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2 National Socio-Environmental Synthesis Center (SESYNC), University of Maryland, Annapolis, MD, 21401, United States of America
3 Warnell School of Forestry and Natural Resources, University of Georgia, Athens, GA, 30602, United States of America
4 Center for Integrative Conservation Research, University of Georgia, Athens, GA, 30605, United States of America
5 Odum School of Ecology, University of Georgia, Athens, GA, 30602, United States of America
6 Koija Group Ranch, Laikipia, Kenya
7 Loisaba Conservancy, Laikipia, Kenya
8 Department of Ecology, Evolution, and Behavior, University of Minnesota, Saint Paul, MN, 55108, United States of America
∗ Author to whom any correspondence should be addressed.

E-mail: ryanr.unks@uab.cat

Keywords: rangeland ecology, dryland ecology, pastoralism, degradation, rangeland biodiversity

Supplementary material for this article is available online

Abstract
Dryland ecosystems around the world support high biodiversity and extensive pastoralism, but the
drivers of landscape change are often poorly understood. Reductionistic understandings have ten-
ded to overemphasize livestock impacts and support restrictive interventions, which can ironically
undermine synergistic relationships between pastoralism and biodiversity. Within a collectively-
titled pastoralist landscape in Laikipia, Kenya, we built on long-term research to examine spatial
relationships between locally-varying livestock use intensity and patterns of vegetation change over
a 26 year period. We integrated remote sensing, field vegetation measurements, and pastoralist
expert accounts of vegetation change to map vegetation transitions and their spatial distribution.
We triangulated between multiple lines of inference, including classifications of vegetation com-
munity types and transitions, maps of varying livestock use zones and topography, qualitative ana-
lysis of expert explanations of vegetation change, and NDVI time series, to infer the contributions
of grazing intensity and other drivers to the observed vegetation transitions. First, the most sali-
ent landscape change was the loss of two Euphorbia spp. in∼22% of the study area; with elephants
largely driving the loss of one species, and climate being a probable driver of loss of the other.
Second, approximately 40% of the area experienced some degree of shrub encroachment. Spatial
comparisons with livestock use zones indicated that shrub encroachment was more likely driven
by fire suppression and/or climate. Third, there was∼26% decrease of area supporting moderate
or dense herbaceous vegetation cover. These decreases were primarily associated with increasing
temperature, woody encroachment, and higher livestock pressure in areas that both formerly sup-
ported Euphorbia spp. canopies and also experienced year-round livestock use imposed through a
conservation intervention. We recommend integrative triangulation between multiple epistemolo-
gies to understand how landscape changes in dryland ecosystems are driven by complex, interact-
ing drivers such as spatio-temporal climate variability, megaherbivores, fire suppression, sedentar-
ization, and changing livelihoods.
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1. Introduction

Global drylands support high plant andwildlife biod-
iversity as well as extensive pastoralism (Western et al
2009, Sayre et al 2013, Sala et al 2017, Maestre et al
2021). In drylands, with high spatial and temporal
variability of key resources, landscape connectivity is
essential for both extensive pastoralism and migrat-
ory wildlife populations (Behnke et al 1993, Fratkin
2001, Hobbs et al 2008, Homewood 2008). The eco-
logical impacts of fragmentation and sedentarization,
changing climate regimes, fire suppression, and other
complex drivers of landscape change in rangelands
worldwide are salient (Galvin et al 2008, Groom and
Western 2013, Sayre et al 2013, Bond 2019, Briske et al
2020, Maestre 2021). Complex dynamics of nutri-
ents, water, herbivory, soils, and fire are known to
play strong roles in structuring dryland vegetation
(Sankaran et al 2005, 2008, D’Odorico and Porporato
2006, Bond 2019, Maestre et al 2021). Consequently,
the intensity, timing, duration, and spatial distribu-
tion of rainfall, nutrient deposition, and disturbance
are critical factors to consider in assessing vegetation
dynamics (Ellis and Swift 1988, Adler et al 2001,Vetter
2005, Good and Caylor 2011, vonWehrden et al 2012,
Rasmussen et al 2018).

Despite a shift in paradigm in dryland rangeland
ecology that emphasizes these complexities (Ellis and
Swift 1988, Westoby et al 1989, Briske et al 2003,
Van Langevelde et al 2003), pastoral management
practices and stocking rates often remain assumed to
be primary drivers of rangeland vegetation change
(Briske et al 2020). Studies that have misattributed
dryland degradation primarily to local livelihoods
have often justified policies that both restrict liveli-
hood practices and reinforce existing power dynamics
in natural resourcemanagement (Fairhead and Leach
1996, Dahlberg and Blaikie 1999). In Laikipia, Kenya,
pastoralists’ lands have undergone broad changes in
vegetation composition and density (Njenga 2001,
Nareda 2004, Unks 2017). These trends are fre-
quently generalized and cited as indicators of ‘over-
grazing’, breakdown of common property regimes,
or human overpopulation, and are invoked to cast
pastoralism as undermining wildlife conservation
planning and to justify calls for alternate rangeland
management (Lent et al 2002, Nareda 2004, Sumba
et al 2007, Fennessy 2009, Alexovich et al 2012,
Strum et al 2015, Kimiti et al 2017, Kibet et al 2021,
Scheetz et al 2022). However, we are unaware of any
strong empirical evidence which rigorously supports
these generalizations about the impacts of extensive
pastoralism on vegetation in the region, which are
often at odds with pastoralists’ highly nuanced under-
standings of different types of landscape changes and
the interactions among multiple factors that drive
them (Roba and Oba 2009, Unks 2017, Unks et al
2019a). A large body of ecological research in Laikipia

has examined the interactions between wild herbi-
vores and vegetation (e.g. Young et al 1997, Augustine
and McNaughton 2004, Young and Augustine 2007,
Sankaran et al 2013), as well as cattle and vegeta-
tion (Mizutani 1999, Young et al 2005, Odadi et al
2007, Riginos and Young 2007, Veblen and Young
2010). While informative, these studies have primar-
ily occurred on privately held conservation ranches,
where rainfall is higher and less variable, and live-
stock herding practices and socio-cultural and eco-
nomic relations differ markedly from nearby pastoral
areas; their extrapolation across contexts is inappro-
priate (Unks et al 2019a, Unks 2023).

We conducted a detailed analysis of vegetation
changes over a period of 26 years within the landscape
of one collectively-titled ranch in Laikipia, Kenya.
The complex socio-cultural, economic, political, and
land use history, and highly heterogeneous vegeta-
tion in the study site, create a high potential for mis-
interpreting interrelated changes in livelihoods and
land use, particularly using data-limited and inher-
ently subjective remotely-sensed analyses (Robbins
2003, Turner 2003, Velásquez Runk et al 2010). To
empirically evaluate commonly stated assumptions
about landscape change in the study site, we devised
an integrative, spatially explicit, mixed-methods ana-
lytical procedure. We incorporated pastoralist expert
understandings, while recognizing Indigenous ways
of knowing as sovereign and vital for inclusive
decision-making (Latulippe and Klenk 2020, Trisos
et al 2021, Aini et al 2023). Pastoralist experts’
knowledge informed our analysis, but also served
as a counterbalance to powerful actors’ generaliza-
tions, assumptions, and narratives that can bias prob-
lem framings of ecological analyses (Nadasdy 2005,
Goldman 2007, Klenk et al 2017, Martel et al 2021,
Cumming et al 2023). This methodology contrasts
with approaches that instrumentally use informa-
tion from Indigenous ways of knowing as confirming
or supplementary to ecological science (Berkes et al
2000, Agrawal 2002, Sillitoe and Marzano 2009).

We elicited Indigenous pastoralist experts’ oral
histories of site-specific vegetation changes, qualitat-
ively analyzed these interviews, and combined res-
ults with vegetation surveys to guide satellite image
classification of vegetation types present in 1987 and
2013. This enabled us to characterize the types and
spatial patterns of recent and past vegetation com-
position across the landscape, which was highly het-
erogeneous at fine scales (101–102m). Livestock use
intensity varies spatially within this landscape due to
land use zones that were imposed as part of wild-
life conservancy formation, enabling us to distinguish
between livestock effects and other possible drivers.
By analyzing localized vegetation changes, and their
correlations with landforms and pastoralist land use
at each location, we were able to quantitatively assess
the likelihood that livestock pressure contributed to
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different types of vegetation change. Drawing from
experts’ discussions of drivers of vegetation changes,
additional analyses of time series climate and NDVI
data, and our previous analyses of livelihood, land use
change, and plant ecology (King and Stanton 2008,
King et al 2012, King and Franz 2016, Unks et al
2019a, 2019b), we were able to further assess these
drivers and to identify other factors that are essential
to consider in analyses of vegetation change.

2. Methods

2.1. Study site description
The study took place on Koija Group Ranch in
Laikipia County, Kenya (figure 1). The majority of
the people who reside at Koija today primarily prac-
tice pastoralism as a livelihood (see Unks et al 2019a
for detailed history of study site). Decreasing livestock
mobility is driven by recent loss of land access due to
exclusion from settler ranches, conflict over nearby
administrative boundaries, and the recent establish-
ment of wildlife conservancies on community land
(Herren 1991, Lengoiboni et al 2010, Letai and Lind
2013, Unks et al 2019a; note S1). The ecological
implications of exclusion of mobile pastoralism along
new landscape partitions are numerous and amount
to a drastically altered landscape process; including
that of concentrated pressure due to seasonal changes
in cattle mobility, as well as the concentrated, dif-
ferential impacts of the foraging habits of sheep and
goats (Unks 2023). The study area is located at an
elevation of 1700 m. It is characterized as semi-arid
with a mean annual precipitation of ∼500 mm per
year, and an annual coefficient of variation of approx-
imately 23%–24% (figure S1). Rainfall is bimodal,
primarily occurring in April–May and November
(figure S1). Laikipia rainfall events have become sig-
nificantly less frequent and more intense over the last
80 years (Franz et al 2010). The vegetation at the
landscape scale is a diverse mosaic of savanna, grass-
land, dense shrubland, and succulents. Fire has been
infrequent for decades, but was integral to the eco-
system historically (Augustine 2003). The soils are
a mosaic of luvisols and vertisols. Impala, gazelles,
dik–dik, hares, and elephants are common wild herb-
ivores. Elephant populations increased through the
study period, from the 1980s to the 2010s (Litoroh
et al 2010, Ogutu et al 2016), and are known for their
impacts on the densities of trees and vegetation com-
position (Western and Maitumo 2004, Kimuyu et al
2014). Termites and aardvarks also redistribute nutri-
ents and influence the heterogeneity of the landscape
(Pringle et al 2010, Tarnita et al 2017).

2.2. Expert vegetation change analysis
To consider Indigenous pastoralist experts’ know-
ledge of ecological process alongside remote sens-
ing analysis and conservation actor understandings,

we used a combination of focus-group discussions,
key-informant interviews, and semi-structured inter-
views (see note S2). We first conducted eight focus
group discussions with elders, two within each of
four areas where homesteads (nkangitie) are clustered
at Koija, and five in-depth key-informant interviews
on landform taxonomies and terminology. Fourteen
expert interlocutors were then approached after being
recommended highly by community members for
their extensive knowledge of plants and historical
changes in ecological factors. We conducted semi-
structured interviews with experts at ten different
locations that were selected to represent the distinct
landform/vegetation assemblages that experts agreed
existed across the Koija landscape. At each location,
experts were asked a series of standardized questions
using terminology and concepts identified in key-
informant interviews, focus-group discussions, and
informal discussions of salient landscape features.
They explained landforms and vegetation present,
indicators that they used to distinguish certain ecolo-
gical zones or vegetation assemblages (e.g. soil prop-
erties, plant species composition, physiognomy of
vegetation structure, etc), salient changes in these
variables over the past 30 years, how vegetation
assemblages have changed in relative abundance
and spatial distribution, the underlying factors that
shaped their current distribution, and the different
transitions between states. Themain landform, veget-
ation assemblages, soil concepts, landscape positions,
transitions, drivers, and interrelation/interdepend-
ence of these factors were systematically analyzed to
inform vegetation classifications and tests of poten-
tial drivers of transitions.

2.3. Hybrid supervised/unsupervised classification
of vegetation
We developed hybrid classification methods for a
study period of 1987–2013, working within con-
straints of limitations in cloud free images, sensor
errors, comparable climate histories, image resolu-
tion, and reliable ground truth data. Using Erdas
Imagine 16.0, we first classified a Landsat 8 Level 2
Image (23May 2013, Path 168/Row 60), taken follow-
ing a time of two years of consistent rainfall (figure
S2). We collected four plant community compos-
ition datasets using plot-based sampling (figure 1;
note S3), and used these to build training sets to
optimize classification of a pan-sharpened copy of the
Landsat image, using Quickbird and Pleiades images
to iteratively assess the classification (see note S4 for
detailed methodology). We then resampled this clas-
sification to 30 m and iteratively tested unsupervised
algorithms to determine which most closely matched
(figure 2, blue paths). Because signatures of distinct
vegetation on luvisol and vertisol soils were not con-
sistently distinguishable by unsupervised algorithm,
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Figure 1.Map of the study site and locations of vegetation sampling at Koija Group Ranch, in Laikipia County, Kenya. Vegetation
sampling points in 2014 and 2015 were spatially randomized, stratified by preliminary vegetation classification. Hilltop transects
and glade sampling points were purposively distributed in those landscape features.

Figure 2. Summary of study’s analysis components (left) and detailed workflow diagram for hybrid vegetation classification pro-
cedure (right). Sub-processes: 2013 luvisol classification (blue paths); 2013 vertisol classification (red path); 1987 classifications
(yellow and orange paths); luvisols/vertisols merged (black paths). Dashed arrows indicate iterative processes.

we created a binary luvisol/vertisol mask, and inde-
pendently classified vertisol areas using a Random
Forest classifier in R software (figure 2, red path;
Breiman 2001).

We next classified a Landsat 5 Level 2 image from
3 July 1987 that corresponded to a period of sim-
ilarly consistent antecedent rainfall (figure S2), but
with no available ground truth data (note S5). We
applied the 2013 optimal unsupervised algorithm to
luvisol soils (figure 2, yellow paths), and performed
a supervised Random Forest classification for vertisol
soils (figure 2, orange path).Wedrew fromexpert oral
histories of vegetation changes to determine which

plant communities the 1987 unsupervised classifica-
tion corresponded to, and to guide creation of signa-
tures for Random Forest classification of vegetation.
Both procedures were iteratively refined using histor-
ical images available in Google Earth Pro, and an aer-
ial photo from 1977.

The final classifications for luvisols and vertisols
were merged (figure 2, black paths), then verified for
overall accuracy using stratified random sampling of
50 points per class for both 1987 and 2013 classific-
ations. The full classifications had an 89.25% total
accuracy for 1987 (figure S3), and an 88.08%accuracy
for 2013 (figure S4).
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2.4. Preparation of vegetation classes for analysis
Detailed vegetation classifications (derived as
described above in 2.3) included 44 and 40 dis-
tinct categories in 1987 and 2013, respectively, with
varying tree, shrub, grass, and forb composition and
NDVI values (figures S3 and S4). For each category,
we also estimated the characteristic amount of woody
and herbaceous cover using Landsat NDVI read-
ings, Pleiades near-infrared spectra false color dis-
plays (2013) and aerial photos (1987). Based on these
estimates, we merged categories according to sim-
ilarity of assemblage type, as well as their relative
percentages of herbaceous and woody cover (figues
S3 and S4). Woody and herbaceous cover were cat-
egorized: 0%–5% as none/bare, 5%–25% as sparse,
25%–50% as moderate, and >50% as dense (figure
S5). In this way, initial detailed vegetation classific-
ations that had similar cover patterns were merged
into simplified woody/herbaceous classes for all sub-
sequent analyses.

2.5. Landform and land use mapping
Using SAGA-GIS software and Shuttle Radar
TopographyMission-derivedDigital ElevationModel
data, Topographic Position Index landforms (Guisan
et al 1999) for the study area were mapped. The
resulting landform map was reclassified into sim-
plified classes that corresponded to hillslopes, hill-
tops, river valleys, and plains (figure 3). Building on
previous detailed research on herding ranges and
GPS records of land use zones (Unks 2017, Unks
et al 2019a), as well as maps and satellite imagery,
we traced polygons on-screen to approximate land
use zones, ca 2000–2013). In 1987 residences and
herding ranges were widely distributed, but from
∼2000 onwards, a new land use zonation system was
imposed as part of a wildlife conservation trust, creat-
ing partitions with distinct spatial patterns of intens-
ity, frequency, timing, and duration of livestock use
within the study area (Unks et al 2019b). Because of
decreasing mobility and changes in herd composi-
tion (fewer cattle and more smallstock) changes in
total herd numbers at Koija do not adequately rep-
resent the increasingly localized livestock pressure
at Koija (Herren 1991, Unks 2023). This land zona-
tion, approximately mapped in figure 3, enabled us
to make inferences about the influence of these parti-
tions and changes in livestock pressure. Low-livestock
use refers to wildlife conservancy areas that were
rarely visited while herding. Dry season grazing refers
to areas that were only used annually when restric-
tion was lifted after forage resources were exhausted
within year-round grazing areas. Thus, the three
mapping products used in our subsequent analyses—
vegetation, landform, and land use maps—were
all generated independently, using different data
sources.

2.6. Vegetation transition, land use, and landform
analysis
We performed a vegetation transition analysis, which
indicated the change between community composi-
tion, as well as woody and herbaceous classes at each
pixel over time, enabling us to quantify the types
and frequencies of transitions across the landscape.
Informed by expert interviews, we tested the associ-
ation of both woody and herbaceous vegetation dens-
ity change with historical (1987) vegetation type, land
use, and landform, using mixed effects spatial logistic
regression models with the spaMM package (Rousset
and Ferdy 2014). Spatial logistic models included
landform, rainfall, land use, and distance from set-
tlements as predictive variables in candidate mod-
els. Sampling strategy and detailed methodology are
described in note S6.

To account for spatial autocorrelation and spatio-
temporal influence of climate on herbaceous vegeta-
tion over time, we then fit amixed effects spatial linear
regression model using time series climate and NDVI
data (Rousset and Ferdy 2014).We used Landsat Level
2, Collection 2 images from 1984–2011, CHIRPS v2.0
rainfall data (Funk et al 2015), and CHIRTS tem-
perature data (Verdin et al 2020). We isolated pixels
dominated by herbaceous vegetation in 1987 and
where woody encroachment did not occur, and fit
a distributed lag model (Gasparrini 2011) that best
accounted for lagged effects of rainfall and temper-
ature over the two years preceding each annual max-
imum NDVI reading (see note S7 for detailed meth-
odology). We then input these optimized lagged cli-
mate data into the spatial linear regression model
as fixed effects, with the same predictive landform
and land use variables used in spatial logistic regres-
sions above, plus an added time block variable (to
test for differences in trends between 1987–2000
and 2001–2013), and then selected the best fitting
model.

3. Results

Our approach integrated remote sensing, field veget-
ation assessments, and expert oral histories (note
S8) to construct spatially explicit vegetation maps
(figures 4 and 5) and to analyze transitions (figure 6).
Analysis of these maps and expert interviews pointed
to three main trends: (a) the disappearance of canopy
classes dominated by arborescent tree-like Euphorbia
spp., (b) transitions of increasing woody cover, and
(c) decreases in herbaceous cover.

3.1. Euphorbia species canopy loss
All experts we interviewed emphasized two changes,
both related to arborescent Euphorbia species: (a)
widespread extirpation of a former canopy spe-
cies Euphorbia tirucalli L. (figure S6, note S8), and
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Figure 3. Simplified SAGA-GIS Topographic Position Index landform and heads-up digitized post-2000 land use classification
estimations of Koija Group Ranch. Settlement areas were delineated by creating a 250 m buffer around mapped homestead
locations.

(b) decreased occurrence of canopies dominated by
arborescent Euphorbia bussei (N.E.Br.) S. Carter, a
large, single-stemmed tree-like succulent (figure S7).

Experts described a historic presence and disap-
pearance of dense E. tirucalli canopy forest, especially
near the Ewaso Ng’iro river on the western boundary
of Koija (figure 4, top). Remote sensing and veget-
ation change analysis estimated that in 1987, these
forests covered 11.1% of the study area. By 2013,
55.5% of its former area had transitioned to moder-
ate to dense herbaceous with low woody cover, 40.8%
became dominated by dense or moderate woody
cover, and the remainder had sparse or no herbaceous
and woody cover (figure 5).

Experts did not share a strong consensus explain-
ing the dramatic decrease of E. tirucalli, and none
individually claimed certainty; 8 of 14 mentioned
drought, 6 of 14 mentioned elephants, 5 of 14 men-
tioned settlers perhaps intentionally destroying it, and
2 of 14 suggested livestock. Experts indicated that
use of fire had long since ceased, and none indicated
that fire could have contributed to its loss. Because
E. tirucalli canopies were completely absent in 2013,
we could not analyze transition correlations with land
use or landform. Landsat data indicated a gradual
decline from 1992 to 1995, (figure S8), corresponding
with strong droughts in 1992 and 1994 (figure S2),
rather than a punctuated shift as would be expected
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Figure 4. Final hybrid unsupervised/supervised Landsat vegetation classifications of Koija group ranch in 1987 (top) and 2013
(bottom). Between 1987 and 2013, two major classifications containing Euphorbia species disappeared entirely, and there was a
dramatic increase in area with moderate woody cover that also had sparse to no herbaceous cover. While classes in the two time
periods are simplified representations, the color scheme of the classes follows a pattern of purple= extirpated, green= dense
or moderate herbaceous, and orange= sparse or bare herbaceous. Darker shades of colors indicate higher woody cover density.
Note: Acacia spp. as used here includes species now reclassified as Vachellia spp.

from fire. Landsat Normalized Burn Ratio data, like-
wise did not indicate fire during this period (figure
S9). While we were unable to test the influence of cli-
mate due to lack of data, E. tirucalli’s sustained pres-
ence nearby in areas of higher rainfall implies climate
was the most likely driver of its local extirpation at
Koija, rather than elephant damage, livestock herb-
ivory, or fire.

In 1987, areas with tree-sized E. bussei, (classi-
fied as ‘Mixed Euphorbia spp. forest’—these areas
also likely included E. tirucalli and E. candelabrum),
covered about 10.3% of the study site (figure 4, top,
Unks 2017). Several lines of reasoning point to ele-
phants as the predominant factor causing declines of
E. bussei. There was near-consensus among experts
of this causation (12/14). While shrub-sized plants
are not uncommon, older arborescent E. bussei are
now almost exclusively foundwithin fenced areas that

exclude elephants but are used by livestock (figure
S10). This was confirmed by three authors’ long-term
observations of elephants regularly toppling arbores-
cent E. bussei at Koija (see also Unks 2017, Volpato
and King 2023). These forests were more likely to be
replaced by other woody vegetation in areas of low
livestock use, and within settlements, sites of former
Euphorbia spp. canopies were also associated with
decreased herbaceous presence (figure 5), which we
discuss below in section 3.3.

3.2. Changes in other woody species cover
Experts universally agreed that there had been wide-
spread increases in dominant tree species, especially
Senegalia mellifera (Vahl) Seigler & Ebinger and
Vachellia reficiens Wawra & Peyr. (figure S11). No
experts explained their increase as due to livestock
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Figure 5. Combined woody and herbaceous vegetation transition classifications. Yellows indicate woody cover increases, reds
indicate woody decreases, and blues indicate no change in woody cover. Darker shades indicate herbaceous increase, lighter
shades indicate herbaceous decrease.

herbivory, though they commonly mentioned live-
stock’s role in seed dispersal. Remotely-sensed ana-
lysis showed that dense, non-Euphorbia spp. woody
cover increased from 7.9% of the area in 1987 to
15.2% in 2013 (‘Mixed Acacia spp. forest’, figure 4,
bottom). Moderate woody cover classes made up
18.5% of the total area in 1987, and in 2013 made up
40.9% of the landscape, showing a 22.4% increase in
area with moderate woody cover. Overall, excluding
areas classified as extirpated canopy in 1987 within
Koija, 40.3% of the area indicated some amount of
tree or shrub cover increase (most of this likely S. mel-
lifera or V. reficiens) between 1987 and 2013.

After accounting for spatial-autocorrelation, spa-
tial logistic regression showed that woody increase
was highly dependent on landform, with vertisol soils
being most likely to experience woody increase and
no differences detected due to household distance
(figure 7, top, and bottom, a & b), and no influence
of land use (figure 7, bottom, a–c).

3.3. Herbaceous vegetation change
There was general agreement among experts that
there had been widespread decreases in perennial
grasses, with the main cause being changing rain-
fall (note S8). Overall, in 1987, 77.5% of the land-
scape supportedmoderate or dense herbaceous veget-
ation, but that decreased to 51.2% in 2013—a decline

of ∼26%. 29.7% of the 1987 landscape had mod-
erate/dense herbaceous cover and sparse/no woody
cover (figure 4, bottom), which decreased to 22.5%
in 2013 (figure 4, top). Thus, only ∼7 of the 26 per-
centage points of overall loss occurred in areas with
sparse/no woody cover. However, classes that sus-
tained dense or moderate herbaceous vegetation and
sparse or no woody cover, at both time stages in
1987 and 2013, were just 8.0% (figure 6) and were
concentrated in areas with vertisol soils and in val-
leys. Overall, land with bare or sparse/bare herb-
aceous cover increased from 22.5% of the area in
1987 (figure 4, top) to 44.4% in 2013 (figure 4, bot-
tom). Experts often concluded that these localized
decreases in herbaceous cover were driven primarily
by woody encroachers. They also sometimes added
that small stock had localized impacts on grass, espe-
cially within settlement areas, where grasses were
often grazed before they could sufficiently regenerate
following rainfall (note S8).

As herbaceous vegetation overall was closely asso-
ciated with woody transitions, we tested for herb-
aceous change while controlling for woody change
category. While woody decrease overall predicted
herbaceous increase, with former E. tirucalli areas in
dry season grazing areas being replaced by herbaceous
cover, settlement areas that experienced woody loss
were more likely to show herbaceous decreases
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Figure 6. Sankey diagram of vegetation transitions (top) and vegetation transition matrix (bottom, units shown in ha). Colored
tabs next to vegetation classes follow those in figure 4. Color codes of transitions between vegetation classes (ribbons above,
cell shading below) match those of figure 5. The colors indicate the direction of change in woody cover (yellows= increase;
reds= decrease; blues= no change). The shades represent the direction of change in herbaceous cover (dark= increase,
light= decrease, medium= no change). Medium blue therefore indicates no change in woody cover or herbaceous cover.
Due to differences in classifications between 1987 and 2013, and the disappearance of two 1987 categories entirely, the classes
differ slightly between the two time steps. Note: The ‘Mixed Acacia spp.’ class includes species now reclassified as Vachellia spp.
Visualization was produced using the NetworkD3 package in R (Allaire et al 2025).

(figure 8, top, bottom, b). Further, there were strong
decreases in herbaceous vegetation associated with
woody increase (figure 8, bottom, c). In samples with
unchanged woody cover, there were no patterns of
decrease correlated with land use or any other vari-
ables (figure 8, bottom, a).

The spatial linear regression model with low-
est AIC and optimized lagged climate variables
(figure S13) showed important influences of prox-
imal lagged rainfall, the three previous wet seasons’
rainfall, temperature, and land use type on NDVI
trends (figure 9). Temperature significantly increased
throughout the study period (see figure S14) and

this was reflected in uniformly negative influence on
predicted NDVI in the best-fitting model (figure 9).
Estimates for settlements were negative when inter-
acting with the time block variable (‘2000 Land Use
Plan’) that accounted for the imposed land use desig-
nations (figure 9), which we inferred as the influence
of livestock under the imposed sedentary land use
scheme. Distance from settlements predicted higher
NDVI (i.e. higher NDVI further from settlements),
however, this effect was notably lower than that
of the negative influence of increasing temperature
(figure 9). Analysis of residual trends showed no
monotonic declines that would indicate generalizable
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Figure 7. Results of the best fitting spatial logistic regression models for patterns of woody increase at Koija. The top figure shows
the model effects of model (a) in the table (bottom), with 95% confidence intervals. Parameter estimates as well as odds ratios
(bottom, a) indicate that vertisol soil was the strongest predictor for woody increase and uplands were least associated with
woody increase. For further analysis of interaction of landform and distance from homesteads see figure S12. Exclusion of vertisol
soils in a subsequent model (b) indicated that streams and valleys and other lowlands also had a greater increase. A third model
(c) showed no significant relationship between distance to homesteads and woody encroachment. Visualizations were produced
using ggstatsplot (Patil 2021) and gtsummary (Sjoberg et al 2021).

loss of herbaceous productivity attributable to vari-
ables not included in the model (figures 10(a)–(d)).

4. Discussion

4.1. Triangulation between evidence for drivers of
landscape change
Triangulating (Roe 1998, Nightingale 2016) between
pastoralist expert descriptions and explanations, spa-
tial analysis of remotely sensed vegetation change, and

long-term interdisciplinary research, our approach
provided insights about ways that epistemic biases
could be reduced in understandings of pastoralism
in drylands. Pastoralist experts taught us about dom-
inant landscape changes that would have been over-
looked or misinterpreted using remotely sensed ana-
lysis or ecological field methods alone. Careful con-
sideration of the multiple lines of evidence of changes
and their drivers drew dominant narratives, which
continue to shape dryland ecology research, strongly
into question.
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Figure 8. Results of the best fitting spatial logistic regression models for patterns of herbaceous change by woody change at Koija.
The top figure shows the model effects of model (b) in the bottom table, with 95% confidence intervals.

4.2. Decreases in Euphorbia spp. canopy
The most conspicuous changes were the extirpation
of Euphorbia spp. canopies that formerly dominated
∼22%of the area considered. Experts shared low con-
sensus about the cause of the loss of E. tirucalli, but
most frequently stated that climatewas likely themain
driver, and its disappearance coincided with a period
of two consecutive droughts (figure S2). Coupled
with expert knowledge and our own observations of
their widespread impacts on arborescent E. bussei,
there is strong evidence that elephants had decreased
Euphorbia spp. canopies. Elephant populations have
shown strong increases in Laikipia (Litoroh et al 2010,
Ogutu et al 2016), and their impacts on trees in
Kenya is well documented (Western and Maitumo
2004, Kimuyu et al 2014).We found no compelling or

corroborating evidence or ecological reasoning that
livestock played a role in the loss of E. tirucalli or
mixed Euphorbia spp. canopies (Volpato and King
2023).

4.3. Changes in other woody species cover
We found that ∼40% of the landscape had exper-
ienced increases in woody cover. Higher rates of
woody encroachment were not located in areas of
highest livestock use, contrary to the findings of
a previous study that did not consider spatially
autocorrelated landscape patterns or landforms and
claimed that shrub encroachment was likely driven
by livestock (Kibet et al 2021). Vertisol soils were
strongly associated with woody increase, indicating
that hydrology and soils are likely important factors.

11



Environ. Res. Lett. 20 (2025) 124084 R R Unks et al

Figure 9. Parameter estimates of the spatial regression model with overall lowest AIC score that was fit to NDVI time series with
pixel location as a random effect. The dependent variable was NDVI, with independent climate variables including precipitation
(a sequence of lagged windows summing 6 pentads or∼30 d, the sum of rainfall within each of 3 previous rainy seasons), and
lagged temperature data. See figure S13 for detailed distributed lag model parameters including offsets and transformations.
Predictive land use variables included livestock zones, distance from households, and a block variable (1987–2000 vs. 2001–2013)
corresponding to times before and after the imposition of the new land use zonation. Model coefficients and 95% confidence
intervals are plotted for model terms.

Figure 10. Residual time series analysis of pixels classified as moderate and dense herbaceous with sparse or no woody cover in
1987 (a)–(d) and raw maximum NDVI values (e)–(h). Orange shades refer to pixels where herbaceous cover decreased. Green
shades refer to pixels where herbaceous cover did not change. NDVI trends showed that lower NDVI pixels tended to remain
consistently lower (e)–(h). NDVI trend analysis alone implied that dry season grazing and low-livestock use zones remained
more dynamic, with higher NDVI values during rainy years (e) & (f). There was a confounding influence however, as settlements
and year-round grazing zones (g) & (h) were largely located within CHIRPS pixels with lower rainfall, and thus having lower
average NDVI readings that other zones (e) & (f). Residual trends (a)–(d) showed less contrast in dynamics between zones after
adjusting for climate. The residuals show that the model sometimes under-estimated or over-estimated NDVI, especially in 1994
(a) and 1999 (d) during extreme droughts, but that overall dynamics of herbaceous vegetation could generally be predicted by
accumulated temperature and precipitation. While this proxy measure of productivity is unable to account for changes in plant
composition, no monotonic trends in residuals (a)–(d) were observed that would indicate widespread productivity loss due to
factors not accounted for in the model (Wessels et al 2012, Burrell et al 2017).
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A number of recent studies have reassessed claims
that livestock herbivory was responsible for woody
encroachment in dryland environments, showing
how changes in livestock pressure, temperature, rain-
fall, atmospheric CO2, nitrogen deposition and fire
regime can all alter feedbacks that previously reg-
ulated shrub establishment (D’Odorico et al 2012,
Archer et al 2017, Stevens et al 2017, Venter et al
2018, Maestre et al 2021). Our approach was unable
to test for these other factors that may be driv-
ing widespread patterns of woody encroachment,
and future analyses should consider increasing CO2

levels and nitrogen deposition, as well as pro-
cesses that are well documented in the study region,
including the role of changes in intensity and fre-
quency of rainfall (Franz et al 2010), fire sup-
pression (Augustine 2003), and loss of browsing
wildlife that could regulate shrub cover (Sankaran
et al 2013).

4.4. Changes in herbaceous cover
Decreases in herbaceous vegetation (∼26% of the
landscape) were highly dependent on woody cover
change as well as climate. The decreases we detec-
ted that could be attributed to livestock were con-
centrated in areas that both experienced decreases in
woody cover and intensified livestock pressure (settle-
ments). This is consistent with the expected impacts
of sedentarization policies and practices that have
placed extreme constraints on mobility, but also con-
tingency due to ecosystem cascades, where livestock
had the most conspicuous impacts after canopy cover
was lost. Canopy losses could have led to increased
soil temperatures, reduced soil moisture, and loss of
root matting creating less stable, more erosive soils,
and other cascading changes in ecosystem proper-
ties (see D’Odorico et al 2007, 2012). Decomposition
of fallen woody and succulent debris can alternately
lead to an influx of nutrients into soils, which may
be responsible for the patterns of herbaceous increase
observed in areas that formerly supported E. tiru-
calli canopies. Where woody cover stayed the same
or increased, herbaceous vegetation was less likely to
decrease in all land use zones. However, spatial regres-
sion of lagged climate and land use showed that fol-
lowing new land use zonation, intensified livestock
pressure in settlements was likely having some negat-
ive impact on herbaceous vegetation, though this was
notably lower than the influence of increasing tem-
perature. Experts sometimes indicated that sheep and
goats may have recently impacted herbaceous under-
story vegetation in these areas, but they also unan-
imously emphasized rainfall as the dominant factor
driving these changes (note S8). A limitation of our
study is that we were unable to adequately account
for these localized impacts while also considering
fine-scale spatial trends in precipitation.However, the
widespread patterns of herbaceous cover change are
likely driven by uniformly increasing temperatures

interacting with heterogeneous spatio-temporal rain-
fall patterns.

4.5. Contextualizing landscape change
Comparative grazing studies across global range-
lands tend to focus on local management regimes
and livestock pressure to assess the sustainabil-
ity of pastoralist land use (Maestre et al 2022).
These analyses rarely account for historical contin-
gencies of vegetation change, detailed analyses of
fine-scale climate variability, or changing governance
(Manzano et al 2023). Our findings contrast with
the narratives of widespread landscape vegetation
changes attributed to livestock that are frequently
referenced in scientific publications and conserva-
tion and development grey literature. We found
little evidence that widespread changes in vegeta-
tion at the landscape scale, such as loss of can-
opy species, shrub encroachment, and herbaceous
decrease, could be explained primarily by livestock
pressure. Rather, local herbaceous changes were con-
tingent on canopy changes, and explanation of com-
plex landscape-level changes required interdisciplin-
ary methods to consider drivers interacting at mul-
tiple scales such as spatio-temporal rainfall patterns,
increasing temperature, the influence of megaherbi-
vores, fire suppression, sedentarization, and changing
livelihoods.

Constraints that have been imposed on external
mobility by state and NGO-led sedentarization
policies and interventions that focus on wildlife
mobility at the exclusion of pastoral mobility have
undoubtedly created strong, novel herbivore pres-
sure and localized impacts (Unks 2023). Livestock
management at the group ranch scale has been
unable to respond to these top-down constraints to
enable regeneration of herbaceous vegetation fol-
lowing limitation of former season access to out-
side land (Unks et al 2019a, 2019b). Together with
changing climate, this was producing ‘permanent
drought’ from experts’ perspectives (note S8). The
trends we detected using both vegetation classifica-
tions and time series data were consistent with intens-
ified local livestock use and changing herd compos-
ition under sedentarization that has been imposed
in other areas of Kenya (McPeak 2003, Vuorio et al
2014). While seasonal herbivore movements tend to
allow grasses to recover (Boone and Hobbs 2004,
Reid et al 2004), constraints on spatial and temporal
dynamics of forage use can cause damage to vegeta-
tion (Hodgkinson 1995, Fynn and O’Connor 2000,
Hobbs et al 2008, Ash et al 2011, Groom andWestern
2013). However, understanding herbaceous changes
at Koija also requires context, considering both losses
of former canopies, as well as encroaching woody
species. As experts observed, where S. mellifera and
V. reficiens have become dominant, it promoted an
understory with less grass (note S8), and previous
analysis also showed lower abundance of perennial
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grasses associated with S. mellifera (Unks 2017).
The cascading impacts of woody encroachment on
herbaceous biodiversity are therefore key to consider
(Maestre et al 2021). However, it is also important
to consider other changes in landscape process we
were not able to consider including changes in fire
regime that shape herbaceous species composition,
reduce woody vegetation, and potentially play a role
in preventing shrub encroachment. Finally, increas-
ing intensity of rainfall events following long periods
of low rainfall where there is little vegetation to facilit-
ate water infiltration can cause rapid runoff, erosion
of soils, and even loss of trees at Koija (pers obs.,
note S8).

5. Conclusion

This study analyzed complex changes in vegetation
over time in a semi-arid and ecologically heterogen-
eous pastoral group ranch using mixed-methods and
triangulation to infer between multiple lines of evid-
ence. Applying triangulation between remote sensing,
pastoralist experts’ knowledge of past changes, and
our long-term immersive interdisciplinary research,
we were able to gain an improved understanding of
changes in the vegetation composition between 1987
and 2013. The knowledge of pastoralist experts about
dominant landscape changes helped us to under-
standmuch that we would have otherwise overlooked
or misinterpreted if we had only considered ecolo-
gical science epistemologies. Many of the transitions
that experts emphasized and that we in turn also
observed contradict dominant narratives of livestock-
induced vegetation change that motivate ongoing
interventions in Indigenous pastoralists’ land, high-
lighting the need for critically-infromed approaches
to co-production to avoid extending inherent power
asymmetries in ecological knowledge production in
conservation research and planning (Turnhout et al
2020).
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to mixed methods research J. Mixed Methods Res. 16 17–33

McPeak J G 2003 Analyzing and addressing localized degradation
in the commons p 515

Mizutani F 1999 Biomass density of wild and domestic herbivores
and carrying capacity on a working ranch in Laikipia
District, Kenya Afr. J. Ecol. 37 226–40

Nadasdy P 2005 The anti-politics of TEK: the institutionalization
of co-management discourse and practice p 215

Nareda N R M A D A 2004 Natural Resources Management Plan
for Naibunga Conservancy (LWF, USAID-FOREMS, AWF)

NASA 2013 Shuttle radar topography mission (SRTM) global
Distributed by OpenTopography (https://doi.org/
10.5069/G9445JDF) (Accessed 22 October 2023)

Nightingale A J 2016 Adaptive scholarship and situated
knowledges? Hybrid methodologies and plural
epistemologies in climate change adaptation research Area
48 41–47

Njenga M 2001 Community Based Natural Resource Management
(CBNRM) Participatory Rural Appraisal, Koija NRM (Group
Ranch) (Semi Arid Rural Development Programme
(SARDEP))

Odadi W O, Young T P and Okeyo-Owuor J B 2007 Effects of
wildlife on cattle diets in Laikipia rangeland, Kenya
Rangeland Ecol. Manage. 60 179–85

Ogutu J O, Piepho H-P, Said M Y, Ojwang G O, Njino L W,
Kifugo S C and Wargute P W 2016 Extreme wildlife declines
and concurrent increase in livestock numbers in Kenya:
what are the causes? PLoS One 11 e0163249

Patil I 2021 Visualizations with statistical details: the ‘ggstatsplot’
approach J. Open Source Softw. 6 3167

Pringle R M, Doak D F, Brody A K, Jocqué R and Palmer T M
2010 Spatial pattern enhances ecosystem functioning in an
African savanna PLoS Biol. 8 e1000377

Rasmussen K, Brandt M, Tong X, Hiernaux P, Diouf A A,
Assouma M H, Tucker C J and Fensholt R 2018 Does
grazing cause land degradation? Evidence from the
sandy Ferlo in Northern Senegal Land Degrad. Dev.
29 4337–47

Reid R S, Gachimbi L N, Worden J, Wangui E E, Mathai S,
Mugatha S M and Gichohi H 2004 Linkages between
changes in land use, biodiversity and land degradation in the
Loitokitok area of Kenya LUCID Working Paper (no. 49)

Riginos C and Young T P 2007 Positive and negative effects of
grass, cattle, and wild herbivores on Acacia saplings in an
East African savanna Oecologia 153 985–95

Roba H G and Oba G 2009 Efficacy of integrating herder
knowledge and ecological methods for monitoring
rangeland degradation in Northern Kenya Hum. Ecol.
37 589–612

Robbins P 2003 Beyond ground truth: GIS and the environmental
knowledge of herders, professional foresters, and other
traditional communities Hum. Ecol. 31 233–53

Roe E 1998 Taking Complexity Seriously (Springer US) (https://
doi.org/10.1007/978-1-4615-5497-4)

Rousset F and Ferdy J-B 2014 Testing environmental and genetic
effects in the presence of spatial autocorrelation Ecography
37 781–90

Sala O E, Yahdjian L, Havstad K and Aguiar M R 2017 Rangeland
ecosystem services: nature’s supply and humans’ demand
Rangeland Systems: Processes, Management and Challenges ed
D D Briske (Springer International Publishing) pp 467–89

Sankaran M, Augustine D J and Ratnam J 2013 Native ungulates
of diverse body sizes collectively regulate long-term woody
plant demography and structure of a semi-arid savanna J.
Ecol. 101 1389–99

Sankaran M, Hanan N P, Scholes R J, Ratnam J, Augustine D J,
Cade B S and February E C 2005 Determinants of woody
cover in African savannas Nature 438 846–9

Sankaran M, Ratnam J and Hanan N 2008 Woody cover in
African savannas: the role of resources, fire and herbivory
Glob. Ecol. Biogeogr. 17 236–45

Sayre N F, McAllister R R, Bestelmeyer B T, Moritz M and
Turner M D 2013 Earth Stewardship of rangelands: coping
with ecological, economic, and political marginality Front.
Ecol. Environ. 11 348–54

Scheetz A A, Fenichel E P and Rubenstein D I 2022 Effects of a
grazing permit market on pastoralist behavior and
overgrazing in Kenya Environ. Res. Lett. 17 035002

Sillitoe P and Marzano M 2009 Future of indigenous knowledge
research in development Futures 41 13–23

Sjoberg D D, Whiting K, Curry M, Lavery J A and Larmarange J
2021 Reproducible summary tables with the gtsummary
package R J. 13 570–80

Stevens N, Lehmann C E R, Murphy B P and Durigan G 2017
Savanna woody encroachment is widespread
across three continents Glob. Change Biol.
23 235–44

Strum S C, Stirling G and Mutunga S K 2015 The perfect storm:
land use change promotes Opuntia stricta’s invasion of
pastoral rangelands in Kenya J. Arid Environ. 118 37–47

Sumba D, Warinwa F, Lenaiyasa P and Muruthi P 2007 The Koija
Starbeds ecolodge: a case study of a conservation enterprise
in Kenya African Wildlife Foundation Working Papers
(October 2007) (African Wildlife Foundation)

Tarnita C E, Bonachela J A, Sheffer E, Guyton J A, Coverdale T C,
Long R A and Pringle R M 2017 A theoretical foundation
for multi-scale regular vegetation patterns Nature
541 398–401

Trisos C H, Auerbach J and Katti M 2021 Decoloniality and
anti-oppressive practices for a more ethical ecology Nat.
Ecol. Evol. 5 9

Turner M D 2003 Methodological reflections on the use of remote
sensing and geographic information science in human
ecological research Hum. Ecol. 31 255–79

Turnhout E, Metze T, Wyborn C, Klenk N and Louder E 2020 The
politics of co-production: participation, power, and
transformation Curr. Opin. Environ. Sustain. 42 15–21

Unks R R 2017 Access, livelihood-vulnerability, and
landscape-level vegetation change in Laikipia, Kenya
Doctoral Dissertation University of Georgia (available at:
https://openscholar.uga.edu/record/15115?v=pdf)

Unks R R, King E G, Nelson D R, Wachira N P and German L A
2019b Constraints, multiple stressors, and stratified
adaptation: pastoralist livelihood vulnerability in a
semi-arid wildlife conservation context in Central Kenya
Glob. Environ. Change 54 124–34

Unks R 2023 Reframing rangeland systems science research in
Kenya: a synthesis of social-science mixed methods to
inform integrative analysis of landscape pattern and process
Landscape Ecol. 38 4343–64

Unks R, King E G, German L A, Wachira N P and Nelson D R
2019a Unevenness in scale mismatches: institutional change,
pastoralist livelihoods, and herding ecology in Laikipia,
Kenya Geoforum 99 74–87

Van Langevelde F, Van De Vijver C A DM, Kumar L, Van De
Koppel J, De Ridder N, Van Andel J and Rietkerk M 2003
Effects of fire and herbivory on the stability of savanna
ecosystems Ecology 84 337–50

Veblen K E and Young T P 2010 Contrasting effects
of cattle and wildlife on the vegetation development of a
savanna landscape mosaic J. Ecol.
98 993–1001

Velásquez Runk J, Negría G O, Conquista L P, Peña G M,
Cheucarama F P and Chiripua Y C 2010 Landscapes,
legibility, and conservation planning: multiple
representations of forest use in Panama Conserv. Lett.
3 167–76

Venter Z S, Cramer M D and Hawkins H-J 2018 Drivers
of woody plant encroachment over Africa Nat. Commun.
9 1

Verdin A, Funk C, Peterson P, Landsfeld M, Tuholske C and
Grace K 2020 Development and validation of the
CHIRTS-daily quasi-global high-resolution daily
temperature data set Sci. Data 7 303

16

https://doi.org/10.1177/1558689820984028
https://doi.org/10.1177/1558689820984028
https://doi.org/10.1046/j.1365-2028.1999.00171.x
https://doi.org/10.1046/j.1365-2028.1999.00171.x
https://doi.org/10.5069/G9445JDF
https://doi.org/10.5069/G9445JDF
https://doi.org/10.1111/area.12195
https://doi.org/10.1111/area.12195
https://doi.org/10.2111/05-044R3.1
https://doi.org/10.2111/05-044R3.1
https://doi.org/10.1371/journal.pone.0163249
https://doi.org/10.1371/journal.pone.0163249
https://doi.org/10.21105/joss.03167
https://doi.org/10.21105/joss.03167
https://doi.org/10.1371/journal.pbio.1000377
https://doi.org/10.1371/journal.pbio.1000377
https://doi.org/10.1002/ldr.3170
https://doi.org/10.1002/ldr.3170
https://doi.org/10.1007/s00442-007-0799-7
https://doi.org/10.1007/s00442-007-0799-7
https://doi.org/10.1007/s10745-009-9271-0
https://doi.org/10.1007/s10745-009-9271-0
https://doi.org/10.1023/A:1023932829887
https://doi.org/10.1023/A:1023932829887
https://doi.org/10.1007/978-1-4615-5497-4
https://doi.org/10.1007/978-1-4615-5497-4
https://doi.org/10.1111/ecog.00566
https://doi.org/10.1111/ecog.00566
https://doi.org/10.1007/978-3-319-46709-2_14
https://doi.org/10.1111/1365-2745.12147
https://doi.org/10.1111/1365-2745.12147
https://doi.org/10.1038/nature04070
https://doi.org/10.1038/nature04070
https://doi.org/10.1111/j.1466-8238.2007.00360.x
https://doi.org/10.1111/j.1466-8238.2007.00360.x
https://doi.org/10.1890/120333
https://doi.org/10.1890/120333
https://doi.org/10.1088/1748-9326/ac54cc
https://doi.org/10.1088/1748-9326/ac54cc
https://doi.org/10.1016/j.futures.2008.07.004
https://doi.org/10.1016/j.futures.2008.07.004
https://doi.org/10.32614/RJ-2021-053
https://doi.org/10.32614/RJ-2021-053
https://doi.org/10.1111/gcb.13409
https://doi.org/10.1111/gcb.13409
https://doi.org/10.1016/j.jaridenv.2015.02.015
https://doi.org/10.1016/j.jaridenv.2015.02.015
https://doi.org/10.1038/nature20801
https://doi.org/10.1038/nature20801
https://doi.org/10.1038/s41559-021-01460-w
https://doi.org/10.1038/s41559-021-01460-w
https://doi.org/10.1023/A:1023984813957
https://doi.org/10.1023/A:1023984813957
https://doi.org/10.1016/j.cosust.2019.11.009
https://doi.org/10.1016/j.cosust.2019.11.009
https://openscholar.uga.edu/record/15115?v=pdf
https://doi.org/10.1016/j.gloenvcha.2018.11.013
https://doi.org/10.1016/j.gloenvcha.2018.11.013
https://doi.org/10.1007/s10980-023-01723-w
https://doi.org/10.1007/s10980-023-01723-w
https://doi.org/10.1016/j.geoforum.2018.12.010
https://doi.org/10.1016/j.geoforum.2018.12.010
https://doi.org/10.1890/0012-9658(2003)084[0337:EOFAHO]2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084[0337:EOFAHO]2.0.CO;2
https://doi.org/10.1111/j.1365-2745.2010.01705.x
https://doi.org/10.1111/j.1365-2745.2010.01705.x
https://doi.org/10.1111/j.1755-263X.2009.00093.x
https://doi.org/10.1111/j.1755-263X.2009.00093.x
https://doi.org/10.1038/s41467-018-04616-8
https://doi.org/10.1038/s41467-018-04616-8
https://doi.org/10.1038/s41597-020-00643-7
https://doi.org/10.1038/s41597-020-00643-7


Environ. Res. Lett. 20 (2025) 124084 R R Unks et al

Vetter S 2005 Rangelands at equilibrium and non-equilibrium:
recent developments in the debate J. Arid Environ. 62 321–41

Volpato G and King E G 2023 Tracking changes in
social-ecological entanglements: beekeeping among the
Maa-speaking pastoralists of Laikipia, Kenya Reg. Environ.
Change 23 137

von Wehrden H, Hanspach J, Kaczensky P, Fischer J and Wesche K
2012 Global assessment of the non-equilibrium concept in
rangelands Ecol. Appl. 22 393–9

Vuorio V, Muchiru A, Reid R S and Ogutu J O 2014 How
pastoralism changes savanna vegetation: impact of old
pastoral settlements on plant diversity and abundance in
south-western Kenya Biodivers. Conserv. 23 3219–40

Wessels K J, Van Den Bergh F and Scholes R J 2012 Limits to
detectability of land degradation by trend analysis of
vegetation index data Remote Sens. Environ. 125 10–22

Western D andMaitumo D 2004Woodland loss and restoration in
a savanna park: a 20-year experiment Afr. J. Ecol. 42 111–21

Western D, Russell S and Cuthill I 2009 The status of wildlife in
protected areas compared to non-protected areas of Kenya
PLoS One 4 1–6

Westoby M, Walker B and Noy-Meir I 1989 Opportunistic
management for rangelands not at equilibrium J. Range
Manage. 42 266–74

Young T P and Augustine D J 2007 Interspecific variation in the
reproductive response of acacia species to protection
from large mammalian herbivores Biotropica
39 559–61

Young T P, Okello B D, Kinyua D and Palmer T M 1997 KLEE: a
long-term multi-species herbivore exclusion
experiment in Laikipia, Kenya Afr. J. Range Forage Sci.
14 94–102

Young T P, Palmer T M and Gadd M E 2005 Competition and
compensation among cattle, zebras, and elephants in a
semi-arid savanna in Laikipia, Kenya Biol. Conserv.
122 351–9

17

https://doi.org/10.1016/j.jaridenv.2004.11.015
https://doi.org/10.1016/j.jaridenv.2004.11.015
https://doi.org/10.1007/s10113-023-02133-z
https://doi.org/10.1007/s10113-023-02133-z
https://doi.org/10.1890/11-0802.1
https://doi.org/10.1890/11-0802.1
https://doi.org/10.1007/s10531-014-0777-4
https://doi.org/10.1007/s10531-014-0777-4
https://doi.org/10.1016/j.rse.2012.06.022
https://doi.org/10.1016/j.rse.2012.06.022
https://doi.org/10.1111/j.1365-2028.2004.00506.x
https://doi.org/10.1111/j.1365-2028.2004.00506.x
https://doi.org/10.1371/journal.pone.0006140
https://doi.org/10.1371/journal.pone.0006140
https://doi.org/10.2307/3899492
https://doi.org/10.2307/3899492
https://doi.org/10.1111/j.1744-7429.2007.00281.x
https://doi.org/10.1111/j.1744-7429.2007.00281.x
https://doi.org/10.1080/10220119.1997.9647929
https://doi.org/10.1080/10220119.1997.9647929
https://doi.org/10.1016/j.biocon.2004.08.007
https://doi.org/10.1016/j.biocon.2004.08.007

	Disentangling the drivers of vegetation change in a mobility-constrained pastoral landscape in Laikipia Kenya
	1. Introduction
	2. Methods
	2.1. Study site description
	2.2. Expert vegetation change analysis
	2.3. Hybrid supervised/unsupervised classification of vegetation
	2.4. Preparation of vegetation classes for analysis
	2.5. Landform and land use mapping
	2.6. Vegetation transition, land use, and landform analysis

	3. Results
	3.1. Euphorbia species canopy loss
	3.2. Changes in other woody species cover
	3.3. Herbaceous vegetation change

	4. Discussion
	4.1. Triangulation between evidence for drivers of landscape change
	4.2. Decreases in Euphorbia spp. canopy
	4.3. Changes in other woody species cover
	4.4. Changes in herbaceous cover
	4.5. Contextualizing landscape change

	5. Conclusion
	References


