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Abstract

Nature-based solutions for mitigating climate change focus largely on land management to reduce
carbon emissions and enhance carbon sequestration. Tree planting, commonly advocated for
carbon offset, threatens grassland biodiversity and may induce positive radiative forcing (warming)
by lowering albedo. Before making decisions about land-use changes in grasslands, an
understanding of the fine-scale albedo of grassy versus woody vegetation is needed. Existing
satellite-based albedo products offer global coverage with temporally fine, but spatially coarse,
resolution, whereas fine-scale in situ grassland albedo data are sparse. We examined the hypotheses
that albedo varies seasonally between grass type patches, between shrub and grass patches, and
with grazing at the patch scale. Using a tripod-mounted albedometer, we quantified albedo of
seven distinct grassland patches in South Africa’s eastern Karoo during early and late dormancy
and growing seasons. Patches included intensely-grazed grazing lawn (Cynodon dactylon), grazed
and less-grazed red tussock grass (Themeda triandra), grazed and less-grazed white tussock grass
(Eragrostis lehmanniana), shrub (Pentzia incana) encroached grass, and bare ground. Season
influenced albedo in all patches and, additionally, we found strong differences for the same period
between years due to varying rainfall and temperature patterns. For grass-dominated patches,
albedo differences were most pronounced during early dormancy, likely due to an effect of grass
inflorescences. Albedo of intensely-grazed grazing lawns was consistently higher than other
patches, except during early dormancy when white tussock grass albedo was equally high. We
found no albedo difference between grazed and less-grazed tussock patches of either red or white
grass. Shrub-encroached patches exhibited consistently lower albedo than other patches. Our
findings underscore the nuanced relationship between grassland patches and albedo, with shrub
encroachment, proposed afforestation, and certain grasses possibly increasing warming potential
through reduced albedo. As climate initiatives extend into grasslands, understanding these patterns
is essential for climate change mitigation and grassland conservation.

1. Introduction policy circles (Lafortezza et al 2018, Seddon et al

2020). These NDS, including so-called natural cli-
The pursuit of nature-based solutions (NbS) for mate solutions, focus on the protection, restoration,
mitigating climate change has gained widespread or management ofland to minimise carbon emissions
interest in the scientific community and international ~and/or enhance ecosystem carbon sequestration, but
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without trade-offs for biodiversity and human well-
being (Griscom et al 2017). At its core, NbS recog-
nise that functional ecosystems provide services to
society, ranging from erosion control, flood regula-
tion, fuel and food provision, water and air purifica-
tion, and carbon capture (Reid et al 2005). Common
NbS approaches include ‘greening the earth’ (Zhu
et al 2016, Chen et al 2019) through forest pro-
tection (Heinrich et al 2023) and large-scale tree
planting (reforestation and afforestation) to avoid or
offset anthropogenic carbon emissions, respectively
(Freedman and Keith 1996, Osman et al 2023). The
NbS pathways in grassy ecosystems (grassland and
savanna), however, are largely restricted to the sus-
tainable management of grazing livestock and fire
(Griscom et al 2017).

Tree planting may be an effective and appropri-
ate NbS for forested or historically forested areas.
However, inappropriate tree-planting is widespread
in non-forest, grassy biomes across Africa (Parr et al
2024) as a result of restoration pledges under ini-
tiatives like the Bonn Challenge (IUCN 2020) and
AFR100 (AUDA 2020). Many African landscapes rep-
resent ancient grassy biomes that support unique
biodiversity adapted to (semi-) open habitats (Bond
2019, Parr et al 2024). Extensive tree planting pro-
jects in these landscapes may undermine the biod-
iversity and ecosystem services they provide, while
also threatening human livelihoods (Fischer and
Hajdu 2018, Simba et al 2024). African grassy biomes
are also threatened by encroachment of both native
and alien invasive woody plants, driven by changes in
climate but also changing land-use, including altered
herbivory and fire regimes (Venter et al 2018). Grassy
biomes may also suffer from undervaluation, which
has been linked to ‘arboreal chauvinism’ and early
misconceptions that forest cover is linked to civiliza-
tion (Davis and Robbins 2018). Consequently, grassy
landscapes are perceived as being anthropogenic and
representing a secondary state, typically as degraded
forest, a perspective that persists within the frame-
work of contemporary climate change mitigation
policies globally (Hajdu and Fischer 2017, Simba et al
2024).

Recent research has highlighted the potentially
significant role of grassy ecosystems in mitigating cli-
mate change compared to forests under increased
global warming scenarios, as they are better able to
withstand increased temperatures, drought, and fre-
quent fires (Dass et al 2018). The vast extent of the
remaining intact grassy ecosystems (>20% of land on
Earth and 50% in the southern hemisphere (Mishra
and Young 2020, Stevens et al 2022)), combined
with their moderate carbon stocks, means that they
hold 20%-30% of terrestrial carbon (Scharlemann
et al 2014), mostly belowground in soil and roots
(Stevens et al 2022). Unlike forests, where signific-
ant aboveground carbon stocks may be released as
CO; during fires or harvesting, the predominance
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of belowground carbon stocks in grassy ecosystems
makes them more ‘reliable’ carbon stocks in signi-
ficant parts of the world (Dass et al 2018, Zhou
et al 2023). Moreover, recent work suggests that low-
intensity fire may promote carbon sequestration and
enhance carbon stocks in these grassy ecosystems
(Findlay et al 2022). Herbivory and related processes,
such as trampling through hoof action and nutrient
deposition via excreta, are not only fundamental for
the maintenance and biodiversity of grassy ecosys-
tems (Koerner and Collins 2014), but may also sig-
nificantly affect carbon dynamics. Carbon stocks in
these grassy systems are both reliant on (Schmitz et al
2018), and resilient to (Vermeire et al 2021), fire and
herbivory as natural disturbances.

In addition to carbon sequestration potential,
surface albedo is another important climate driver
that differs between woody and grassy ecosystems
(Chen et al 2024, Lei et al 2024). Surface albedo is
a hemispherical reflective quantity, representing the
proportion of incoming shortwave solar radiation
that is reflected back into space, affecting Earth’s radi-
ative budget by controlling how much solar radi-
ation is absorbed or reflected by Earth’s surface
(Dickinson 1995). Albedo influences the microcli-
mate and heat absorption of vegetation canopies,
affecting physiological, physical and biogeochemical
ecosystem processes including photosynthesis, respir-
ation, evapotranspiration and radiative energy bal-
ances (Foley et al 2003, Wang and Davidson 2007,
Chen 2021). Ecosystem and albedo dynamics are
inherently linked, where changes in climate or ecosys-
tem processes can trigger changes in surface cover and
condition and hence albedo, and vice versa (Wang and
Davidson 2007). Grassy biomes typically have higher
albedo than woodlands and forests, thus reflect-
ing more solar radiation back to outer space than
tree-dominated systems. Afforestation (and woody
encroachment) of grassy biomes may reduce sur-
face albedo and induce a positive radiative forcing,
i.e. warming (Barnes and Roy 2008, van Heerwaarden
and Teuling 2014, Chen 2021). The literature on
vegetation albedo, however, has focused largely on
northern hemisphere and forested landscapes (see,
for example, (Betts 2000, Beringer et al 2005, Barnes
and Roy 2010, Lukes et al 2013, te Beest et al 2016,
Zhu et al 2024). As a result, we still poorly understand
potential variation in albedo of grassy biomes and the
drivers thereof.

Grassy biomes are spatially heterogeneous, with,
for example, distinct grassy patches dominated by dif-
ferent species alternating at the scale of several metres
to hectares (Grant and Scholes 2006). Such patches
may differ widely in terms of structure (e.g. grass can-
opy height, density, growth form) but also darkness
due to different leaf pigment concentrations or light
versus darkly pigmented inflorescences. Moreover,
grazing by large mammalian herbivores (livestock or
wildlife) may also strongly affect grassland structure,
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leading to so-called grazing lawns (areas of very
shortly cropped, prostrate grass) or even increased
extent of bare soil in its most extreme form (Cromsigt
and OIff 2008, Veldhuis et al 2014). Finally, in many
grassy biomes worldwide, very low or very high levels
of grazing may also lead to increased encroachment
by woody vegetation (Stevens et al 2017, Venter et al
2018), further adding to heterogeneous patterns in
vegetation structure and reduced reflectivity in grassy
biomes. Here, we aim to increase our knowledge on
how different drivers of heterogeneity in grassland
structure and perceived reflectance may affect albedo
in grassy ecosystems, which in turn may yield differ-
ences in radiative forcing on climate.

Existing remote sensing albedo data products
have near global coverage and are temporally
finely resolved but with coarse spatial resolution
(Schaaf et al 2002, Chen et al 2024). Thus, for
example, the NASA Moderate Resolution Imaging
Spectroradiometer (MODIS) 500 m albedo product
resolution is too coarse to capture spatial variations
in albedo in heterogeneous grasslands. Other satel-
lite sensors that have narrow fields of view and lower
revisit cycles, like 30 m Landsat satellite observa-
tions, do not provide sufficient angular sampling
of the surface to be able to characterize albedo reli-
ably (Roy et al 2016, Tian et al 2018). More recently,
fused MODIS and Landsat 30 m albedo products have
been developed and advocated for global production
(Radeloff et al 2024) but remain to be widely tested. In
our study, we, therefore, measured albedo in distinct,
homogeneous vegetation (and bare ground) patches
with a tripod-mounted albedometer. We investig-
ated seasonal variations in albedo among five dis-
tinct patch types within an Afromontane grassland
landscape: patches of Themeda triandra (a darkly-
pigmented tussock grass), Eragrostis lehmanniana
(a visibly lighter-pigmented tussock grass), graz-
ing lawn patches (intensely-grazed and dominated
by short-statured, prostrate-growing Cynodon dac-
tylon), shrub-encroached grass patches (encroached
by dwarf shrub Pentzia incana), and also bare ground
patches. We tested the hypothesis that albedo var-
ies in response to seasonal phenology, across grass
type patches (visibly dark versus light grass species,
intensely-grazed lawns and grazed versus less-grazed
tussock grass), and between shrub and grass patches,
thus offering a novel contribution to understanding
how grassy biome albedo varies at the patch scale.
We hypothesized that grazing lawns would have a
higher albedo than the tussock grass types and shrub-
encroached grass, due to lower surface roughness
of the prostrate-growing lawns (Fernandes 2018).
Further, we hypothesized that grazed tussock grass
patches would have lower albedo compared to less-
grazed tussock grass. This is attributed to the com-
pensatory growth of new, chlorophyll-rich primary
tillers in response to cropping in grazed patches, as
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opposed to the moribund material found in less-
grazed patches and due to more soil background
being revealed due to grazing (McNaughton 1983,
Knapp et al 1999). We, therefore, contrasted grazed
versus less-grazed tussock grass patches of both T. tri-
andra and E. lehmanniana. We finally hypothesized
that shrub-encroached grass patches would have a
lower albedo than the not encroached patches.

2. Materials and methods

2.1. Study site

All measurements were collected on the Kondoa
Plateau within the Samara Karoo Reserve (SKR),
South Africa (figure 1). The SKR is in the eastern
Karoo, located 30 km southeast of Graaff-Reinet.
Kondoa Plateau is a high altitude Karoo Escarpment
Grassland (Mucina 2006) spanning ~1650 ha at
1200-1400 m elevation. The geology is comprised
of mud- and sandstones from the Beaufort Group
(Karoo Supergroup), with intrusions of dolerite
(Mucina 2006). Soils are lithic (Fey et al 2010) and
mostly reddish-brown in colour, appearing greyer in
areas with higher clay content. The vegetation is char-
acterised by grasses that remain palatable through-
out the year, supporting a range of medium- to large-
sized ungulates and an established guild of predat-
ors. The growing season for perennial grasses on the
Kondoa Plateau is governed by rainfall and minimum
temperatures. Grass dormancy begins after the first
frost event, while the growing season coincides with
the onset of spring rains and rising temperatures
(Mucina 2006) (figure 2). Annual precipitation here
ranges between 146 mm and 572 mm, with a mean
of 337 mm (data: A. Feldon and R. Erasmus, SKR
records, unpublished data). Austral winter months
(June through August) are typically dry with frequent
frost, although this can vary depending on broader
climate patterns (Mucina 2006). Average daily tem-
perature in the region ranges between 11.5 °C and
23.5 °C (Van Cauter et al 2005).

2.2. Field sampling

Albedo measurements were taken using a
radiometrically-calibrated albedometer composed
of upward and downward facing EKO MS-80 U
pyranometers that sense spectral radiance from 285—
3000 nm. The albedometer was mounted to an
extendable 2-4.4 m aluminium pole via two Hitec
HS-322HD servos, which were calibrated to keep the
pitch and roll angles as close to 0° as possible. The
pole was mounted on an extendable 0.6-1.5 m tri-
pod. The albedometer took four readings per second,
and the average albedo of typically one second of
measurements was used (similar to Lei et al 2023).
Light detection and ranging and GPS sensors were
mounted adjacent to the downward pyranometer
and used to record sensor height above the vegetation
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Samara Karoo
Reserve

South Africa

Kondoa Plateau

background. Author photo credit : S McGregor.

Figure 1. Geographical location of the Kondoa Plateau (32°23’S, 24°55’E) within the Samara Karoo Reserve (SKR), South Africa.
Image of a portion of the plateau is included for context, showing a mosaic of red (Themeda triandra) and white tussock grass
(Eragrostis lehmanniana) contrasts in the foreground, with green Cynodon dactylon grazing lawn patches visible in the
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Figure 2. Monthly precipitation (grey bars) and minimum temperatures (blue line) for the study area between January 2023 and
May 2024. Green and yellow inflorescences indicate the grass growing and dormancy periods, respectively; and black triangles
represent albedo sampling dates. Precipitation data: A. Feldon and R. Erasmus, SKR records, unpublished data. Temperature data:
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and location. In addition, the exact location of each
of the tripod legs and directly below the pyranomet-
ers (centre of each patch) were marked using painted
roofing nails to ensure the same fixed patches could
be measured each time.

Sampling was conducted on four occasions
aligned with the seasonal phenology of our study
period, during early grass dormancy (austral autumn,
April 2023), late dormancy (winter, July 2023), the
early growing season (spring, November 2023), and
late growing season (autumn, April 2024) (figure 2).
Note that the seasonal phenology of our study period
(figure 2) included a summer with average rainfall
(December 2022-February 2023) and a dry sum-
mer (December 2023—February 2024) with very late

growing season rainfall (March—April 2024). We only
took albedo measurements on clear sky days because
partial cloud cover may reduce albedo measurement
reliability and so reduce our ability to compare the
different albedo measurements (Stroeve et al 2005).
The albedo of most surfaces is usually higher in the
morning and evening when the sun is closer to the
horizon (higher solar zenith) and so usually field
based albedo measurements are made around solar
noon (Liu et al 2009, Chen et al 2024). Therefore, all
albedo measurements were taken within two hours
of either side of midday for zenith angle consistency.
This approach is critical to standardising data in our
experimental design of comparing different patches
and grazing treatments over different seasons.

4
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dormancy period. Author photo credit : S McGregor.

Figure 3. Images depicting contrasts amongst the seven distinct patch types on Kondoa Plateau, SKR, including: (a) less-grazed
red tussock grass (Themeda triandra), (b) grazed red tussock grass, (c) less-grazed white tussock grass (Eragrostis lehmanniana),
(d) grazed white tussock grass, (e) grazing lawn (dominated by Cynodon dactylon), (f) dwarf shrub (Pentzia incana), and (g) bare
ground. Images (a), (b) and (e) were taken during the growing season, while images (c), (d), (f) and (g) were taken during the

Albedo was measured in distinct patch types iden-
tified across the Kondoa Plateau, each with >90%
homogeneous cover, these comprising of so-called
‘red tussock grass’ (Themeda triandra), Lehmann
lovegrass or ‘white tussock grass’ (Eragrostis lehman-
niana), intensely-grazed grazing lawns (dominated
by Cynodon dactylon), shrub-encroached grass (by
dwarf shrub Pentzia incana), and bare ground patches
(figure 3). To explore effects of grazing, we firstly
contrasted the albedo of the intensely-grazed graz-
ing lawns with other vegetation patch types. Secondly,
we contrasted albedo on grazed versus less-grazed
patches of the two tussock grass types, red grass
and white grass. This resulted in seven patch types:
intensely-grazed C. dactylon grazing lawns, grazed red
tussock grass, less-grazed red tussock grass, grazed
white tussock grass, less-grazed white tussock grass,
shrub-encroached grass patches, and bare ground
patches. Grazing lawn and shrub-encroached patches

did not include a grazed versus less-grazed contrast
because these were either by definition always intens-
ively grazed (grazing lawns) or less-grazed (shrub-
encroached patches), respectively. Albedo measure-
ments were taken from 35 patches in total, com-
prised of five replicate patches for each of the seven
patch types, and recorded at a height of 1 m above
the vegetation canopy following Williamson et al
(2016). Measurements were recorded by positioning
the tripod-mounted albedometer over the centre of
each ~2 m? patch for a minimum of one minute
(Sen and Roesler 2023), following which the average
albedo for each patch was calculated. Measurements
within replicate patches of the same type were always
>25 m apart to provide independence of samples and
decrease potential neighbourhood effects, exceeding
the 15 m spacing of net radiometers at 3 m above the
ground (Federer 1968). The furthest two patches were
3.1 km apart.
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Grass height was recorded with a disc-pasture
meter (DPM) based on the specifications of Bransby
and Tainton (1977) at the centre of each patch, dir-
ectly below where albedo measurements were taken,
as well as adjacently in each of the four cardinal
points, and averaged across all five measurements per
patch. For shrub-encroached patches, a measuring
tape was used to record the heights of tallest dwarf
shrub stems in the same five positions (Kouamé et al
2022). The percentage vegetation cover in each patch
was visually estimated within the sampling cylinder of
the DPM (diameter = 46 cm) where each of the five
height measurements were taken, and then averaged.

2.3. Statistical analyses

A two-way analysis of variance (ANOVA) was con-
ducted to explore differences in albedo by patch
type and season. The interaction between patch
type and season was included. Subsequently, follow-
ing a significant patch [type x season interaction],
four independent one-way ANOVAs were undertaken
to investigate potential differences in albedo across
patch types. Post-hoc Tukey’s honest significant dif-
ference (HSD) tests were applied to explore pairwise
differences in albedo among the patch types for each
season, where the one-way ANOVAs revealed signific-
ant results. All analyses were conducted in R (R Core
Team 2024), using the packages ‘tidyverse’ (Wickham
et al 2019), ‘cowplot’ (Wilke 2020) and ‘multcom-
pView’ (Graves et al 2023). Statistical level of signi-
ficance of &« = 0.05 was applied for all analyses.

3. Results

3.1. Characteristics of the patch types

Vegetation cover was consistently >90% for all
patches (excluding bare ground patches) across the
three sampling periods, except for grazed red tus-
sock grass during late dormancy and late grow-
ing seasons where the average cover was 89.2% and
85.8%, respectively (figure 4). The average vegetation
height of the less-grazed red and white tussock grass
patches was 10.5 cm, except during the late grow-
ing season where the average less-grazed white tus-
sock grass patch height was 9.3 cm. Grazed red tus-
sock grass patches were slightly shorter (mean = 2.0,
range = 1.8-2.2 cm) than grazed white tussock grass
patches (mean = 2.9 cm, range = 1.8-3.8 cm), while
grazing lawn patches averaged 2.0 cm throughout the
seasons (range = 1.5-2.5 cm), confirming that mam-
malian herbivory removed biomass on ‘grazed’ sites.

3.2. Variations in albedo across patch types

Albedo varied significantly among the seven patch
types (Fe112 = 33.54, p < 0.001). We also observed
an effect of season on albedo (Fs;;, = 131.33,
p < 0.001) and an interaction between patch type

S McGregor et al

and season (Fig11, = 3.83, p < 0.001), indicating
that differences in albedo across patch types varied
between seasons. Bare ground patches exhibited the
greatest variability within each of the four sampling
periods (mean albedo = 0.18, range = 0.15-0.20),
while shrub-encroached patches had the most con-
sistent albedo (mean = 0.13, range = 0.11-0.15)
(figure 5). We also recorded significantly lower sur-
face albedo of shrub-encroached patches compared
to the grass patches, with albedo differences ranging
between —0.12 (shrub-encroached versus both graz-
ing lawn and grazed white tussock grass patches)
and —0.06 (shrub-encroached versus both grazed
and less-grazed red tussock grass patches) in early
dormancy. In late dormancy, the differences were
slightly less pronounced, ranging between —0.09
(shrub-encroached versus grazing lawn patches) and
—0.06 (shrub-encroached versus grazed and less-
grazed red tussock grass patches). During the early
growing season, there were no significant differences
in albedo between shrub-encroached patches and the
four types of tussock grass patches (Tukey’s HSD test,
p > 0.05). However, in the late growing season, albedo
of shrub-encroached patches was significantly lower
than that of all other patch types (Tukey’s HSD test,
p < 0.05).

Both grazed and less-grazed red tussock grass
patches had lower albedo than intensely-grazed graz-
ing lawn patches and both grazed and less-grazed
white tussock grass patches, but only during early
dormancy (Tukey’s HSD test, p < 0.05). During the
early growing season, less-grazed red tussock grass
had alower albedo than grazing lawn patches (Tukey’s
HSD test, p < 0.05). There were no significant differ-
ences observed between grazed and less-grazed tus-
sock grass patches of the same species (Tukey’s HSD
test, p > 0.05).

Although not statistically significant in all cases,
grazing lawns on average exhibited higher albedo
than other vegetation patches, except during early
dormancy when the average albedo of grazed white
tussock grass matched that of grazing lawn patches
(mean = 0.27 for both; range = 0.20-0.30 and
0.25-0.28 for grazed white tussock grass and graz-
ing lawn patches, respectively). The white tussock
grass patches had a pronounced albedo decrease from
early dormancy to late dormancy, whereas red tus-
sock grass and grazing lawn patches exhibited lower
albedo later in the year during the early growing
season.

4, Discussion

Due to the coarse resolution of satellite albedo
products, remote sensing is not well suited to study
albedo at fine spatial scale (Li et al 2018, Chen
et al 2024). We examined fine-scale ground-based
albedo data across seasons and over patches in a wild
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denoted by X’ Boxes sharing a letter are not significantly different (Tukey’s HSD test, p < 0.05) within a sampling period.

herbivore-dominated grassland, and included shrub-
encroached and bare ground patch types. The inclu-
sion of shrub-encroached patches is notable because
woody encroachment is a threat in grassy biomes
globally, driven by factors including changing herb-
ivory regimes (overgrazing practices, replacement of
browsing wild ungulates with livestock, fire suppres-
sion), changing climate, and tree planting for carbon
credits (Freedman and Keith 1996, Macias et al 2014,
Venter et al 2018). Thus, our findings are relevant in
a global context where similar grassy mosaics occur.

4.1. Bare ground albedo

We found considerable variance in albedo measure-
ments among bare ground patches, likely driven by
differences in soil type, texture, and moisture con-
tent. Soils on the Kondoa Plateau may exhibit fine-
scale variations in particle size and mineral compos-
ition due to their derivation from different parent
rocks, including the underlying sand- and mudstones,
and doleritic intrusions (Mucina 2006, Fey et al

2010). These variations can significantly affect soil
albedo. For example, lighter-coloured soils derived
from sandstone may have higher albedo than darker
soils of doleritic origin or with higher organic matter
content (Post et al 2000, Molaro and McKay 2010).
Soil particles of varying sizes also exhibit different
spectral reflectance properties (Sadeghi et al 2018).
Additionally, it is well established that increasing soil
moisture reduces reflectance from the visible to the
shortwave infrared spectra (Lobell and Asner 2002),
and so reduces albedo (Liu et al 2014, Zheng et al
2021). Unfortunately, our small sample size preven-
ted us from statistically analysing the complex, inter-
related, effects of variation in soil moisture, soil tex-

ture, and soil colour on the albedo of our bare ground
patches.

4.2. Effects of season

As expected, seasonal phenology influenced surface
albedo of all patch types. Surface albedo showed high
variability across patches during early dormancy, but
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became more uniform towards the late growing sea-
son. This supports the hypothesis that albedo varies
with season, among grass patch types, and between
shrub and grass patches, as also observed in satellite
studies (Schaaf et al 2002, Rechid et al 2009, Wang
et al 2017) and in comparable patch-scale research in
Arctic tundra (te Beest et al 2016, Williamson et al
2016). Perennial grasses emerging from dormancy
increase chlorophyll concentrations going into the
growing season (Ustin and Jacquemoud 2020), lower-
ing albedo compared to dormancy periods (Wang
et al 2014). As seen in figure 5, in our study all
grass patch types indeed had lower albedo during
growing seasons than during dormancy periods. The
lower albedo of red tussock grass patches during early
dormancy is likely due to increased anthocyanin (red
pigment) concentrations, which are higher during
dormancy (van Oudtshoorn 1999) and result in lower
albedo compared to greener canopies (Carvalho et al
2022). The high albedo for white tussock grass in the
early dormancy season, compared to the other three
seasons, is likely due to this grass producing strik-
ingly white inflorescences during this time, which can
have distinct reflective properties compared to leaves
(Kuester and Spengler 2018). The high variation in
albedo among less-grazed white tussock grass patches
during this time of the year may stem from variation
in the abundance and stage of inflorescences among
replicate patches.

The observed albedo patterns varied significantly
between the two different autumns (April 2023 and
2024). This variation stems from the timing of the
growing season, which is dictated by minimum tem-
peratures and precipitation—factors influenced by
broader climate patterns (Mucina 2006, Currier and
Sala 2022). In March 2023, an early frost prematurely
ended the growing season, leading us to classify late
April as early dormancy. Conversely, delayed summer
rainfall in 2024, coupled with later frost, extended the
growing season into late April, just before the onset
of frost signalled the beginning of the next dormancy
period. These findings show that albedo, and its vari-
ation among vegetation types, not only fluctuates sea-
sonally within a year but may also vary across the
same period in different years, driven by strong inter-
annual variation in summer rainfall and the onset of
cold winter temperatures. Consequently, shifts in sea-
sonal phenology driven by climate change (Chmura
etal 2019) could have broader implications for albedo
patterns.

4.3. Effects of grazing

Our most intensively grazed patches, the Cynodon
dactylon grazing lawns, had a consistently higher
albedo than grazed and less-grazed tussock grass
patches, although in most cases not statistically sig-
nificant at the 0.05 level (figure 5). Here, statistical
power, with only five replicates per patch type, may
have been an issue. Previous work in a South African
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savanna similarly showed higher albedo for graz-
ing lawn patches compared to other grassland types
(Fernandes 2018). Interestingly, in this case of graz-
ing lawns, intense grazing increases albedo in contrast
to our hypothesized reduction of albedo for grazed
tussock grass. We suggest that the higher albedo
observed in grazing lawn patches is unlikely caused
by a more exposed soil understory, since vegeta-
tion cover in our lawn patches remained consistently
above 90%. Instead, greater trichome density associ-
ated with high altitude C. dactylon ecotypes (Ahmad
et al 2016) may be influential as a positive relationship
between increased trichome density and albedo has
been observed (Hamwey 2007). Moreover, the stolon-
iferous, prostrate-growing growth form of the graz-
ing lawn grasses may also explain the higher albedo of
lawns due to resulting low surface roughness and the
reflective properties of exposed stems (Shendye and
Gurav 2014). Grazing lawn patches are established
and maintained by herbivore pressure (Cromsigt and
OIff 2008). In southern and eastern Africa the size
of grazing lawns varies from a few m? (Grant and
Scholes 2006) to km? (McNaughton 1984), which
could have implications for shaping grassland albedo
and contributions to regional warming—particularly
in large grazing systems like the Serengeti where graz-
ing lawns form key components of the vegetation het-
erogeneity (McNaughton 1984, Frank et al 1998).
We hypothesized that grazed tussock grass
patches would have a lower albedo than less-grazed
tussock grass patches. The assumption was that
higher densities of green, chlorophyll-rich primary
tillers and more soil background being revealed in
grazed patches (McNaughton 1983, Knapp et al 1999)
would lower albedo relative to less-grazed patches.
Contrary to this, we found no influence of graz-
ing on the surface albedo of red and white tussock
grasses. This, we speculate, could be due to insuf-
ficient differences in canopy structure and rough-
ness between grazed and less-grazed tussock patches,
with only 8-12 cm height variation between the two.
Due to our small sample size, we could unfortu-
nately not statistically test for a relation between
grass height variation and albedo. Previous studies
have shown that intense grazing can reduce peren-
nial grass cover while increasing that of bare ground,
annuals, and woody vegetation, which may reduce
albedo (Aguiar et al 1996, Li et al 2000, Wang and
Davidson 2007), while others have shown intense
grazing to increase short grass and reduce woody
plant cover resulting in higher albedo (te Beest et al
2016). Although our study directly compared grazed
and less-grazed tussock patches, it was limited in
that data were collected in an open grazing system,
without fenced-off grazing exclusion plots. Grazing
pressures on the Kondoa Plateau vary between low
and high (McGregor et al 2024) relative to the graz-
ing capacity of the region (12 ha™! per Large Stock
Unit (LSU), or 0.08 LSU per ha=! (DAFF 2018)) but
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we could not determine grazing pressure at the fine
patch scale of our albedo measurements. Mowing
treatments to alter grass height across a greater num-
ber of patches may provide a more comprehensive
analysis.

4.4. Potential warming associated with woody
encroachment

Increased woody encroachment and changing land-
use in grassy ecosystems can induce significant warm-
ing effects brought on by decreased albedo (Zhao
et al 2021). The relationship between a change in
albedo at the surface and net radiative forcing on
the climate is complex as it depends on the exchange
of sensible and latent energy through the atmo-
sphere (Chen 2021). Despite this, many straightfor-
ward (not processed-based) modelling studies have
observed quite small changes in albedo, due to land-
use and land cover, to translate into significant radi-
ative forcings (e.g. Myhre and Myhre 2003, Davin
et al 2007, Barnes and Roy 2010, Zhai et al 2014). We
observed significantly lower surface albedo of shrub-
encroached patches compared to grass patches, with
albedo differences ranging between —0.12 and —0.06
over the study period. The consistently lower albedo
of shrub-encroached patches is likely attributed to
higher chlorophyll concentrations and greater sur-
face roughness associated with woody canopies com-
pared to grasses (Aguiar et al 1996, van Heerwaarden
and Teuling 2014, Genesio et al 2021). These signific-
ant albedo differences underscore the importance of
conserving grassy biomes and limiting the extent of
woody encroachment or tree planting in grassy bio-
mes, to maintain the NbS contributions of grasslands.

4.5. Climate goals and grassland management
Grassland protection and restoration offers an
important NbS for the global effort to maintain cli-
mate change within 1.5 °C above pre-industrial tem-
peratures, as proposed by the IPCC (2018), not only
via a ‘reliable’ carbon stock (Dass et al 2018), but
potentially also via albedo-related cooling. However,
there is currently no penalty for converting intact
old-growth grasslands into another land-use, and
few incentives to conserve them (Slooten et al 2023).
This is a major conservation issue, because secondary
grasslands can take centuries to millennia to recover
former old-growth species richness after extensive
disturbance from ploughing or other land-use change
(Buisson et al 2022).

Our findings suggest that management
approaches that influence shifts in grass types will
influence the NbS potential of grassy ecosystems. For
example, overgrazing can increase the abundance of
certain grasses known as increasers, while decreas-
ing others known as decreasers (Tainton et al 1980).
Among the grasses sampled in our study, red tus-
sock grass is a highly palatable decreaser, showing
decreased abundance when over- or underutilised
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(Foran et al 1978). In contrast, the less palatable
white tussock grass is deemed an increaser, prolif-
erating under light grazing (Van Rooyen et al 1991).
Additionally, C. dactylon (grazing lawn) is also an
increaser, with its abundance increasing with overu-
tilisation (Foran et al 1978). While grazing lawns are
an important component of wild grazer-dominated
systems (McNaughton 1984, Frank et al 1998, Knapp
et al 1999), their importance diminishes for domest-
icated livestock where taller swards are preferred
(Hempson et al 2015). Management of rangelands
or native grassy ecosystems is thus a key determinant
of grass sward structure and composition, which may
have implications for the albedo of these grassy sys-
tems, as suggested by our findings. Based on this, we
suggest that we need to increase our understanding
of how variation in albedo associated with variation
in grassland vegetation patches affects surface albedo
at larger landscape scales (Hamwey 2007, Genesio
et al 2021, Carvalho et al 2022). Our findings also
raise questions for managing rangelands in African
grassy ecosystems, particularly in terms of managing
potential trade-offs between climate change mitiga-
tion and livestock production goals. We show how
highly palatable red tussock grass with high forage
availability for livestock has lower albedo, whereas
less palatable white tussock grass and/or grazing

lawns have low aboveground biomass but higher
albedo.

5. Conclusion

We show that specific grass patches, such as white
tussock grass and grazing lawns, can increase albedo
compared to red tussock grass and shrub-encroached
patches and so changes from these patches can impose
negative radiative forcing (i.e. cooling), particularly
outside the growing season. If these patches cover
large extents, this may have implications for regional
climate dynamics and the overall radiative forcing
in grassland systems dominated by these perennial
grasses. Our results also suggest that woody encroach-
ment into grasslands may lower albedo, leading
to further warming. The spatial scaling and com-
position/structure of patches within grassy biomes
becomes pivotal in understanding their contribution
to climate processes through albedo. Future stud-
ies should calibrate patch-scale albedo measurements
with remotely sensed data, expanded across domin-
ant patch types and land-uses over multiple growing
seasons. Such studies should also explore the radi-
ative forcing effects from potential shifts in dom-
inant patch types to enhance our understanding of
the role of grassland patches in mitigating climate
change. This approach may provide a more compre-
hensive understanding of albedo patterns, facilitat-
ing more informed and effective rangeland manage-
ment strategies in the quest for nature-based climate
prospects.



10P Publishing

Environ. Res. Lett. 19 (2024) 124004

Data availability statement

The data that support the findings of this study are
available upon reasonable request from the authors.

Acknowledgment

We thank the owners and staff at Samara Karoo
Reserve for their hospitality, as well as Jesse-Lynn
Wolvaard and Gill and David McGregor for their
assistance with data collection. Special thanks are
owed to Damian Mooney, Kabelo Mpurwana, Wilson
Nemukula and Jonas Bohlin for their invaluable
technical assistance. We also extend our gratitude
to the Centre for African Conservation Ecology
for providing equipment and infrastructural sup-
port, together with student bursary support from
the Nelson Mandela University. This work was sup-
ported by the Global Challenges University Alliance
(GCUA 2030) through a 2022 seed Grant. JPGMC
was supported by the Swedish Research Council for
Sustainable Development Formas under Project No.
2022-11-23.

ORCID iDs

S McGregor @ https://orcid.org/0000-0002-1061-

567X

J Chen ® https://orcid.org/0000-0003-0761-9458

References

Aguiar M R, Paruelo ] M, Sala O E and Lauenroth W K 1996
Ecosystem responses to changes in plant functional type
composition: an example from the Patagonian steppe J. Veg.
Sci. 7 381-90

Ahmad K S, Hameed M, Deng J, Ashraf M, Hamid A, Ahmad F,
Fatima S and Akhtar N 2016 Ecotypic adaptations in
Bermuda grass (Cynodon dactylon) for altitudinal stress
tolerance Biologia 71 885-95

AUDA 2020 African Forest Landscape Restoration Initiative
(AFR100)

Barnes C A and Roy D P 2008 Radiative forcing over the
conterminous United States due to contemporary land cover
land use albedo change Geophys. Res. Lett. 35 L09706

Barnes C A and Roy D P 2010 Radiative forcing over the
conterminous United States due to contemporary land cover
land use change and sensitivity to snow and interannual
albedo variability J. Geophys. Res.: Biogeosci. 115 G04033

Beringer J, Chapin F S III, Thompson C C and McGuire A D 2005
Surface energy exchanges along a tundra-forest transition
and feedbacks to climate Agric. For. Meteorol. 131 14361

Betts R A 2000 Offset of the potential carbon sink from boreal
forestation by decreases in surface albedo Nature 408 187-90

Bond W J 2019 Open Ecosystems: Ecology and Evolution beyond the
Forest Edge (Oxford University Press)

Bransby D and Tainton N 1977 The disc pasture meter: possible
applications in grazing management Proc. Grassland Soc.
South Afr. 12 115-8

Buisson E, Archibald S, Fidelis A and Suding K N 2022 Ancient
grasslands guide ambitious goals in grassland restoration
Science 377 594-8

Carvalho H D, McInnes K J, Heilman J L and Maeda M M 2022
Radiative balance and temperature of differently pigmented
cotton canopies Int. J. Biometeorol. 66 591-600

10

S McGregor et al

Chen C, Park T, Wang X, Piao S, Xu B, Chaturvedi R K, Fuchs R,
Brovkin V, Ciais P and Fensholt R 2019 China and India lead
in greening of the world through land-use management Nat.
Sustain. 2 122-9

Chen J 2021 Biophysical Models and Applications in Ecosystem
Analysis (Michigan State University Press)

Chen J, Lei C, Chu H, Li X, Torn M, Wang Y-P, Sciusco P and
Robertson G P 2024 Overlooked cooling effects of albedo in
terrestrial ecosystems Environ. Res. Lett. 19 093001

Chmura H E, Kharouba H M, Ashander J, Ehlman S M, Rivest E B
and Yang L H 2019 The mechanisms of phenology: the
patterns and processes of phenological shifts Ecol. Monogr.
89 e01337

Cromsigt J P and OIff H 2008 Dynamics of grazing lawn
formation: an experimental test of the role of
scale-dependent processes Oikos 117 144452

Currier C M and Sala O E 2022 Precipitation versus temperature
as phenology controls in drylands Ecology 103 3793

DAFF 2018 Conservation of agricultural resources act (Act 43 of
1983) New Long-Term Grazing Capacity Map for South
Africa. Government Gazette No. 41870 of 31 August 2018
(Department of Agriculture, Forestry and Fisheries) pp
17-31

Dass P, Houlton B Z, Wang Y and Warlind D 2018 Grasslands may
be more reliable carbon sinks than forests in California
Environ. Res. Lett. 13 074027

Davin E L, de Noblet-ducoudré N and Friedlingstein P 2007
Impact of land cover change on surface climate: relevance of
the radiative forcing concept Geophys. Res. Lett. 34 1L13702

Davis D K and Robbins P 2018 Ecologies of the colonial present:
pathological forestry from the taux de boisement to civilized
plantations Environ. Plan. E 1 447-69

Dickinson R E 1995 Land processes in climate models Remote
Sens. Environ. 51 27-38

Federer C 1968 Spatial variation of net radiation, albedo and
surface temperature of forests J. Appl. Meteorol. Clim.

7 789-95

Fernandes ] 2018 Grazing Impacts on Savanna Vegetation States
and its Role in Albedo Changes (Department of Wildlife,
Fish, and Environmental Studies. Swedish University of
Agricultural Sciences, Umea) p 55

Fey M, Hughes ], Lambrechts ] and Dohse T 2010 The Soil Groups:
Distribution, Properties, Classification, Genesis and Use, Soils
of South Africa (Cambridge University Press)

Findlay N, Manson A, Cromsigt ] P, Gordijn P, Nixon C,

Rietkerk M, Thibaud G, Wassen M J and te Beest M 2022
Long-term frequent fires do not decrease topsoil carbon and
nitrogen in an Afromontane grassland Afr. J. Range Forage
Sci. 39 44-55

Fischer K and Hajdu F 2018 The importance of the will to
improve: how ‘sustainability’ sidelined local livelihoods in a
carbon-forestry investment in Uganda J. Environ. Pol. Plan.
20 328-41

Foley J A, Costa M H, Delire C, Ramankutty N and Snyder P 2003
Green surprise? How terrestrial ecosystems could affect
earth’s climate Front. Ecol. Environ. 1 38—44

Foran B, Tainton N and Booysen P D V 1978 The development of
a method for assessing veld condition in three grassveld
types in Natal Proc. Grassland Soc. South Afr. 13 27-33

Frank D A, McNaughton S ] and Tracy B F 1998 The ecology of
the earth’s grazing ecosystems Bioscience 48 51321

Freedman B and Keith T 1996 Planting trees for carbon credits: a
discussion of context, issues, feasibility, and environmental
benefits Environ. Rev. 4 10011

Genesio L, Bassi R and Miglietta F 2021 Plants with less
chlorophyll: a global change perspective Glob. Change Biol.
27 959-67

Grant C and Scholes M 2006 The importance of nutrient
hot-spots in the conservation and management of large wild
mammalian herbivores in semi-arid savannas Biol. Conserv.
130 426-37

Graves S, Piepho H-P, Selzer L and Dorai-Raj S 2023
multcompView: visualizations of paired comparisons R


https://orcid.org/0000-0002-1061-567X
https://orcid.org/0000-0002-1061-567X
https://orcid.org/0000-0002-1061-567X
https://orcid.org/0000-0003-0761-9458
https://orcid.org/0000-0003-0761-9458
https://doi.org/10.2307/3236281
https://doi.org/10.2307/3236281
https://doi.org/10.1515/biolog-2016-0113
https://doi.org/10.1515/biolog-2016-0113
https://doi.org/10.1029/2008GL033567
https://doi.org/10.1029/2008GL033567
https://doi.org/10.1029/2010JG001428
https://doi.org/10.1029/2010JG001428
https://doi.org/10.1016/j.agrformet.2005.05.006
https://doi.org/10.1016/j.agrformet.2005.05.006
https://doi.org/10.1038/35041545
https://doi.org/10.1038/35041545
https://doi.org/10.1080/00725560.1977.9648818
https://doi.org/10.1080/00725560.1977.9648818
https://doi.org/10.1126/science.abo4605
https://doi.org/10.1126/science.abo4605
https://doi.org/10.1007/s00484-021-02221-x
https://doi.org/10.1007/s00484-021-02221-x
https://doi.org/10.1038/s41893-019-0220-7
https://doi.org/10.1038/s41893-019-0220-7
https://doi.org/10.1088/1748-9326/ad661d
https://doi.org/10.1088/1748-9326/ad661d
https://doi.org/10.1002/ecm.1337
https://doi.org/10.1002/ecm.1337
https://doi.org/10.1111/j.0030-1299.2008.16651.x
https://doi.org/10.1111/j.0030-1299.2008.16651.x
https://doi.org/10.1002/ecy.3793
https://doi.org/10.1002/ecy.3793
https://doi.org/10.1088/1748-9326/aacb39
https://doi.org/10.1088/1748-9326/aacb39
https://doi.org/10.1029/2007GL029678
https://doi.org/10.1029/2007GL029678
https://doi.org/10.1177/2514848618812029
https://doi.org/10.1177/2514848618812029
https://doi.org/10.1016/0034-4257(94)00062-R
https://doi.org/10.1016/0034-4257(94)00062-R
https://doi.org/10.1175/1520-0450(1968)007<0789:SVONRA>2.0.CO;2
https://doi.org/10.1175/1520-0450(1968)007<0789:SVONRA>2.0.CO;2
https://doi.org/10.2989/10220119.2021.2016966
https://doi.org/10.2989/10220119.2021.2016966
https://doi.org/10.1080/1523908X.2017.1410429
https://doi.org/10.1080/1523908X.2017.1410429
https://doi.org/10.1890/1540-9295(2003)001[0038:GSHTEC]2.0.CO;2
https://doi.org/10.1890/1540-9295(2003)001[0038:GSHTEC]2.0.CO;2
https://doi.org/10.1080/00725560.1978.9648829
https://doi.org/10.1080/00725560.1978.9648829
https://doi.org/10.2307/1313313
https://doi.org/10.2307/1313313
https://doi.org/10.1139/a96-006
https://doi.org/10.1139/a96-006
https://doi.org/10.1111/gcb.15470
https://doi.org/10.1111/gcb.15470
https://doi.org/10.1016/j.biocon.2006.01.004
https://doi.org/10.1016/j.biocon.2006.01.004

10P Publishing

Environ. Res. Lett. 19 (2024) 124004

Package Version 0.1-9 (available at: https://CRAN.R-project.
org/package=multcompView)

Griscom B W, Adams J, Ellis P W, Houghton R A, Lomax G,
Miteva D A, Schlesinger W H, Shoch D, Siikamaki ] V and
Smith P 2017 Natural climate solutions Proc. Natl Acad. Sci.
114 11645-50

Hajdu F and Fischer K 2017 Problems, causes and solutions in the
forest carbon discourse: a framework for analysing
degradation narratives Clim. Dev. 9 537-47

Hamwey R M 2007 Active amplification of the terrestrial albedo
to mitigate climate change: an exploratory study Mitig.
Adapt. Strateg. Glob. Change 12 419-39

Heinrich V H, Vancutsem C, Dalagnol R, Rosan T M, Fawcett D,
Silva-Junior C H, Cassol H L, Achard F, Jucker T and
Silva C A 2023 The carbon sink of secondary and degraded
humid tropical forests Nature 615 436—42

Hempson G P, Archibald S, Bond W J, Ellis R P, Grant C C,
Kruger F J, Kruger L M, Moxley C, Owen-Smith N and
Peel M ] 2015 Ecology of grazing lawns in Africa Biol. Rev.
90 979-94

IPCC 2018 Global Warming of 1.5 °© C: An IPCC Special Report on
Impacts of Global Warming of 1.5 ° C above Pre-Industrial
Levels and Related Global Greenhouse Gas Emission Pathways,
in the Contex of Strengthening the Global Response to the
Thereat of Climate Change, Sustainable Development, and
Efforts to Eradicate Poverty ed V P Z Masson-Delmotte et al
(Intergovernmental Panel on Climate Change)

TUCN 2020 Restore our future (The Bonn Challenge) (available
at: www.bonnchallenge.org/)

Knapp A K, Blair ] M, Briggs ] M, Collins S L, Hartnett D C,
Johnson L C and Towne E G 1999 The keystone role of bison
in North American tallgrass prairie: bison increase habitat
heterogeneity and alter a broad array of plant, community,
and ecosystem processes Bioscience 49 39-50

Koerner S E and Collins S L 2014 Interactive effects of grazing,
drought, and fire on grassland plant communities in North
America and South Africa Ecology 95 98-109

Kouamé Y A G, Millan M, N’Dri A B, Charles-Dominique T,
Konan M, Bakayoko A and Gignoux ] 2022 Multispecies
allometric equations for shrubs and trees biomass prediction
in a Guinean savanna (West Africa) Silva Fenn. 56 10617

Kuester T and Spengler D 2018 Structural and spectral analysis of
cereal canopy reflectance and reflectance anisotropy Remote
Sens. 10 1767

Lafortezza R, Chen J, Van Den Bosch C K and Randrup T B 2018
Nature-based solutions for resilient landscapes and cities
Environ. Res. 165 43141

Lei C, Chen J, Ibanez I, Sciusco P, Shirkey G, Lei M, Reich P and
Robertson G P 2024 Albedo of crops as a nature-based
climate solution to global warming Environ. Res. Lett.

19 084032

Lei C, Chen J and Robertson G P 2023 Climate cooling benefits of
cellulosic bioenergy crops from elevated albedo GCB
Bioenergy 15 1373-86

Li S G, Harazono Y, Oikawa T, Zhao HL, He ZY and Chang X L
2000 Grassland desertification by grazing and the resulting
micrometeorological changes in Inner Mongolia Agric. For.
Meteorol. 102 125-37

Li Z, Erb A, Sun Q, Liu Y, Shuai Y, Wang Z, Boucher P and
Schaaf C 2018 Preliminary assessment of 20-m surface
albedo retrievals from sentinel-2A surface reflectance and
MODIS/VIIRS surface anisotropy measures Rermote Sens.
Environ. 217 352-65

Liu J, Schaaf C, Strahler A, Jiao Z, Shuai Y, Zhang Q, Roman M,
Augustine ] A and Dutton E G 2009 Validation of moderate
resolution imaging spectroradiometer (MODIS) albedo
retrieval algorithm: dependence of albedo on solar zenith
angle J. Geophys. Res.: Atmos. 114 D01106

Liu S, Roujean J-L, Tchuente A T K, Ceamanos X and Calvet J-C
2014 A parameterization of SEVIRI and MODIS daily
surface albedo with soil moisture: calibration and
validation over southwestern France Remote Sens. Environ.
144 137-51

11

S McGregor et al

Lobell D B and Asner G P 2002 Moisture effects on soil reflectance
Soil Sci. Soc. Am. J. 66 722—7

Lukes P, Stenberg P and Rautiainen M 2013 Relationship between
forest density and albedo in the boreal zone Ecol. Model.

261 74-79

Macias D, Mazia N and Jacobo E 2014 Grazing and neighborhood
interactions limit woody encroachment in wet subtropical
savannas Basic Appl. Ecol. 15 661-8

McGregor S, Cromsigt ] P G M, te Beest M and Kerley G I H 2024
Informing the grazing debate with empirical data on black
wildebeest (Connochaetes gnou) patch use Rangeland Ecol.
Manage. 95 11-19

McNaughton S J 1984 Grazing lawns: animals in herds, plant
form, and coevolution Am. Nat. 124 86386

McNaughton S 1983 Compensatory plant growth as a response to
herbivory Oikos 40 329-36

Mishra N B and Young K R 2020 Savannas and grasslands The
Handbook of Natural Resources: Terrestrial Ecosystems and
Biodiversity 2nd edn, ed Y Wang (Taylor & Francis Group)
pp 235-47

Molaro J L and McKay C P 2010 Processes controlling rapid
temperature variations on rock surfaces Earth Surf. Process.
Landf. 35 501-7

Mucina L 2006 Grassland biome The Vegetation of South Africa,
Lesotho and Swaziland ed L Mucina and M C Rutherford
(South African National Biodiversity Institute) pp 350-431

Myhre G and Myhre A 2003 Uncertainties in radiative forcing due
to surface albedo changes caused by land-use changes J.
Clim. 16 1511-24

Osman A I, Fawzy S, Lichtfouse E and Rooney D W 2023 Planting
trees to combat global warming Environ. Chem. Lett.

21 30414

Parr C L, te Beest M and Stevens N 2024 Conflation of
reforestation with restoration is widespread Science
383 698-701

Post D, Fimbres A, Matthias A, Sano E, Accioly L, Batchily A and
Ferreira L 2000 Predicting soil albedo from soil color and
spectral reflectance data Soil Sci. Soc. Am. J. 64 1027-34

R Core Team 2024 R: a language and environment for statistical
computing (R Foundation for Statistical Computing)
(available at: www.R-project.org/)

Radeloft V C et al 2024 Need and vision for global
medium-resolution Landsat and Sentinel-2 data products
Remote Sens. Environ. 300 113918

Rechid D, Raddatz T J and Jacob D 2009 Parameterization of
snow-free land surface albedo as a function of vegetation
phenology based on MODIS data and applied in climate
modelling Theor. Appl. Climatol. 95 245-55

Reid WV, Mooney H A, Cropper A, Capistrano D, Carpenter S R,
Chopra K, Dasgupta P, Dietz T, Duraiappah A K and
Hassan R 2005 Ecosystems and Human Well-being (Synthesis
Island Press)

Roy D P, Zhang H, Ju J, Gomez-Dans J L, Lewis P E, Schaaf C,
Sun Q, Li J, Huang H and Kovalskyy V 2016 A general
method to normalize Landsat reflectance data to nadir
BRDF adjusted reflectance Remote Sens. Environ.

176 255-71

Sadeghi M, Babaeian E, Tuller M and Jones S B 2018 Particle size
effects on soil reflectance explained by an analytical radiative
transfer model Remote Sens. Environ. 210 375-86

Schaaf C B et al 2002 First operational BRDE, albedo nadir
reflectance products from MODIS Remote Sens. Environ.

83 135-48

Scharlemann ] P, Tanner E V, Hiederer R and Kapos V 2014
Global soil carbon: understanding and managing the largest
terrestrial carbon pool Carbon Manage. 5 81-91

Schmitz O J, Wilmers C C, Leroux S J, Doughty C E, Atwood T B,
Galetti M, Davies A B and Goetz S J 2018 Animals and the
zoogeochemistry of the carbon cycle Science 362 eaar3213

Seddon N, Chausson A, Berry P, Girardin C A, Smith A and
Turner B 2020 Understanding the value and limits of
nature-based solutions to climate change and other global
challenges Phil. Trans. R. Soc. B 375 20190120


https://CRAN.R-project.org/package=multcompView
https://CRAN.R-project.org/package=multcompView
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1080/17565529.2016.1174663
https://doi.org/10.1080/17565529.2016.1174663
https://doi.org/10.1007/s11027-005-9024-3
https://doi.org/10.1007/s11027-005-9024-3
https://doi.org/10.1038/s41586-022-05679-w
https://doi.org/10.1038/s41586-022-05679-w
https://doi.org/10.1111/brv.12145
https://doi.org/10.1111/brv.12145
https://www.bonnchallenge.org/
https://doi.org/10.2307/1313492
https://doi.org/10.2307/1313492
https://doi.org/10.1890/13-0526.1
https://doi.org/10.1890/13-0526.1
https://doi.org/10.14214/sf.10617
https://doi.org/10.14214/sf.10617
https://doi.org/10.3390/rs10111767
https://doi.org/10.3390/rs10111767
https://doi.org/10.1016/j.envres.2017.11.038
https://doi.org/10.1016/j.envres.2017.11.038
https://doi.org/10.1088/1748-9326/ad5fa2
https://doi.org/10.1088/1748-9326/ad5fa2
https://doi.org/10.1111/gcbb.13098
https://doi.org/10.1111/gcbb.13098
https://doi.org/10.1016/S0168-1923(00)00101-5
https://doi.org/10.1016/S0168-1923(00)00101-5
https://doi.org/10.1016/j.rse.2018.08.025
https://doi.org/10.1016/j.rse.2018.08.025
https://doi.org/10.1029/2008JD009969
https://doi.org/10.1029/2008JD009969
https://doi.org/10.1016/j.rse.2014.01.016
https://doi.org/10.1016/j.rse.2014.01.016
https://doi.org/10.2136/sssaj2002.7220
https://doi.org/10.2136/sssaj2002.7220
https://doi.org/10.1016/j.ecolmodel.2013.04.009
https://doi.org/10.1016/j.ecolmodel.2013.04.009
https://doi.org/10.1016/j.baae.2014.09.008
https://doi.org/10.1016/j.baae.2014.09.008
https://doi.org/10.1016/j.rama.2024.04.002
https://doi.org/10.1016/j.rama.2024.04.002
https://doi.org/10.1086/284321
https://doi.org/10.1086/284321
https://doi.org/10.2307/3544305
https://doi.org/10.2307/3544305
https://doi.org/10.1002/esp.1957
https://doi.org/10.1002/esp.1957
https://doi.org/10.1175/1520-0442-16.10.1511
https://doi.org/10.1175/1520-0442-16.10.1511
https://doi.org/10.1007/s10311-023-01598-y
https://doi.org/10.1007/s10311-023-01598-y
https://doi.org/10.1126/science.adj0899
https://doi.org/10.1126/science.adj0899
https://doi.org/10.2136/sssaj2000.6431027x
https://doi.org/10.2136/sssaj2000.6431027x
https://www.R-project.org/
https://doi.org/10.1016/j.rse.2023.113918
https://doi.org/10.1016/j.rse.2023.113918
https://doi.org/10.1007/s00704-008-0003-y
https://doi.org/10.1007/s00704-008-0003-y
https://doi.org/10.1016/j.rse.2016.01.023
https://doi.org/10.1016/j.rse.2016.01.023
https://doi.org/10.1016/j.rse.2018.03.028
https://doi.org/10.1016/j.rse.2018.03.028
https://doi.org/10.1016/S0034-4257(02)00091-3
https://doi.org/10.1016/S0034-4257(02)00091-3
https://doi.org/10.4155/cmt.13.77
https://doi.org/10.4155/cmt.13.77
https://doi.org/10.1126/science.aar3213
https://doi.org/10.1126/science.aar3213
https://doi.org/10.1098/rstb.2019.0120
https://doi.org/10.1098/rstb.2019.0120

10P Publishing

Environ. Res. Lett. 19 (2024) 124004

Sen S and Roesler ] 2023 D-SPARC: rapid field albedo
measurement Climate 11 64

Shendye N V and Gurav S S 2014 Cynodon dactylon: a systemic
review of pharmacognosy, phytochemistry and
pharmacology Int. J. Pharm. Sci. 6 7-12

Simba L D, te Beest M, Hawkins H-J, Larson K W, Palmer A R,
Sandstrom C, Smart K G, Kerley G I and Cromsigt ] P 2024
Wilder rangelands as a natural climate opportunity: linking
climate action to biodiversity conservation and social
transformation Ambio 53 1-19

Slooten E, Jordaan E, White J D, Archibald S and Siebert F 2023
South African grasslands and ploughing: outlook for
agricultural expansion in Africa South Afr. J. Sci. 119 1-5

Stevens N, Bond W, Feurdean A and Lehmann C E 2022 Grassy
ecosystems in the Anthropocene Annu. Rev. Environ. Resour.
47 261-89

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

Stroeve J, Box ] E, Gao F, Liang S, Nolin A and Schaaf C 2005
Accuracy assessment of the MODIS 16-day albedo product
for snow: comparisons with Greenland in situ
measurements Remote Sens. Environ. 94 4660

Tainton N, Edwards P and Mentis M 1980 A revised method for
assessing veld condition Proc. Grassland Soc. South Affr.
1537-42

te Beest M, Sitters J, Ménard C B and Olofsson ] 2016 Reindeer
grazing increases summer albedo by reducing shrub
abundance in Arctic tundra Environ. Res. Lett. 11 125013

The Weather Company L 2024 Weather underground (available
at: www.wunderground.com/)

Tian L, Chen J and Shao C 2018 Interdependent dynamics of
LAlI-albedo across the roofing landscapes: Mongolian and
Tibetan Plateaus Remote Sens. 10 1159

Ustin S L and Jacquemoud S 2020 How the optical properties of
leaves modify the absorption and scattering of energy and
enhance leaf functionality Remote Sensing of Plant
Biodiversity ed ] Cavender-Bares, ] A Gamon and
P A Townsend (Springer) pp 349-84

Van Cauter A, Kerley G and Cowling R 2005 The consequence of
inaccuracies in remote-sensed vegetation boundaries for
modelled mammal population estimates South Afr. J. Wildl.
Res. 35 155-61

van Heerwaarden C C and Teuling A J 2014 Disentangling the
response of forest and grassland energy exchange to
heatwaves under idealized land—atmosphere coupling
Biogeosciences 11 6159-71

van Oudtshoorn F 1999 Guide to Grasses of Southern Africa (Briza
Publications)

Van Rooyen N, Bredenkamp G and Theron G 1991 Kalahari
vegetation: veld condition trends and ecological status of
species Koedoe 34 61-72

Veldhuis M P, Howison R A, Fokkema R W, Tielens E and Olff H
2014 A novel mechanism for grazing lawn formation: large

12

S McGregor et al

herbivore-induced modification of the plant—soil water
balance J. Ecol. 102 1506—17

Venter Z, Cramer M and Hawkins H-J 2018 Drivers of woody
plant encroachment over Africa Nat. Commun. 9 2272

Vermeire M-L, Thoresen J, Lennard K, Vikram S, Kirkman K,
Swemmer A M, te Beest M, Siebert F, Gordijn P and
Venter Z 2021 Fire and herbivory drive fungal and bacterial
communities through distinct above-and belowground
mechanisms Sci. Total Environ. 785 147189

Wang S and Davidson A 2007 Impact of climate variations on
surface albedo of a temperate grassland Agric. For. Meteorol.
142 133-42

Wang Z, Schaaf C B, Strahler A H, Chopping M J, Romén M O,
Shuai Y, Woodcock C E, Hollinger D Y and Fitzjarrald D R
2014 Evaluation of MODIS albedo product (MCD43A) over
grassland, agriculture and forest surface types during
dormant and snow-covered periods Remote Sens. Environ.
140 60-77

Wang Z, Schaaf C B, Sun Q, Kim J, Erb A M, Gao F, Romdan M O,
Yang Y, Petroy S and Taylor J R 2017 Monitoring land
surface albedo and vegetation dynamics using high spatial
and temporal resolution synthetic time series from Landsat
and the MODIS BRDF/NBAR/albedo product Int. J. Appl.
Earth Obs. Geoinf. 59 104-17

Wickham H et al 2019 Welcome to the tidyverse J. Open Source
Softw. 4 1686

Wilke C 2020 cowplot: streamlined plot theme and plot
annotations for ‘ggplot2’ R package version 1.1.1 (available
at: https://CRAN.R-project.org/package=cowplot)

Williamson S N, Barrio I C, Hik D S and Gamon J A 2016
Phenology and species determine growing-season albedo
increase at the altitudinal limit of shrub growth in the
sub-Arctic Glob. Change Biol. 22 3621-31

ZhaiJ, Liu R, Liu J, Zhao G and Huang L 2014 Radiative forcing
over China due to albedo change caused by land cover
change during 1990-2010 J. Geogr. Sci. 24 789-801

Zhao F, Lan X, Li W, Zhu W and Li T 2021 Influence of land use
change on the surface albedo and climate change in the
Qinling-Daba mountains Sustainability 13 10153

Zheng L, Qi Y, Qin Z, Xu X and Dong J 2021 Assessing albedo
dynamics and its environmental controls of
grasslands over the Tibetan Plateau Agric. For. Meteorol.
307 108479

Zhou Y, Bomfim B, Bond W J, Boutton T W, Case M F, Coetsee C,
Davies A B, February E C, Gray E F and Silva L C 2023 Soil
carbon in tropical savannas mostly derived from grasses
Nat. Geosci. 16 710-6

Zhu Q, Chen J, Wu L, Huang Y, Shao C, Dong G, Xu Z and Li X
2024 Changes in albedo and its radiative forcing of
grasslands in East Asia drylands Ecol. Process. 13 17

Zhu Z, Piao S, Myneni R B, Huang M, Zeng Z, Canadell ] G,
Ciais P, Sitch S, Friedlingstein P and Arneth A 2016
Greening of the Earth and its drivers Nat. Clim. Change
6791-5


https://doi.org/10.3390/cli11030064
https://doi.org/10.3390/cli11030064
https://doi.org/10.1007/s13280-023-01909-1
https://doi.org/10.1007/s13280-023-01909-1
https://doi.org/10.17159/sajs.2023/15540
https://doi.org/10.17159/sajs.2023/15540
https://doi.org/10.1146/annurev-environ-112420-015211
https://doi.org/10.1146/annurev-environ-112420-015211
https://doi.org/10.1111/gcb.13409
https://doi.org/10.1111/gcb.13409
https://doi.org/10.1016/j.rse.2004.09.001
https://doi.org/10.1016/j.rse.2004.09.001
https://doi.org/10.1080/00725560.1980.9648882
https://doi.org/10.1080/00725560.1980.9648882
https://doi.org/10.1088/1748-9326/aa5128
https://doi.org/10.1088/1748-9326/aa5128
https://www.wunderground.com/
https://doi.org/10.3390/rs10071159
https://doi.org/10.3390/rs10071159
https://doi.org/10.5194/bg-11-6159-2014
https://doi.org/10.5194/bg-11-6159-2014
https://doi.org/10.4102/koedoe.v34i1.415
https://doi.org/10.4102/koedoe.v34i1.415
https://doi.org/10.1111/1365-2745.12322
https://doi.org/10.1111/1365-2745.12322
https://doi.org/10.1038/s41467-018-04616-8
https://doi.org/10.1038/s41467-018-04616-8
https://doi.org/10.1016/j.scitotenv.2021.147189
https://doi.org/10.1016/j.scitotenv.2021.147189
https://doi.org/10.1016/j.agrformet.2006.03.027
https://doi.org/10.1016/j.agrformet.2006.03.027
https://doi.org/10.1016/j.rse.2013.08.025
https://doi.org/10.1016/j.rse.2013.08.025
https://doi.org/10.1016/j.jag.2017.03.008
https://doi.org/10.1016/j.jag.2017.03.008
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://CRAN.R-project.org/package=cowplot
https://doi.org/10.1111/gcb.13297
https://doi.org/10.1111/gcb.13297
https://doi.org/10.1007/s11442-014-1120-4
https://doi.org/10.1007/s11442-014-1120-4
https://doi.org/10.3390/su131810153
https://doi.org/10.3390/su131810153
https://doi.org/10.1016/j.agrformet.2021.108479
https://doi.org/10.1016/j.agrformet.2021.108479
https://doi.org/10.1038/s41561-023-01232-0
https://doi.org/10.1038/s41561-023-01232-0
https://doi.org/10.1186/s13717-024-00493-w
https://doi.org/10.1186/s13717-024-00493-w
https://doi.org/10.1038/nclimate3004
https://doi.org/10.1038/nclimate3004

	Grassland albedo as a nature-based climate prospect: the role of growth form and grazing
	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Field sampling
	2.3. Statistical analyses

	3. Results
	3.1. Characteristics of the patch types
	3.2. Variations in albedo across patch types

	4. Discussion
	4.1. Bare ground albedo
	4.2. Effects of season
	4.3. Effects of grazing
	4.4. Potential warming associated with woody encroachment
	4.5. Climate goals and grassland management

	5. Conclusion
	References


