T., Terlouw, E.M.C., 2023. Towards the use of on-farm slaughterhouse. Meat Sci.
205, 109313. https://doi.org/10.1016/j.meatsci.2023.109313.

Bahta, Y.T., Jordaan, A., Muyambo, F., 2016. Communal farmers’ perception of drought
in South Africa: policy implication for drought risk reduction. Int. J. Disaster Risk
Reduct. 20, 39-50. https://doi.org/10.1016/].ijdrr.2016.10.007.

Bahta, Y.T., Myeki, V.A., 2021. Adaptation, coping strategies and resilience of
agricultural drought in South Africa: implication for the sustainability of livestock
sector. Heliyon 7 (11), e08280. https://doi.org/10.1016/j.heliyon.2021.e08280.

Barrett, A.B., Duivenvoorden, S., Salakpi, E.E., Muthoka, J.M., Mwangi, J., Oliver, S.,
Rowhani, P., 2020. Forecasting vegetation condition for drought early warning
systems in pastoral communities in Kenya. Rem. Sens. Environ. 248, 111886.
https://doi.org/10.1016/j.rse.2020.111886.

Beckage, B., Moore, F.C., Lacasse, K., 2022. Incorporating human behaviour into Earth
system modelling. Nat. Hum. Behav. 6 (11), 1493-1502. https://doi.org/10.1038/
s41562-022-01478-5.

Benabderrazik, K., Jeangros, L., Kopainsky, B., Dawoe, E., Joerin, J., Six, J., 2022.
Addressing the resilience of tomato farmers in Ghana facing a double exposure from
climate and market. Ecol. Soc. 27 (3). https://doi.org/10.5751/ES-13310-270326.

Biggs, D., Abel, N., Knight, A.T., Leitch, A., Langston, A., Ban, N.C., 2011. The
implementation crisis in conservation planning: could “mental models” help?
Conserv. Lett. 4 (3), 169-183. https://doi.org/10.1111/j.1755-263X.2011.00170.x.

Boone, R.B., 2007. Effects of fragmentation on cattle in African savannas under variable
precipitation. Landsc. Ecol. 22 (9), 1355-1369. https://doi.org/10.1007/s10980-
007-9124-4.

Journal of Environmental Management 393 (2025) 127066

Borgerhoff Mulder, M., Fazzio, L., Irons, W., McElreath, R.L., Bowles, S., Bell, A.,
Hertz, T., Hazzah, L., 2010. Pastoralism and wealth inequality: revisiting an old
question. Curr. Anthropol. 51 (1), 35-48. https://doi.org/10.1086/648561.

Biirkner, P.-C., 2017. Brms: an R package for Bayesian multilevel models using Stan.

J. Stat. Software 80, 1-28.

Byrnes, J.E.K., Dee, L.E., 2025. Causal Inference with Observational Data and
Unobserved Confounding Variables. Ecol. Lett. https://doi.org/10.1111/ele.70023,
28, €70023.

Callahan, C.W., 2025. Present and future limits to climate change adaptation. Nat.
Sustain. 1-7. https://doi.org/10.1038/541893-025-01519-7.

Carter, M.R., Lybbert, T.J., 2012. Consumption versus asset smoothing: testing the
implications of poverty trap theory in Burkina Faso. J. Dev. Econ. 99 (2), 255-264.
https://doi.org/10.1016/j.jdeveco.2012.02.003.

Center for International Earth Science Information Network (CIESIN), 2022. Global
Gridded Relative Deprivation Index (GRDI), Version 1, Version 1). https://doi.org/
10.7927/3xxe-ap97.

Clark, M., Hamad, H.M., Andrews, J., Hillis, V., Mulder, M.B., 2024a. Effects of
perceptions of forest change and intergroup competition on community-based
conservation behaviors. Conserv. Biol., e14259

Clark, M., Hamad, H.M., Andrews, J., Kolarik, N., Hopping, K., Hillis, V., Borgerhoff
Mulder, M., 2024b. A productive friction: leveraging misalignments between local
ecological knowledge and remotely sensed imagery for forest conservation planning.
Conservation Science and Practice, €13247. https://doi.org/10.1111/csp2.13247 n/
a(n/a).

Clark, M., Sykulski, A., Liu, S., Sfyridis, A., Pienkowski, T., Karna, B., Oldekop, J.,
Sangat, S., Watrobska, C., Brandt, M., Mills, M., 2025. Community management and
wellbeing increase the resilience of Nepali forests to climate change. Research
Square. https://doi.org/10.21203/rs.3.rs-6413705/v1.

Collishaw, A., Janzen, S., Mullally, C., Camilli, H., 2023. A review of livestock
development interventions’ impacts on household welfare in low- and middle-
income countries. Global Food Secur. 38, 100704. https://doi.org/10.1016/j.
gfs.2023.100704.

Coppolillo, P.B., 2000. The landscape ecology of pastoral herding: spatial analysis of land
use and livestock production in East Africa. Hum. Ecol. 28 (4), 527-560. https://doi.
org/10.1023/A:1026435714109.

De Vos, K., Janssens, C., Jacobs, L., Campforts, B., Boere, E., Kozicka, M., Havlik, P.,
Folberth, C., Balkovi¢, J., Maertens, M., Govers, G., 2023. Rice availability and
stability in Africa under future socio-economic development and climatic change.
Nat. Food 4 (6), 518-527. https://doi.org/10.1038/543016-023-00770-5.

Degroot, D., Anchukaitis, K., Bauch, M., Burnham, J., Carnegy, F., Cui, J., de Luna, K.,
Guzowski, P., Hambrecht, G., Huhtamaa, H., Izdebski, A., Kleemann, K.,
Moesswilde, E., Neupane, N., Newfield, T., Pei, Q., Xoplaki, E., Zappia, N., 2021.
Towards a rigorous understanding of societal responses to climate change. Nature
591 (7851), 539-550. https://doi.org/10.1038/541586-021-03190-2.

Ebert-Uphoff, 1., Hilburn, K., 2023. The outlook for Al weather prediction. Nature 619
(7970), 473-474. https://doi.org/10.1038/d41586-023-02084-9.

Emediegwu, L.E., Ubabukoh, C.L., 2023. Re-examining the impact of annual weather
fluctuations on global livestock production. Ecol. Econ. 204, 107662. https://doi.
org/10.1016/j.ecolecon.2022.107662.

Emediegwu, L.E., Wossink, A., Hall, A., 2022. The impacts of climate change on
agriculture in Sub-Saharan Africa: a spatial panel data approach. World Dev. 158,
105967. https://doi.org/10.1016/j.worlddev.2022.105967.

Fedele, G., Donatti, C.I., Bornacelly, 1., Hole, D.G., 2021. Nature-dependent people:
mapping human direct use of nature for basic needs across the tropics. Glob.
Environ. Change 71, 102368. https://doi.org/10.1016/j.gloenvcha.2021.102368.

Ferner, J., Schmidtlein, S., Guuroh, R.T., Lopatin, J., Linstadter, A., 2018. Disentangling
effects of climate and land-use change on West African drylands’ forage supply.
Glob. Environ. Change 53, 24-38. https://doi.org/10.1016/j.
gloenvcha.2018.08.007.

Fischer, E.M., Knutti, R., 2015. Anthropogenic contribution to global occurrence of
heavy-precipitation and high-temperature extremes. Nat. Clim. Change 5 (6),
560-564. https://doi.org/10.1038/nclimate2617.

Fischer, K., Johnson, E., Visser, V., Shackleton, S., 2024. Social drivers and differentiated
effects of deagrarianisation: a longitudinal study of smallholder farming in South
Africa’s Eastern Cape province. J. Rural Stud. 106, 103200. https://doi.org/
10.1016/j.jrurstud.2024.103200.

Funk, C., Peterson, P., Landsfeld, M., Pedreros, D., Verdin, J., Shukla, S., Husak, G.,
Rowland, J., Harrison, L., Hoell, A., Michaelsen, J., 2015. The climate hazards
infrared precipitation with stations—A new environmental record for monitoring
extremes. Sci. Data 2 (1), 150066. https://doi.org/10.1038/sdata.2015.66.

Gelman, A., Jakulin, A., Pittau, M.G., Su, Y.-S., 2008. A weakly informative default prior
distribution for logistic and other regression models. Ann. Appl. Stat. 2 (4),
1360-1383. https://doi.org/10.1214/08-A0AS191.

Gelman, A., Vehtari, A., Simpson, D., Margossian, C.C., Carpenter, B., Yao, Y.,
Kennedy, L., Gabry, J., Biirkner, P.-C., Modrédk, M., 2020. Bayesian Workflow (arXiv:
2011.01808). arXiv. http://arxiv.org/abs/2011.01808.

Geng, X., Hy, S., Wang, X., Cai, D., Gong, Y., 2023. Adaptive change of land use to nature
and society in China’s agro-pastoral ecotone. Land Use Policy 126, 106554. https://
doi.org/10.1016/j.landusepol.2023.106554.

Godde, C., Dizyee, K., Ash, A., Thornton, P., Sloat, L., Roura, E., Henderson, B.,
Herrero, M., 2019. Climate change and variability impacts on grazing herds: insights
from a system dynamics approach for semi-arid Australian rangelands. Glob. Change
Biol. 25 (9), 3091-3109. https://doi.org/10.1111/gcb.14669.

Gouel, C., Laborde, D., 2021. The crucial role of domestic and international market-
mediated adaptation to climate change. J. Environ. Econ. Manag. 106, 102408.
https://doi.org/10.1016/j.jeem.2020.102408.


https://doi.org/10.5281/zenodo.13856118
https://doi.org/10.1016/j.jenvman.2025.127066
https://doi.org/10.1016/j.jenvman.2025.127066
https://doi.org/10.4236/acs.2022.122015
https://doi.org/10.4236/acs.2022.122015
https://doi.org/10.5281/zenodo.13908797
https://doi.org/10.1002/sim.9220
https://doi.org/10.1002/ecm.1554
https://doi.org/10.1002/ecm.1554
https://doi.org/10.1016/j.crm.2023.100567
https://doi.org/10.1016/j.crm.2023.100567
https://doi.org/10.1016/j.meatsci.2023.109313
https://doi.org/10.1016/j.ijdrr.2016.10.007
https://doi.org/10.1016/j.heliyon.2021.e08280
https://doi.org/10.1016/j.rse.2020.111886
https://doi.org/10.1038/s41562-022-01478-5
https://doi.org/10.1038/s41562-022-01478-5
https://doi.org/10.5751/ES-13310-270326
https://doi.org/10.1111/j.1755-263X.2011.00170.x
https://doi.org/10.1007/s10980-007-9124-4
https://doi.org/10.1007/s10980-007-9124-4
https://doi.org/10.1086/648561
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref15
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref15
https://doi.org/10.1111/ele.70023
https://doi.org/10.1038/s41893-025-01519-7
https://doi.org/10.1016/j.jdeveco.2012.02.003
https://doi.org/10.7927/3xxe-ap97
https://doi.org/10.7927/3xxe-ap97
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref21
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref21
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref21
https://doi.org/10.1111/csp2.13247
https://doi.org/10.21203/rs.3.rs-6413705/v1
https://doi.org/10.1016/j.gfs.2023.100704
https://doi.org/10.1016/j.gfs.2023.100704
https://doi.org/10.1023/A:1026435714109
https://doi.org/10.1023/A:1026435714109
https://doi.org/10.1038/s43016-023-00770-5
https://doi.org/10.1038/s41586-021-03190-2
https://doi.org/10.1038/d41586-023-02084-9
https://doi.org/10.1016/j.ecolecon.2022.107662
https://doi.org/10.1016/j.ecolecon.2022.107662
https://doi.org/10.1016/j.worlddev.2022.105967
https://doi.org/10.1016/j.gloenvcha.2021.102368
https://doi.org/10.1016/j.gloenvcha.2018.08.007
https://doi.org/10.1016/j.gloenvcha.2018.08.007
https://doi.org/10.1038/nclimate2617
https://doi.org/10.1016/j.jrurstud.2024.103200
https://doi.org/10.1016/j.jrurstud.2024.103200
https://doi.org/10.1038/sdata.2015.66
https://doi.org/10.1214/08-AOAS191
http://arxiv.org/abs/2011.01808
https://doi.org/10.1016/j.landusepol.2023.106554
https://doi.org/10.1016/j.landusepol.2023.106554
https://doi.org/10.1111/gcb.14669
https://doi.org/10.1016/j.jeem.2020.102408

M. Clark et al.

Gutiérrez, F., Gallego, F., Paruelo, J.M., Rodriguez, C., 2020. Damping and lag effects of
precipitation variability across trophic levels in Uruguayan rangelands. Agric. Syst.
185, 102956. https://doi.org/10.1016/j.agsy.2020.102956.

Hao, Z., Hao, F., Singh, V.P., Zhang, X., 2019. Statistical prediction of the severity of
compound dry-hot events based on El Nino-Southern Oscillation. J. Hydrol. 572,
243-250. https://doi.org/10.1016/j.jhydrol.2019.03.001.

Hendricks, H., Clark, B., Bond, W.J., Midgley, J.J., Novellie, P., 2005. Movement
response patterns of livestock to rainfall variability in the Richtersveld National
Park. Afr. J. Range Forage Sci. 22 (2), 117-125. https://doi.org/10.2989/
10220110509485869.

Hobbs, N.T., Galvin, K.A., Stokes, C.J., Lackett, J.M., Ash, A.J., Boone, R.B., Reid, R.S.,
Thornton, P.K., 2008. Fragmentation of rangelands: implications for humans,
animals, and landscapes. Glob. Environ. Change 18 (4), 776-785. https://doi.org/
10.1016/j.gloenvcha.2008.07.011.

Hopping, K.A., Yeh, E.T., Gaerrang, Harris, R.B., 2018. Linking people, pixels, and
pastures: a multi-method, interdisciplinary investigation of how rangeland
management affects vegetation on the Tibetan Plateau. Appl. Geogr. 94, 147-162.
https://doi.org/10.1016/j.apgeog.2018.03.013.

Ireland, P., 2010. Climate change adaptation and disaster risk reduction: contested
spaces and emerging opportunities in development theory and practice. Clim. Dev. 2
(4), 332-345. https://doi.org/10.3763/cdev.2010.0053.

Jensen, N.D., Barrett, C.B., Mude, A.G., 2017. Cash transfers and index insurance: a
comparative impact analysis from northern Kenya. J. Dev. Econ. 129, 14-28.
https://doi.org/10.1016/j.jdeveco.2017.08.002.

Johnston, P., Egbebiyi, T.S., Zvobgo, L., Omar, S.A., Cartwright, A., Hewitson, B., 2024.
Climate Change Impacts in South Africa: what Climate Change Means for a Country
and its People. University of Cape Town.

Kibona, C.A., Yuejie, Z., 2021. Factors that influence market participation among
traditional beef cattle farmers in the Meatu District of Simiyu Region, Tanzania.
PLoS One 16 (4), e0248576. https://doi.org/10.1371/journal.pone.0248576.

Kimaro, E.G., Mor, S.M., Toribio, J.-A.L.M.L., 2018. Climate change perception and
impacts on cattle production in pastoral communities of northern Tanzania.
Pastoralism 8 (1), 19. https://doi.org/10.1186/513570-018-0125-5.

Kimutai, J., Zachariah, M., Nhantumbo, B., Nkemelang, T., Jain, S., Pinto, L., Clarke, B.,
Wolski, P., Vahlberg, M., de Boer, T., Stewart, S., Mutombwa, 1., Wina, W., Singh, R.,
Arrighi, J., Otto, F., Philip, S., 2024. El Nino key driver of drought in highly
vulnerable Southern African countries. https://doi.org/10.25561/110770.

Lacetera, N., 2019. Impact of climate change on animal health and welfare. Animal
Frontiers 9 (1), 26-31. https://doi.org/10.1093/af/vfy030.

Lange, S., Volkholz, J., Geiger, T., Zhao, F., Vega, L., Veldkamp, T., Reyer, C.P.O.,
Warszawski, L., Huber, V., Jagermeyr, J., Schewe, J., Bresch, D.N., Biichner, M.,
Chang, J., Ciais, P., Dury, M., Emanuel, K., Folberth, C., Gerten, D., et al., 2020.
Projecting exposure to extreme climate impact events across six event categories and
three spatial scales. Earths Future 8 (12), e2020EF001616. https://doi.org/10.1029/
2020EF001616.

Laufkotter, C., Zscheischler, J., Frolicher, T.L., 2020. High-impact marine heatwaves
attributable to human-induced global warming. Science 369 (6511), 1621-1625.
https://doi.org/10.1126/science.aba0690.

Liao, C., Clark, P.E., DeGloria, S.D., Barrett, C.B., 2017. Complexity in the spatial
utilization of rangelands: pastoral mobility in The Horn of Africa. Appl. Geogr. 86,
208-219. https://doi.org/10.1016/j.apgeog.2017.07.003.

Lunde, T.M., Lindtjgrn, B., 2013. Cattle and climate in Africa: how climate variability has
influenced national cattle holdings from 1961-2008. PeerJ 1, e55. https://doi.org/
10.7717/peer;j.55.

Lybbert, T.J., Barrett, C.B., Desta, S., Layne Coppock, D., 2004. Stochastic wealth
dynamics and risk management among a poor population. Econ. J. 114 (498),
750-777. https://doi.org/10.1111/j.1468-0297.2004.00242.x.

Mani, S., Osborne, C.P., Cleaver, F., 2021. Land degradation in South Africa: justice and
climate change in tension. People and Nature 3 (5), 978-989. https://doi.org/
10.1002/pan3.10260.

Mapiye, C., Chimonyo, M., Muchenje, V., Dzama, K., Marufu, M.C., Raats, J.G., 2007.
Potential for value-addition of Nguni cattle products in the communal areas of South
Africa: a review. Afr. J. Agric. Res. 2 (10), 488-495.

McElreath, R., 2020. Statistical Rethinking: a Bayesian Course with Examples in R and
STAN, second ed. Chapman and Hall/CRC. https://doi.org/10.1201/
9780429029608.

Meyfroidt, P., Roy Chowdhury, R., de Bremond, A., Ellis, E.C., Erb, K.-H., Filatova, T.,
Garrett, R.D., Grove, J.M., Heinimann, A., Kuemmerle, T., Kull, C.A., Lambin, E.F.,
Landon, Y., le Polain de Waroux, Y., Messerli, P., Miiller, D., Nielsen, J.@.,
Peterson, G.D., Rodriguez Garcia, V., et al., 2018. Middle-range theories of land
system change. Glob. Environ. Change 53, 52-67. https://doi.org/10.1016/j.
gloenvcha.2018.08.006.

Murray-Tortarolo, G.N., Jaramillo, V.J., 2020. Precipitation extremes in recent decades
impact cattle populations at the global and national scales. Sci. Total Environ. 736,
139557. https://doi.org/10.1016/j.scitotenv.2020.139557.

Nandi, A.K., Lucas, T.C.D., Arambepola, R., Gething, P., Weiss, D.J., 2023.
Disaggregation: an R package for bayesian spatial disaggregation modeling. J. Stat.
Software 106, 1-19. https://doi.org/10.18637/jss.v106.i11.

Nketiah, P., Ntuli, H., 2024. Empirical analysis of drought-induced cattle destocking in
South Africa. Jamba-Journal of Disaster Risk Studies 16 (1), 1557.

Nozieres, M.O., Moulin, C.H., Dedieu, B., 2011. The herd, a source of flexibility for
livestock farming systems faced with uncertainties? Animal 5 (9), 1442-1457.
https://doi.org/10.1017/S1751731111000486.

Onyeneke, R.U., Emenekwe, C.C., Adeolu, A.IL, Thebuzor, U.A., 2023. Climate change and
cattle production in Nigeria: any role for ecological and carbon footprints? Int. J.

Journal of Environmental Management 393 (2025) 127066

Environ. Sci. Technol. 20 (10), 11121-11134. https://doi.org/10.1007/s13762-022-
04721-8.

Ouédraogo, K., Zaré, A., Korbéogo, G., Ouédraogo, O., Linstadter, A., 2021. Resilience
strategies of West African pastoralists in response to scarce forage resources.
Pastoralism 11 (1), 16. https://doi.org/10.1186/513570-021-00210-8.

Pienkowski, T., Keane, A., Booth, H., Kinyanda, E., Fisher, J.C., Lawrance, E., Oh, R.,
Milner-Gulland, E.J., 2024. Nature’s contributions to social determinants of mental
health and the role of conservation. One Earth 7 (7), 1213-1227. https://doi.org/
10.1016/j.oneear.2024.05.004.

Pisor, A.C., Touma, D., Singh, D., Jones, J.H., 2023. To understand climate change
adaptation, we must characterize climate variability: here’s how. One Earth 6 (12),
1665-1676. https://doi.org/10.1016/j.oneear.2023.11.005.

Pomposi, C., Funk, C., Shukla, S., Harrison, L., Magadzire, T., 2018. Distinguishing
southern Africa precipitation response by strength of El Nino events and implications
for decision-making. Environ. Res. Lett. 13 (7), 074015. https://doi.org/10.1088/
1748-9326/aacc4c.

Pringle, M.J., O’Reagain, P.J., Stone, G.S., Carter, J.O., Orton, T.G., Bushell, J.J., 2021.
Using remote sensing to forecast forage quality for cattle in the dry savannas of
northeast Australia. Ecol. Indic. 133, 108426. https://doi.org/10.1016/j.
ecolind.2021.108426.

Qekwana, N.D., Oguttu, J.W., 2014. Assessment of food safety risks associated with
preslaughter activities during the traditional slaughter of goats in Gauteng, South
Africa. J. Food Protect. 77 (6), 1031-1037. https://doi.org/10.4315/0362-028X.
JFP-13-324.

R Core Team, 2023. R: a Language and Environment for Statistical Computing. R
Foundation for Statistical Computing. https://www.R-project.org/.

Rass, N., 2006. Policies and Strategies to Address the Vulnerability of Pastoralists in Sub-
saharan Africa, vol. 37. FAO, Pro-Poor Livestock Policy Initiative (PPLPI) Working
Paper Series, Rome.

Reid, R.S., Fernandez-Giménez, M.E., Galvin, K.A., 2014. Dynamics and resilience of
rangelands and pastoral peoples around the globe. Annu. Rev. Environ. Resour. 39,
217-242. https://doi.org/10.1146/annurev-environ-020713-163329. Volume 39,
2014.

Robinson, T.P., Wint, G.W., Conchedda, G., Van Boeckel, T.P., Ercoli, V., Palamara, E.,
Cinardi, G., D’Aietti, L., Hay, S.L, Gilbert, M., 2014. Mapping the global distribution
of livestock. PLoS One 9 (5), €96084.

Rodriguez Solorzano, C., 2016. Connecting climate social adaptation and land use
change in internationally adjoining protected areas. Conserv. Soc. 14 (2), 125.
https://doi.org/10.4103/0972-4923.186334.

Scanlon, B.R., Fakhreddine, S., Rateb, A., de Graaf, 1., Famiglietti, J., Gleeson, T.,
Grafton, R.Q., Jobbagy, E., Kebede, S., Kolusu, S.R., Konikow, L.F., Long, D.,
Mekonnen, M., Schmied, H.M., Mukherjee, A., MacDonald, A., Reedy, R.C.,
Shamsudduha, M., Simmons, C.T., et al., 2023. Global water resources and the role
of groundwater in a resilient water future. Nat. Rev. Earth Environ. 4 (2), 87-101.
https://doi.org/10.1038/5s43017-022-00378-6.

Sieff, D.F., 1999. The effects of wealth on livestock dynamics among the Datoga
pastoralists of Tanzania. Agric. Syst. 59 (1), 1-25. https://doi.org/10.1016/50308-
521X(98)00078-X.

Sinare, H., Peterson, G.D., Borjeson, L., Gordon, L.J., 2022. Ecosystem services in
Sahelian village landscapes 1952-2016: estimating change in a data scarce region.
Ecol. Soc. 27 (3). https://doi.org/10.5751/ES-13292-270301.

Slayi, M., Zhou, L., Jaja, L.F., 2023. Smallholder farmers’ adoption and perception of
communally established cattle feedlots for climate change resilience in the Eastern
Cape, South Africa. Front. Sustain. Food Syst. 7. https://doi.org/10.3389/
fsufs.2023.1239766.

Sloat, L.L., Gerber, J.S., Samberg, L.H., Smith, W.K., Herrero, M., Ferreira, L.G.,
Godde, C.M., West, P.C., 2018. Increasing importance of precipitation variability on
global livestock grazing lands. Nat. Clim. Change 8 (3), 214-218. https://doi.org/
10.1038/541558-018-0081-5.

Stan Development Team, 2024. Stan modeling Language users guide and reference
manual. https://mc-stan.org.

Tessema, W.K., Ingenbleek, P.T.M., van Trijp, H.C.M., 2014. Pastoralism, sustainability,
and marketing. A review. Agron. Sustain. Dev. 34 (1), 75-92. https://doi.org/
10.1007/513593-013-0167-4.

Thornton, P.K., van de Steeg, J., Notenbaert, A., Herrero, M., 2009. The impacts of
climate change on livestock and livestock systems in developing countries: a review
of what we know and what we need to know. Agric. Syst. 101 (3), 113-127. https://
doi.org/10.1016/j.agsy.2009.05.002.

Trancoso, R., Syktus, J., Allan, R.P., Croke, J., Hoegh-Guldberg, O., Chadwick, R., 2024.
Significantly wetter or drier future conditions for one to two thirds of the world’s
population. Nat. Commun. 15 (1), 483. https://doi.org/10.1038/541467-023-
44513-3.

Turner, M.D., Schlecht, E., 2019. Livestock mobility in Sub-Saharan Africa: a critical
review. Pastoralism 9 (1), 13. https://doi.org/10.1186/513570-019-0150-z.

Vaiknoras, K., 2024. The Effect of Climate Change on Herbaceous Biomass and
Implications for Global Cattle Production (Economic Research Report/Economic
Research Service ; Number 339). U.S. Department of Agriculture, Economic Research
Service. https://doi.org/10.32747/2024.8633523.ers.

Walawalkar, T.P., Hermans, L.M., Evers, J., 2023. Evaluating behavioural changes for
climate adaptation planning. J. Environ. Plann. Manag. 66 (7), 1453-1471. https://
doi.org/10.1080/09640568.2022.2028610.

Wells, G.J., Ryan, C.M., Das, A., Attiwilli, S., Poudyal, M., Lele, S., Schreckenberg, K.,
Robinson, B.E., Keane, A., Homewood, K.M., others, 2024. Hundreds of millions of
people in the tropics need both wild harvests and other forms of economic
development for their well-being. One Earth 7 (2), 311-324.


https://doi.org/10.1016/j.agsy.2020.102956
https://doi.org/10.1016/j.jhydrol.2019.03.001
https://doi.org/10.2989/10220110509485869
https://doi.org/10.2989/10220110509485869
https://doi.org/10.1016/j.gloenvcha.2008.07.011
https://doi.org/10.1016/j.gloenvcha.2008.07.011
https://doi.org/10.1016/j.apgeog.2018.03.013
https://doi.org/10.3763/cdev.2010.0053
https://doi.org/10.1016/j.jdeveco.2017.08.002
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref48
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref48
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref48
https://doi.org/10.1371/journal.pone.0248576
https://doi.org/10.1186/s13570-018-0125-5
https://doi.org/10.25561/110770
https://doi.org/10.1093/af/vfy030
https://doi.org/10.1029/2020EF001616
https://doi.org/10.1029/2020EF001616
https://doi.org/10.1126/science.aba0690
https://doi.org/10.1016/j.apgeog.2017.07.003
https://doi.org/10.7717/peerj.55
https://doi.org/10.7717/peerj.55
https://doi.org/10.1111/j.1468-0297.2004.00242.x
https://doi.org/10.1002/pan3.10260
https://doi.org/10.1002/pan3.10260
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref59
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref59
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref59
https://doi.org/10.1201/9780429029608
https://doi.org/10.1201/9780429029608
https://doi.org/10.1016/j.gloenvcha.2018.08.006
https://doi.org/10.1016/j.gloenvcha.2018.08.006
https://doi.org/10.1016/j.scitotenv.2020.139557
https://doi.org/10.18637/jss.v106.i11
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref64
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref64
https://doi.org/10.1017/S1751731111000486
https://doi.org/10.1007/s13762-022-04721-8
https://doi.org/10.1007/s13762-022-04721-8
https://doi.org/10.1186/s13570-021-00210-8
https://doi.org/10.1016/j.oneear.2024.05.004
https://doi.org/10.1016/j.oneear.2024.05.004
https://doi.org/10.1016/j.oneear.2023.11.005
https://doi.org/10.1088/1748-9326/aacc4c
https://doi.org/10.1088/1748-9326/aacc4c
https://doi.org/10.1016/j.ecolind.2021.108426
https://doi.org/10.1016/j.ecolind.2021.108426
https://doi.org/10.4315/0362-028X.JFP-13-324
https://doi.org/10.4315/0362-028X.JFP-13-324
https://www.R-project.org/
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref74
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref74
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref74
https://doi.org/10.1146/annurev-environ-020713-163329
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref76
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref76
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref76
https://doi.org/10.4103/0972-4923.186334
https://doi.org/10.1038/s43017-022-00378-6
https://doi.org/10.1016/S0308-521X(98)00078-X
https://doi.org/10.1016/S0308-521X(98)00078-X
https://doi.org/10.5751/ES-13292-270301
https://doi.org/10.3389/fsufs.2023.1239766
https://doi.org/10.3389/fsufs.2023.1239766
https://doi.org/10.1038/s41558-018-0081-5
https://doi.org/10.1038/s41558-018-0081-5
https://mc-stan.org
https://doi.org/10.1007/s13593-013-0167-4
https://doi.org/10.1007/s13593-013-0167-4
https://doi.org/10.1016/j.agsy.2009.05.002
https://doi.org/10.1016/j.agsy.2009.05.002
https://doi.org/10.1038/s41467-023-44513-3
https://doi.org/10.1038/s41467-023-44513-3
https://doi.org/10.1186/s13570-019-0150-z
https://doi.org/10.32747/2024.8633523.ers
https://doi.org/10.1080/09640568.2022.2028610
https://doi.org/10.1080/09640568.2022.2028610
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref90
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref90
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref90
http://refhub.elsevier.com/S0301-4797(25)03042-7/sref90

M. Clark et al. Journal of Environmental Management 393 (2025) 127066

Wu, T., Bai, H., Feng, F., Lin, Q., 2022. Multi-month time-lag effects of regional Zscheischler, J., Martius, O., Westra, S., Bevacqua, E., Raymond, C., Horton, R.M., van
vegetation responses to precipitation in arid and semi-arid grassland: a case study of den Hurk, B., AghaKouchak, A., Jézéquel, A., Mahecha, M.D., Maraun, D., Ramos, A.
Hulunbuir, Inner Mongolia. Nat. Resour. Model. 35 (3), e12342. https://doi.org/ M., Ridder, N.N., Thiery, W., Vignotto, E., 2020. A typology of compound weather
10.1111/nrm.12342. and climate events. Nat. Rev. Earth Environ. 1 (7), 333-347. https://doi.org/

Zaveri, E., Russ, J., Damania, R., 2020. Rainfall anomalies are a significant driver of 10.1038/543017-020-0060-z.

cropland expansion. Proc. Natl. Acad. Sci. 117 (19), 10225-10233. https://doi.org/
10.1073/pnas.1910719117.

10


https://doi.org/10.1111/nrm.12342
https://doi.org/10.1111/nrm.12342
https://doi.org/10.1073/pnas.1910719117
https://doi.org/10.1073/pnas.1910719117
https://doi.org/10.1038/s43017-020-0060-z
https://doi.org/10.1038/s43017-020-0060-z

