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A B S T R A C T

It is well understood, that grazing and browsing in the African savanna ecosystem modulates tree-grass ratios. 
However, many of the large mammals are under pressure due to land use and climate change. It is challenging to 
predict how their altered abundance or range shifts will interact with savanna structure. Herbivore exclusion 
experiments can help to better understand the impacts of herbivores of different sizes on vegetation structure and 
composition, including interactions with rainfall. Here, we combine field data of the Ungulate Herbivory Under 
Rainfall Uncertainty (UHURU) exclusion experiment and high spatial resolution satellite images of the Planet
Scope and Sentinel-2 series to investigate the impacts of herbivores on vegetation structure in a Kenyan savanna. 
Field data as well as NDVI values derived from Sentinel-2 and NDVI contrast values of PlanetScope show that 
presence of herbivores lowers vegetation cover and modify the woody vegetation structure depending on which 
herbivores are present. The vegetation grew tallest when mega-sized herbivores were absent but meso-sized and 
small herbivores were present, which resulted in high NDVI contrast values. The absence of herbivores resulted 
in fewer bare ground patches and increased green biomass, such as a higher mean canopy width, which led to 
higher NDVI values. Few studies have explored the potential of passive remote sensing data to assess herbivory 
impacts beyond the plot scale and over longer time-periods; however, these previous studies solely focused on 
the NDVI. Here we demonstrate the added value of also using GLCM texture measures to investigate effects on a 
savanna ecosystem in response to presence or absence of herbivores. Combining these data with plot measure
ments our study demonstrates the benefits of combining field and space perspectives in ecosystem studies.

1. Introduction

Savannas are ecosystems composed of a mosaic of trees and grasses. 
Their vegetation structure and composition are controlled to a variable 
degree by the amount and seasonality of rainfall, availability of soil 
nutrients, fire regime and herbivory (Staver et al., 2011). Savannas have 
a unique biodiversity and contribute notably to today’s global land 
carbon sink (Ahlström et al., 2015; Friedlingstein et al., 2023; Search
inger et al., 2015). Herbivores have been shown to interact with carbon 
cycling in savanna ecosystem in complex ways (Daskin et al., 2016; 
Davies and Asner, 2019). Especially on the African continent, where 
many large mammal herbivores still remain, these act as important 
ecosystem engineers by removing a large proportion of the green 

biomass both in the grass and tree layers (Asner et al., 2009; Goheen 
et al., 2018; Ripple et al., 2015; Sankaran et al., 2008; Staver et al., 2021; 
Wigley-Coetsee et al., 2022). Nevertheless, many of the large mammal 
populations are under pressure (Gobush et al., 2021; Rubenstein et al., 
2016) due to poaching (Ripple et al., 2015), and habitat loss (Ogutu 
et al., 2017). Climate change and increasing atmospheric CO2 are likely 
to alter savanna vegetation, impacting habitats for grazers and browsers. 
Warmer temperatures, changing rainfall patterns, and higher CO2 con
centrations will affect the competition between C3 and C4 plant species, 
thereby influencing the balance between grassy and woody vegetation 
(Bond and Midgley, 2012; Buitenwerf et al., 2012).

A widely used method to assess the landscape and vegetation 
changes due to herbivory are exclusion experiments (Goheen et al., 
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2018; Nasseri et al., 2011; Young et al., 1997). At plots in Kruger Na
tional Park, for instance, exclusion of large mammals led to woody 
vegetation growing taller and also to greater foliage height diversity 
compared to control sites (Levick et al., 2009). Similar results were 
found by Kibet et al. (2021) in Kenya, where Acacia sp. grew higher and 
woody biomass increased when browsing pressure was reduced. 
Generally, saplings suffer from herbivory and, as a result fewer trees 
reach the adult stage (Kibet et al., 2021). Sorokina et al. (2024)
demonstrated that elephants can significantly alter tree structure using 
terrestrial laser scanning. Their study found that the tree height to crown 
length ratio was smaller in areas where elephants were more abundant. 
Furthermore, fire and rainfall, alongside herbivory, play a significant 
role in shaping the vegetation of the savanna (February et al., 2013; 
Staver et al., 2011; Staver et al., 2021). Understanding the complex 
interplay between these factors is key to grasping the dynamics of 
savanna ecosystems. Grass growth, which is highly sensitive to rainfall, 
not only fuels fires but also limits tree expansion (February et al., 2013). 
Herbivores further restrict the growth of both grasses and trees, with 
their impact being most pronounced at around 650 mm of annual 
rainfall (Staver et al., 2021). Rainfall enhances net primary production 
which correlates well with herbivore abundance (Coe et al., 1976). As 
rainfall increases (above 650 mm), the quality of forage diminishes, thus 
also reducing herbivory (Staver et al., 2021). However, rainfall can also 
limit the abundance of grazers; Georgiadis et al. (2007) found that 
rainfall can be limiting to the density of plains zebra (Equus burchelli). 
While these interactions are broadly understood, a more quantitative 
understanding of the impacts arising from presence or absence of ani
mals in space and time remains challenging. Climate change will further 
increase the complexity. The balance of grazers, mixed feeders, and 
browsers likely plays a crucial role in maintaining a stable ecosystem, 
particularly in response to reduced rainfall (Irob et al., 2024). For 
example, Irob et al. (2024) used an ecohydrological model to study how 
vegetation responds to climate change and different herbivore regimes. 
Their results showed that savanna ecosystems were most stable across 
various climate scenarios when mixed feeders and browsers predomi
nated, whereas intensive grazing led to ecosystem degradation.

Remote sensing methods are an important tool to further assess 
herbivore impacts on savannas over large areas and several years, thus 
providing added-value to field observations (Asner et al., 2009; Goheen 
et al., 2018; Levick et al., 2009; Sorokina et al., 2024). Texture measures 
of spectral data have been shown to be a reliable predictor for habitat 
heterogeneity and foliage height diversity (Petrou et al., 2012). For 
example, Wood et al. (2012) found a correlation between image textures 
and foliage height diversity in an oak savanna. These measures can also 
be used to predict habitat suitability for other species, e.g., birds 
(Farwell et al., 2021). Furthermore, Wood et al. (2012) showed that high 
spatial resolution of remote sensing information has important advan
tage in savannas where the vegetation is characterized by abrupt 
changes from tree patches to grassy patches. There is an abundance of 
satellite imagery available, much of it open-source, which highlights the 
immense potential of passive remote sensing techniques to extend 
fieldwork, fill data gaps, and advance studies on the interactions be
tween herbivores and plants.

Few studies have explored the potential of combining high spatial 
resolution multispectral satellite images with in-situ vegetation data 
from herbivore exclusion plots. Most existing research has focused solely 
on the Normalized Difference Vegetation Index (NDVI; Goheen et al., 
2013; Charles et al., 2017). In this study, we aim to utilize PlanetScope 
data, made available for the tropics through the Norway’s International 
Climate and Forests Inititative Satellite Data program (NICFI) (NICFI, 
2022), combined with data from Sentinel-2. By combining NDVI with 
NDVI contrast (Haralick et al., 1973) we extend the study of herbivore 
impacts from “greenness” (a surrogate for leaf biomass and photosyn
thesis) to measures that reflect impacts on canopy structure (and hence 
on the ecosystem more broadly). We retrieve texture measures and 
evaluate the changes in the plots of the Ungulate Herbivory Under 

Rainfall Uncertainty experiment (UHURU) (Goheen et al., 2013) plots, 
jointly with field data from Alston et al. (2022). We assess 1) the effects 
of herbivore activity on canopy width, height and structural diversity. 
And we explore 2) if the herbivore impacts can be assessed based on 
multi-temporal satellite data, despite large seasonal and interannual 
variability in rainfall patterns in the semi-arid ecosystems.

2. Materials and methods

2.1. Study area

The UHURU experimental plots are located at the Mpala Ranch and 
Research Center (MRC) in Laikipia, Kenya (0◦17′N, 37◦52′ E, 1600 m 
elevation). The terrain in the area is hilly with altitudes between 1500 m 
a.s.l and 1830 m a.s.l. The sandy loam soils are well drained (Ahn and 
Geiger, 1987). After Olson et al. (2001) the MRC is located in the 
ecoregion defined as tropical and subtropical grasslands, savannas, and 
shrublands. The climate is semi-arid (~440 to 640 mm precipitation/ 
year) with two rainy seasons from March to May (long rainy season) and 
October to November (short rainy season) (Alston et al., 2022; Augus
tine and McNaughton, 2004). The woody vegetation is dominated by 
Acacia (Senegalia) mellifera, Acacia (Vachellia) etbaica, and Acacia (Sen
egalia) brevispica. In the grass layer, dominant species are e.g. Pennisetum 
stramineum and Cynodon dactylon (Augustine, 2003). Mammal herbi
vores include small species e.g., dik-dik (Madoqua cavendishi) and 
warthog (Phacochoerus africanus), meso-sized herbivores, e.g., impala 
(Aepyceros melampus) or zebra (Equus spp.) and mega-sized herbivores, 
e.g., elephant (Loxodonta africana) and giraffes (Giraffa camelopardalis) 
(Goheen et al., 2013). At the MRC, a private conservancy, cattle 
ranching, and wildlife coexist (Kibet et al., 2021; Young et al., 1997).

The three exclosures sites of UHURU are distributed from north to 
south, at three locations where soil and rainfall differs (Fig. 1, Table 1). 
At every location, four different treatment plots of a size of 100 m × 100 
m are implemented excluding herbivores of different sizes. The closed 
plots (LMH) exclude all herbivores taller than 50 cm, but still accessible 
for e.g. hares (Lepus spp.). MESO plots exclude all meso-sized herbivores 
larger than 120 cm, hence the main browser is the dik-dik (Goheen et al., 
2013). In the MEGA plots giraffes and elephants are excluded but im
palas, zebras, and small herbivores can enter. Lastly, control plots (CTL) 
are unfenced and accessible to all herbivores except cattle, which 
herders are asked to keep from entering the plots (Goheen et al., 2013). 
For more details to the experiment set up, refer to Goheen et al. (2013). 
The experiment was established in 2008 and is still ongoing.

2.2. Data description

2.2.1. PlanetScope data
PlanetScope data (Planet Labs PBC, 2020–2023) was accessed 

through the Norway’s International Climate and Forests Inititative Sat
ellite Data program (NICFI), a fund giving access to high spatial reso
lution PlanetScope surface reflectance data in the tropical regions 
between 30 degrees north and 30 degrees south (Pandey et al., 2021). 
The images have a spatial resolution of 4.77 m and four spectral bands 
(Red (R), Green (G), Blue (B), and Near Infrared (NIR)). The NICFI 
program offers one image mosaic covering the entire tropical belt per 
month since September 2020. The mosaics are stacked together with 
selected scenes of the month, and usually are from different dates due to 
atmospheric artefacts (e.g., clouds). Due to this temporal inconsistency, 
the images we used for individual locations at UHURU can be from 
different days within the month. In this study, we used data covering the 
three-year time period from September 2020 to August 2023.

2.2.2. Sentinel-2 data
We used images from the multispectral sensors of Sentinel-2 A and 

-2B (level 2 A), which were available from 2019 on the Google Earth 
Engine cloud. The combined revisit time of the two Sentinel-2 satellites 
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is 5 days. We used the R (Band 4) and NIR (Band 8) bands from the level 
2 A product, which provides atmospherically corrected data represent
ing bottom-of-atmosphere reflectance. Both bands used in this study (R 
and NIR) have a high spatial resolution of 10 m (Drusch et al., 2012; 
Szantoi and Strobl, 2019). We selected Sentinel-2 images from 
September 2020–August 2023 to match the availability of PlanetScope 
data. Only images with a cloud cover <10 % were considered for our 
analysis, resulting in 84 images. Additionally, a cloud mask was applied 
to remove pixels affected by clouds.

2.3. Field data

From the very beginning of the exclosure experiments in 2008 until 
2019 vegetation data from field campaigns are available (Alston et al., 

2022). For this study the data from 2016 onward was used. Vegetation 
response to changes in herbivory develops over several years. For 
instance, Augustine and McNaughton (2004) implemented twelve 0.5 
ha exclusion plots and twelve 0.5 ha control plots at the MRC and 
detected an increases in woody biomass whithin the first three years of 
exclusion. Wigley et al. (2020) observed a continued increase in woody 
biomass during the first ten years of the same exclusion experiment, 
driven by seedling regrowth until competition eventually led to stabi
lization. Hence our choice seems appropriate to compare field obser
vations from eight years after the start of the experiment to the satellite 
data. Due to data availability, there is a temporal mismatch between the 
field data selected from Alston et al. (2022), which covers the years 
2016–2019, and the satellite images (2020− 2023) from the PlanetScope 
imagery under the NICFI program. However, we are interested in dif
ferences between plots and thus consider the observed patterns related 
to herbivore impacts, seasonality, and rainfall response to be compara
ble. Alston et al. (2022) monitored biannually 49 quadrats of 1 m2 

within each plot of the experiment, to represent the whole 100 m × 100 
m plot. We used data from the understory surveys, providing informa
tion about herbaceous species abundance, and the percentage of bare 
ground in the plots. We found the undestory data-set useful in this 
ecosystem, since the canopy is open and sparse, thus satellite images can 
detect a signal from the understory as well. Additionally, we used the 
measured vertical vegetation data of all vegetation layers to obtain in
formation about the vegetation structure, as well as measurements of the 
canopy height and width of trees. Trees above 0.05 m height were 
measured. For more details on the measurements please refer to Alston 
et al. (2022). We chose these characteristics of the vegetation in order to 
investigate which structural metrics (e.g., canopy height median, can
opy SD) correlate with the NDVI and NDVI contrast.

2.3.1. CHIRPS data
The CHIRPS data represents a high-spatial and high-temporal reso

lution precipitation dataset. By combining satellite data and in-situ rain 
gauges it estimates daily rainfall events with a spatial resolution of 0.05◦

(Funk et al., 2015). This allowed to download separate rainfall estimates 
for every UHURU location for the study period (September 2020 – 
August 2023). Additionally, we compared our study years to previous 
years, to assess whether the years are rather dry or wet.

2.4. Data processing

2.4.1. Processing of the remote sensing data
PlanetScope and Sentinel-2 data were accessed and processed in 

Google Earth Engine (GEE) (Gorelick et al., 2017). The dense time-series 
of Sentinel-2 was used to assess the vegetation cover using the NDVI. The 
high spatial resolution of the PlanetScope data was advantegous to 
characterize the vegetation structure on the basis of the NDVI contrast, 
because of its high spatial resolution. Calculating the NDVI for the 
PlanetScope data did not provide additional benefits, as it did not 
significantly increase the density of the time series. Conversely, the 
lower resolution of Sentinel-2 images did not offer further insights from 
NDVI contrast. We used a shapefile of the exclusion plots using co
ordinates provided by Alston et al. (2022) to spatially match the satellite 
imagery. We applied a buffer of − 8 m to the shapefiles of the experi
mental plots to exclude pixels that straddled adjacent plots and minimise 
potential boundary effects. The NDVI, first described by Rouse et al. 
(1974), of the Sentinel-2 images was used to estimate the difference in 
greenness between the plots. The NDVI is calculated using the values of 
the NIR and Red bands. The higher the photosynthetic rate, which is 
linked to plant green biomass, the higher the reflection in the NIR 
spectrum and the lower in the Red (Hoffer and Johannsen, 1969; Huete 
et al., 1994). We calculated mean values of NDVI pixel values per plot 
(Gordijn et al., 2012; Petrou et al., 2012). Outliers (values in the 5th and 
95th percentiles) were not considered for further analysis.

The NDVI contrast was calculated to estimate the structural 

Fig. 1. Location of the Mpala Ranch Research Centre in Kenya (above) and the 
experimental site and plot design (below).

Table 1 
Annual rainfall from 2015 to 2023 derived from the CHIRPS dataset. The study 
period is colored dark grey.

Year UHURU north [mm/ 
year]

UHURU central [mm/ 
year]

UHURU south [mm/ 
year]

2015 272 317 360
2016 389 464 632
2017 423 495 673
2018 781 927 1148
2019 667 789 1040
2020 754 867 1112
2021 425 496 656
2022 380 456 580
2023 578 685 873
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heterogeneity of the vegetation using the NDVI of the PlanetScope data, 
since it has a higher spatial resolution.

The Grey Level Co-Occurrence matrix (GLCM), a method developed 
by Haralick et al. (1973), quantifies the relationship of pixel values 
(here, NDVI) among neighbouring pixels. Because only one PlanetScope 
image per month was available, one NDVI contrast value per month per 
plot was calculated. The higher the NDVI contrast in a pixel, the higher 
the difference to its defined neighbourhood: 

NDVI contrast =
∑N− 1

i,j=0
P(i, j)(i − j)2 

where N is the number of image grey levels (here NDVI), i is the row and 
j the column number of the GLCM, and p the probability for the cell (i,j).

The neighbourhood defined here had a kernel size of 3 × 3 pixels 
(pixel size 4.77 m × 4.77 m). This means that the pixel of interest will 
only be compared to its direct focal neighbours but not to a larger area. 
There are some assumptions behind using the NDVI contrast to estimate 
structural diversity. First, the spectral diversity hypothesis, that 
different species have different signals in the red and infrared, and thus 
influence the NDVI value of a cell (Kacic and Kuenzer, 2022, Torresani 
et al., 2024). Second the structure of the cells will influence the NDVI 
value:

Depending on the vegetation types and the percent of bare ground 
the NDVI differs within one cell. A pixel containing a small shrub will 
have a lower NDVI than a pixel with a larger tree or more grass in it. 
Thus, changes from cell to cell indicate a change in the vegetation’s 
structure, as demonstrated by Wood et al. (2012) who tested this method 
in different savanna ecosystems. Previous studies have shown that the 
NDVI contrast correlates with the vegetation structure (Farwell et al., 
2021; Fundisi et al., 2020; Wood et al., 2012). Following the workflow 
by Gordijn et al. (2012), Petrou et al. (2012), and Wood et al. (2012), we 
calculated the mean NDVI pixel values and mean NDVI contrast pixel 
values for each treatment (CTL, MEGA, MESO, LMH) in each location 
(north, central, south).

2.4.2. Processing of the field data
The field observation data from Alston et al. (2022) were compared 

with the results of the remote sensing analyses. For details about the 
field sampling protocol refer to Alston et al. (2022). The percentage of 
bare ground in the monitored quadrats (49 per plot) was averaged across 
time for each plot, to have one value for each 100 m × 100 m plot. Mean 
canopy width and mean canopy height were calculated for every 
treatment plot at each of the three locations. Since the NDVI contrast can 
be a proxy for the diversity in the vertical vegetation, the median height 
of the vegetation layers and the standard deviation (SD) of the height of 
the vegetation layers were calculated. Lastly, the Shannon-Diversity 
Index (SDI) was calculated for the tree species and understory species: 

Hʹ = −
∑S

i=1
piln(pi)

pi =
ni

N 

where H′ is the species diversity index, s is the number of species, ni is the 
number of individuals of species i and N is the number of individuals of 
all species. Consequently, pi is the proportion of species I in the given 
community (Shannon, 1948).

2.5. Statistical analysis

We assessed the data (NDVI and NDVI contrast values) for normality 
using the Shapiro-Wilk test (p < 0.0001). As the null hypothesis of a 
normal distribution was rejected the Spearman’s rank correlation was 
computed, in order to investigate the relationship between the per-plot 
averaged field measures and the remote sensing measures. The rela
tionship between the NDVI mean of each plot and the mean value of the 

NDVI contrast was compared to the field measures (SDI understory, SDI 
trees, percentage of bare ground, vertical vegetation SD, vertical vege
tation median, canopy width mean).

To investigate the response of the NDVI and NDVI contrast to 
treatments and locations, we fitted generalized mixed models using the 
lme4 (Bates et al., 2015) package in R (R Core Team, 2023). The response 
variables were the NDVI and NDVI contrast, with treatment and location 
as fixed effects. Blocks were included as a random effect to account for 
replicate block variability. As the null hypothesis of a normal distribu
tion was rejected, we proceeded with a generalized mixed model, testing 
different families and link functions. For both NDVI and NDVI contrast, 
we selected the model with the lowest Akaike Information Criterion 
(AIC). The best model for NDVI was found to be from the gamma family 
with the identity link function, while for the NDVI contrast, the inverse 
Gaussian family with the identity link function provided the best fit. As a 
post-hoc analysis, we performed Dunnett’s test and tested each location 
separately, as we observed significant location effects on NDVI contrast 
for northern and southern location and on NDVI for the southern loca
tion. We considered a p-value of 0.001 as significant.

3. Results

The CHIRPS data shows that the years of the study period (09/ 
2020–09/2023) were drier compared to the years immediately before 
(2018–2020) but were well within the interannual variability in the 
region (e.g., example years from 2015, Table 1).

3.1. Herbivore impacts as reflected by the NDVI mean

The results of the generalized mixed model testing the NDVI with the 
lowest AIC (AIC = − 5629) showed that every treatment has an effect on 
the NDVI compared to the CTL plots (βLMH = 0.14, βMEGA = 0.05, βMESO 
= 0.09, p - values <0.0001) and that the southern location has an effect 
compared to the central blocks (β = 0.05, p – value <0.0001) but the 
northern location does not (β = 0.1, p – value >0.1). The mean NDVI 
time series of the Sentinel-2 images (Fig. 2) shows - with few exceptions - 
the differences between the treatments in both wet and dry seasons. 
Additionally, the effects of the MEGA (β = − 0.05, p – value <0.0001) 
and MESO (β = 0.03, p – value <0.001) treatments were influenced by 
the northern location, suggesting an interaction between the treatments 
and this location. At the southern location the LMH treatment was 
influenced by the location (β = 0.02, p < 0.05).

In general, mean NDVI values were positively correlated with the 
degree of herbivore exclusion. The CTL (open) plots exhibited the lowest 
mean NDVI values throughout the study period, whereas the LMH 
(closed) plots demonstrated the highest mean NDVI values, followed by 
the MESO and MEGA plots. However, there were some exceptions, for 
example at the northern plots in the first two years of this study values in 
the MESO and MEGA plots were comparable, while at the southern 
location the MESO plots had on some occasions higher NDVI values than 
the LMH plots (Fig. 2). The results of the post-hoc Dunett’s test on sta
tistical difference are displayed in Fig. 4 and are separated for each 
location. At the northern location, all treatment combinations showed 
significant differences (p < 0.001), except for LMH and MESO (p =
0.0357) and MEGA and MESO (p = 0.0014), which were also significant 
but at a higher p-value. The central treatments were all significant (p <
0.0001), whereas at the southern location we did not find a difference 
between LMH and MESO plots (p = 0.0881). The results of the Spear
man’s rank analysis indicate that the mean percentage of bare ground 
from the field data is the primary factor contributing to the observed 
difference in NDVI mean values (r = − 0.64, p < 0.0001). Presence of 
herbivores led to larger areas of bare ground in the plots (Figure S1). A 
weak positive correlation was also found between canopy width and the 
NDVI mean (r = 0.47, p = 0.0038). The correlations between NDVI and 
SDI of understory and trees were not significant (r = 0.04, p = 0.83, r =
0.05, p = 0.74, respectively)
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3.2. Herbivore impacts as reflected by the NDVI contrast

The best model for the NDVI contrast (AIC = 11,274) showed sig
nificant effects on the response variable and interactions between 
treatments and locations. It revealed that the MEGA and MESO treat
ments differ from the CTL plots (βMEGA = 15.52, βMESO = 21.4, p < 0.001) 
whereas the model did not identify significant effects of the LMH 
treatment. The northern and southern location had an effect on the NDVI 
contrast (β = − 10.97, p < 0.0001, β = − 11.25, p < 0.0001, respectively). 
Especially at the northern location the effect of the NDVI contrast in the 
MEGA and LMH plots was amplified (βMEGA = 27.85, p < 0.0001, βLMH =

10.17, p < 0.05). The Dunnett’s test further confirmed the strong effect 
of location (Fig. 5). At the northern location the NDVI contrast differed 
among treatments (p < 0.0001) except between the LMH and MESO 
treatments (p = 0.9452). At the central location, there was a statistically 
significant difference between the CTL and MESO plots (p < 0.0001) 
only, while the differences between CTL and MEGA (p = 0.0012) and 
LMH and MESO (p = 0.0077) were not as pronounced. At the southern 
location, significant differences were observed between the CTL and 
LMH plots (p < 0.001), between the CTL and MEGA plots (p < 0.0001), 
and between the MEGA and MESO plots (p < 0.001). To conclude, while 
treatments influenced the NDVI contrast throughout the experiment, the 
locations had a strong impact, and the treatment effect was not consis
tently prominent.

The NDVI contrast (Fig. 3) was highest in the MEGA plots, followed 
by the MESO plots. CTL and LMH plots had the lowest values. This 
finding is corroborated by the field observations: median height and SD 
of the vertical vegetation layers tended to be highest in the MEGA plots 
and second in the MESO plots over all locations (Figure S1). Vertical and 
horizontal vegetation structure correlates well with the NDVI contrast 
(e.g., vertical vegetation median height and standard deviation height 

and canopy width, r = 0.64–0.66, p < 0.0001, Table 2, Figure S2). 
However, the NDVI contrast also differed from the general patterns in 
some locations and points in time, similar to what was also observed in 
the NDVI data. At the central site, NDVI contrast in the MESO plots was 
sometimes as high or even higher than the NDVI contrast values found in 
the MEGA plots, especially in 2022 and 2023 (Fig. 3). This stands in 
contrast to the field data that showed substantial differences in median 
vegetation layer height, and the height SD, between the MEGA and 
MESO plots at the central location. No correlation was found between 
the NDVI contrast and the SDI of the understory (r = − 0.17, p = 0.33), 
between NDVI contrast and SDI of trees (r = − 0.23, p = 0.18) and be
tween NDVI contrast and the bare ground (r = 0.25, p = 0.15).

4. Discussion

We used the NDVI and NDVI contrast as proxies for the biomass and 
structure of the vegetation and our results confirm the impact of large 
mammal herbivores on both in the Kenyan savanna. The NDVI showed a 
difference between the treatments whereas the NDVI contrast of the 
treatments differed from the CTL plots but could not always distinguish 
between the treatments. In 2009, Goheen et al. (2013) explored the 
UHURU plots using the NDVI of the Quickbird satellite image finding 
similar results. The NDVI increased with the degree of herbivore 
exclusion from a plot, and could therefore be used to distinguish be
tween the treatments. Herbivore impact at UHURU was detectable 
throughout the entire study period of this study, irrespective of rainfall 
seasonality. Nevertheless, all treatments showed a strong seasonal 
pattern, having higher NDVI mean values at the end and after rainy 
periods. However, at the northern and southern location the MESO and 
LMH treatments were not distinguishable. Unfortunately, NDVI mean 
values during the rainy season are mostly lacking because in this time 

Fig. 2. NDVI time series of the Sentinel-2 data and daily rainfall for the a) northern location, b) central location, c) southern location. For every date the NDVI mean 
within one treatment is calculated. The typical rainy seasons, according to the literature, are colored in grey. Blue bars show daily rainfall. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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cloud free images are rarely available.
The NDVI contrast effectively identified the more diverse vegetation 

structure in the MESO and MEGA plots. Previous studies have demon
strated the suitability of the NDVI contrast to investigate the vegetation 
structure: Wood et al. (2012) found the NDVI contrast to be associated 
with the diversity of horizontal woody structure in woodland, grassland 
and savanna ecosystems. Farwell et al. (2021) reached similar results in 

forests, grasslands and shrublands across the US. Another study (Dos 
Reis et al., 2020) used the NDVI contrast of the PlanetScope satellites to 
successfully estimate canopy height and above ground biomass in 
pastureland in Brazil. In this study we found significant correlations 
between measures of the canopy width and vertical vegetation SD and 
the NDVI contrast.

The spatial resolution of about 4.77 m of the PlanetScope data was 

Fig. 3. The NDVI contrast for every month of the PlanetScope images at the a) northern location, b) central location, c) southern location. The mean of the NDVI 
contrast is shown for every treatment. The typical rainy seasons, according to the literature, are colored in grey.

Table 2 
Results of the spearman’s rank correlation, r- and p-values. See also Fig. S2.

Measure SDI understory SDI trees Bare ground [%] Vertical vegetation SD Vertical vegetation median Canopy width mean

NDVI mean (Sentinel-2) r = 0.04 
p = 0.83

r = 0.05 
p = 0.74

r = − 0.64 
p < 0.0001

r = 0.15 
p = 0.37

r = 0.06 
p = 0.65

r = 0.47 
p = 0.004

NDVI contrast (PlanetScope) r = − 0.17 
p = 0.33

r = − 0.23 
p = 0.18

r = 0.25 
p = 0.15

r = 0.64 
p < 0.0001

r = 0.66 
p < 0.0001

r = 0.66 
p < 0.0001
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high enough to capture the vegetation’s structure. Although single 
plants or smaller patches do not cover whole pixels, their spectral in
formation is still captured in relation to the relative abundance of trees 
and grasses therefore shown in the NDVI and NDVI contrast. Our study 
showed that contrast derived from GLCM texture can be a good method 
to derive vertical and horizontal structural information of the vegeta
tion, as shown in previous studies described above (Dos Reis et al., 2020; 
Farwell et al., 2021; Wood et al., 2012). At the same time, Sentinel-2 
imagery provided a dense time series of NDVI mean values as an indi
cator for photosynthetic activity. These remote sensing methods there
fore are valuable tools for evaluating ecological experiments at the 
landscape scale. We additionally show the benefits of different sensors, 
as the Sentinel-2 sensor was valuable for a dense NDVI time series and 
the PlanetScope sensor was beneficial in the analysis of the vegetation 

structure due to the high-spatial resolution.
Having access to the field data alongside the remote sensing mea

sures allows us to evaluate the remote sensing results from a broader 
ecological perspective. The increasing NDVI values in exclusion plots 
goes hand in hand with the field-measured lower percentage of bare 
patches and the greater width of the canopy. Asner et al. (2009) found a 
similar correlation between degree of exclusion and percentage of bare 
ground in exclusion plots in the Kruger National Park using LiDAR data. 
Additionally, they found a denser woody cover inside the exclusion 
plots. An increase of greenness with absence of herbivory seems to be a 
robust pattern for the African savanna biome, as demonstrated by San
karan et al. (2008) who found a negative relationship between the 
presence of browsers and woody biomass comparing data from savannas 
all over the African continent. Other studies (Fornara and Du Toit, 2008; 

Fig. 4. Effects of the NDVI mean values on the treatments in each location (Dunnett’s test). Statistical significance is based on a p-value of 0.001. Boxplots show the 
interquartile range (boxes), median (central line), 1.5 x interquartile range (whiskers) and outliers (points).

Fig. 5. Effects of the NDVI contrast mean values on the treatments in each location (Dunnett’s test). Statistical significance is based on a p-value of 0.001. Boxplots 
show the interquartile range (boxes), median (central line), 1.5 x interquartile range (whiskers) and outliers (points).
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Kibet et al., 2021; Levick et al., 2009) observed reduced width and 
density of the canopy due to browsers. This indicates that the NDVI is an 
appropriate measure to detect the changes of the woody vegetation and 
the proportion of the bare ground in the UHURU plots.

Vegetation structure varied depending on which sizes of herbivores 
are present in the UHURU plots. In particular, the ground measurements 
in the MEGA plots indicated overall taller and also more variable (larger 
SD in the measured height) vegetation structure, compared to the other 
treatment plots (see Figure S1). These previous ground observations 
made in Goheen et al. (2013) were also reflected in recent measurements 
by Coverdale et al. (2024) who studied the UHURU plots using LiDAR 
and field measurements, and were also reflected in very high NDVI 
contrast values in this study. These impacts of herbivores on vegetation 
structure might be attributable to disparate feeding patterns (browsing 
or grazing) and different browse heights of different species. Elephants 
and giraffes can feed up to 4 m (Cameron and du Toit, 2007; O’Connor 
et al., 2015). In the MEGA plots where elephants and giraffes are absent, 
none of the herbivore species are able to consume the topmost layers of 
trees (> 2.5 m), which results in the increase in tree height. Similar 
observations were made by Augustine and McNaughton (2004), who 
installed exclusion plots at Mpala and observed that elephants particu
larly damaged tree layers above 2.5 m. This effect is further enhanced by 
meso-sized herbivores, for example the impala browsing at head height 
(~80 cm) (Mramba, 2021), taking away the biomass of lower layers, 
such that trees compensate the loss of biomass in the lower layers by 
growing taller (Fornara and Du Toit, 2008). Coverdale et al. (2024)
showed that meso-sized and small-sized herbivores mainly modify the 
structure of shrubs. A similar effect was observed in the MESO plots 
using the NDVI contrast at the central site, although weaker. There, 
mainly the dik-dik occurs, a small browser that is capable of influencing 
vegetation structure and vegetational biomass by browsing saplings and 
twigs, especially in the understory (Coverdale et al., 2024). Augustine 
and McNaughton (2004) showed that the dik-dik can remove up to 63 % 
of the leaf area in their accessible height. However, the effect was not 
strong enough in the MESO plots at the northern and southern location 
to detect it with the NDVI contrast or the NDVI alone compared to the 
LMH plots. Elephants modify the structure of trees by altering the 
branch area and crown height (Sorokina et al., 2024), which aligns with 
the study of Coverdale et al. (2024) where they showed the strong effects 
of megaherbivores on structural complexity and mean canopy height. 
Additionally, the experimental studies of February et al. (2013) and 
Kambatuku et al. (2011) found that the removal of grasses due to the 
presence of grazers benefitted trees by increasing the availability of 
water and nutrients, which was probably the case in the MEGA plots. 
February et al. (2013) conducted an experiment in which they removed 
grass surrounding regrowing Acacia (Senegalia) nigrescens and Termi
nalia sericea after a fire. They found that grasses inhibit tree growth by 
competing for soil resources. In contrast, grasses were not negatively 
affected by the presence of trees and were primarily dependent on 
rainfall. Similarly, Kambatuku et al. (2011) demonstrated in a green
house experiment that grasses restrict tree growth. However, they found 
no evidence of nutrient deficiency in trees due to the presence of grasses.

By contrast to the MEGA, the woody vegetation structure (measured 
with vertical vegetation SD and NDVI contrast) in the CTL and LMH 
plots was much more homogeneous but likely for different reasons. In 
the CTL plots large bare patches and overall small trees result in many 
pixels with a low NDVI adjacent to each other, whereas the LMH plots 
are densely vegetated, with a high NDVI across all pixels. Consequently, 
in both cases structural heterogeneity of the vegetation and thus NDVI 
contrast is low.

In summary, the vegetation density and structure are significantly 
influenced by browsers and grazers: when fewer browsers are present 
(MEGA and MESO), trees can grow taller and the height layers become 
more diverse. Grazers remove the grasses, consequently more water and 
nutrients are available for the woody vegetation. However, when all 
herbivores are excluded (LMH), then the picture becomes more 

homogenous again.
Exclusion plots may exhibit bias since the presence or absence of 

certain herbivores can influence the abundance of others. Small herbi
vores for example could prefer habitats where the vegetation is denser, 
due to the lack of megaherbivores, because those habitats are good 
shelters (Wells et al., 2021). Large-scale ‘natural’ experiments allow the 
results of

small-scale exclusion experiments to be interpreted in context of 
ecosystem level processes.

For instance, during the civil war in Mozambique, the decline of 
herbivores during the unrest contributed to less browsing pressure 
which resulted in higher sapling survival and tree growth (Daskin et al., 
2016). Holdo et al. (2009) used a Bayesian state-space model to examine 
the interaction between herbivores and fire regimes in the savanna 
biome. They found that the recovery of the wildebeest population 
following the eradication of rinderpest led to an increase in tree cover. 
As the wildebeest population grew, they consumed more grasses, which 
reduced the fuel available for savanna fires. Consequently, the decreased 
fire frequency allowed more tree seedlings to grow tall enough to escape 
the typical flame height.

Additionally, it is important to mention that although we explore 
here the relationship between herbivory and vegetation also with regard 
to rainfall, the data does not allow us to address how climate change, 
particularly shifting fire regimes, may alter these interactions.

The design of the UHURU experiment allows the impact of herbi
vores of varying sizes to be studied. Given the difficulties of obtaining 
spatially replicated time-series of vegetation changes from field mea
surements alone, high-resolution imagery that can be supported by more 
infrequent ground observation seems a promising avenue to fill data 
gaps in remote areas.
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