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Abstract

South Africa’s subtropical thicket biome has garnered interest for its potential for carbon
sequestration through the restoration of degraded land, funded locally and internationally by the
carbon market. Accurate carbon estimation of pre- and post-restoration carbon storage is key to
monitoring the progress of restoration efforts and determining accurate estimates of carbon
increase. Most past thicket studies have based landscape-scale carbon estimates on plot data alone,
without accounting for the spatial variation in factors such as soil depth, resulting in overestimates of

the average potential carbon that can be stored.

The aim of this research was to estimate and create maps showing the spatial distribution of the
thicket carbon stocks in the Baviaanskloof Nature Reserve, South Africa, by calculating the amount of
carbon stored in the soil, woody biomass, root biomass and litter biomass across the thicket area of

the reserve using plot data with remote sensing imagery.

Soil organic carbon was estimated using soil profile data collected in the same primary catchment as
the Baviaanskloof and extrapolated across the landscape using a Random Forest-based regression
model. Woody carbon was estimated using previously recorded in situ carbon recordings. This data
was then extrapolated across the landscape using raster data for vegetation height and cover, climate
data, and elevation as predictor variables. Root and litter carbon were then calculated individually
based on the woody carbon estimates and ratios of root and litter carbon to woody carbon from a

past study.

The average soil organic carbon (37.7 £ 29 t ha'), woody carbon (18.1 + 4 t hal), root carbon (3.1 +
0.7 t hal), and litter carbon (2.4 + 0.5 t ha') estimated in this study for intact thicket are all lower to
varying degrees than those of past thicket studies that were based solely on plot data, indicating the

importance of accounting for variation in the landscape and its effect on carbon stocks.

The results of this study indicate that slope position, a proxy for soil depth, has a significant effect on
thicket carbon stock. Woody carbon, root carbon and litter carbon estimates significantly decreased
downslope, but soil organic carbon, the largest carbon pool in thicket, significantly increased
downslope. In general, the results also indicate an increase in carbon after restoration, however, an
illogical trend of lower potential root and litter carbon compared to current carbon in degraded
thicket is present, indicating that the results of this study are not reliable for restoration planning and
decision-making. This may be due to the inaccuracy of global Light Detection and Ranging (LiDAR)
products, such as the Global Land Analysis and Discovery (GLAD) canopy height dataset, over non-

forested areas such as thicket which are much shorter.



Accurate estimates of current and potential carbon and accurate monitoring of restoration is

important in tracking South Africa’s progress towards its biodiversity conservation goals under the

Convention on Biological Diversity, and carbon emission reduction goals under the Paris Agreement.

With access to locally captured LiDAR imagery that is suited to the short, dense structure of thicket
vegetation and the topography of the landscape, and a larger database of in situ thicket carbon
recordings, the methods used in this study could be employed to calculate more accurate carbon

estimates and aid in directing restoration efforts to the most appropriate areas.
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1 Introduction

1.1 Rationale

Topics such as carbon sequestration and vegetation restoration are garnering more interest as first-
hand experience of the effects of climate change continues to increase. The United Nations
Framework Convention on Climate Change (UNFCCC) has declared 2021 to 2030 to be the Decade on
Ecosystem Restoration, in an effort to highlight ecosystem degradation, encourage restoration efforts

and combat climate change (United Nations Decade on Ecosystem Restoration, no date (a)). Globally,

restoration of terrestrial ecosystems for the purpose of carbon sequestration is generally aimed at
degraded forest biomes, however, the subtropical thicket biome in South Africa (hereafter referred to
as thicket) has been promoted as an ideal region for restoration funded by the carbon market
(Marais et al., 2009; Pierce et al., 2009). Despite the relatively small extent of the biome, restoration
of thicket vegetation and ecosystem processes would also contribute to South Africa’s goal of
restoring 17 546 772 ha of degraded land under the United Nations) (UN) Decade on Ecosystem

Restoration.

To better manage and monitor restoration efforts, it is important to have reasonably accurate
estimates of the current (baseline) and potential (restored) carbon stocks within the soil and
vegetation of the target area. Spatially explicit current and potential carbon estimates can inform
decision makers about the most suitable areas for restoration efforts to be directed, help improve
estimates of the amount of carbon that can realistically be sequestered over a given number of
years, as well as better monitor the success and progress of restoration projects and how many

carbon credits a particular project is worth.

Over the years, there have been many thicket studies, where in situ data of the vegetation, soil, litter,
and other thicket features have been collected from plots. Manual data collection over large areas is
highly laborious and unrealistic to achieve, particularly within thicket, given the dense and multi-
stemmed structure of the vegetation. Remote sensing products such as Light Detection and Ranging
(LiDAR) provide an easier way to monitor carbon storage and restoration efforts compared to in situ
plot data collection over large areas, which is highly labour intensive and unfeasible over large areas
(Goetz and Dubayah, 2011). LiDAR has been used effectively with in situ data to estimate
aboveground biomass particularly in forest biomes (Dubayah et al., 2010; Goetz and Dubayah, 2011;
Torre-Tojal et al., 2022). Many global remote sensing products are now widely accessible on
platforms such as Google Earth Engine and provide various options to study thicket at larger scales

and produce spatially explicit estimates that could assist in directing restoration efforts to suitable


https://www.decadeonrestoration.org/about-un-decade

areas. Remote sensing products such as Light Detection and Ranging (LiDAR) provide an easier way
to monitor carbon storage and restoration efforts compared to in situ plot data collection over large
areas, which is highly labour intensive. Many of these global remote sensing products are now widely
accessible on platforms such as Google Earth Engine (Gorelick et al., 2017) and provide various
options to study thicket at larger scales and produce spatially explicit estimates that could assist in

directing restoration efforts to suitable areas.

1.2 Research aim and objective

The aim of this study was to quantify the potential and current organic carbon stocks in the
vegetation and soil of the subtropical thicket within the Baviaanskloof Nature Reserve, South Africa,
at a scale of several hundred kilometres and with a resolution that is compatible with the spatial
variability in the landscape. This was achieved by calculating the potential and current woody carbon,
root carbon, litter carbon and soil organic carbon (SOC) using previously collected in situ data as well

as remotely sensed imagery at a resolution of 30 m.

The objective of the study was to create validated maps of current and potential carbon density (t ha
1) for the thicket area of the Baviaanskloof, using the available calibration samples. This included

assessing the carbon within each pool, as well as an estimate of uncertainty for each, where possible.

13 Background literature
Global biological diversity and carbon reduction strategies

The Convention on Biological Diversity (CBD) international treaty was established by the UN in Rio de
Janeiro at the Earth Summit in 1993, to conserve biological diversity, promote sustainable use of
natural resources, and ensure the equitable distribution of the benefits of genetic resources (CBD,
2012). Under the CBD, South Africa has 29 targets that are categorised into six main objectives (CBD,
2020). Of those, thicket restoration would contribute to managing biological assets and their value to
the country, investing in ecological infrastructure to improve resilience, encouraging people to follow

biologically sustainable practices, and conserving and sustainably managing biodiversity.

In 1997, under the Kyoto Protocol, the UNFCCC established the Clean Development Mechanism
(CDM) where developed countries (Annex 1) agreed to an average greenhouse gas emission
reduction target of 5% below the 1990 levels (United Nations, 1998) and developing countries (non-
Annex 1), such as South Africa, had no defined emission reduction targets. In the Doha amendment,
adopted in 2012 (United Nations, 2015a), new targets were set for Annex 1 countries to reduce

greenhouse gas (GHG) emissions by a minimum of 18% from 1990 levels between 2013 and 2020.



The Kyoto protocol mainly promotes emission reduction at a national level, but it does allow for
additional reduction measures to be implemented outside of the country through three strategies
(United Nations, 1998). First is the International Emissions Trading where Annex 1 countries each
have a limited number of emission units that are allowed and unused units can be traded with other
countries which have exceeded their assigned limit (United Nations, 1998). The second strategy is
the CDM — under which restoration projects fall — where developed countries that have binding
emission reduction targets under the Kyoto Protocol can earn Certified Emission Reduction credits
(CERs) by implementing emission reduction projects in developing countries (United Nations, 1998).
The last strategy is Joint Implementation, where emissions are reduced by either directly reducing
the emissions created, or by increasing the sequestration of emissions into a sink (United Nations,

1998).

In 2015, also under the UNFCCC, the Paris Agreement was introduced with the goal of restricting the
global average increase in temperature to less than 2 °C above the pre-industrial temperature and to
strive to further restrict it to below 1.5 °C (United Nations, 2015b). Unlike the Kyoto Protocol, the
Paris Agreement includes all countries, regardless of the state of their development, and consists of a
5-year cycle of climate actions or Nationally Determined Contributions (NDCs) developed by each
individual country, each increasingly ambitious than the previous NDCs. South Africa’s NDCs are
closely linked to social equity and ensuring a just transition towards climate goals. The NDCs in the
2020s are aimed at transforming the energy sector from one that is heavily reliant on inefficient coal
power stations, to one that relies on a diverse set of renewable energy inputs (South Africa First
Nationally Determined Contribution under the Paris Agreement, 2021). The NDCs in the 2030s are
primarily aimed at transforming the transport sector to one that primarily uses low-emission vehicles
(South Africa First Nationally Determined Contribution under the Paris Agreement, 2021). In 2021,
South Africa submitted updated NDCs which specified that between 2021 and 2025, annual GHG
emissions would be in the range of 398 to 510 Mt CO,, and that between 2026 and 2030, annual
GHG emissions would be in the range of 350 to 420 Mt CO,, a reduction from the first NDCs set

(South Africa First Nationally Determined Contribution under the Paris Agreement, 2021).

Carbon sequestration through thicket restoration would contribute towards South Africa’s carbon
reduction goals under the Paris Agreement, biological diversity goals under the CBD, and aid in
achieving South Africa’s target of rehabilitating and managing 87 621 ha of thicket while progressing
towards the larger goal of achieving land degradation neutrality in the thicket biome by 2030
(Department of Environmental Affairs, 2018). Given the small spatial extent of thicket — 2 672 761 ha
(Lloyd et al., 2002) — it is acknowledged that its potential contribution to national carbon storage is

small (National Terrestrial Carbon Sink Assessment, 2015); however, restoration in this region also



has the potential to improve ecosystem services, contribute local job opportunities, and possibly
generate more income than goat pastoralism (Mills and Cowling, 2006). An important step in this

process of achieving these goals is monitoring.

Ecosystem restoration and monitoring

Ecological restoration involves any activity that is aimed at assisting the recovery of a degraded
ecosystem to a state that is comparable with an appropriate intact reference ecosystem —an
approximation of the state of the ecosystem had it not been degraded (Gann et al., 2019).
Ecosystem restoration has many benefits including protecting biodiversity, improving ecosystem
services, and mitigating climate change, but it often requires a long time to be achieved (Gann et al.,
2019). Some degraded systems can recover just through passive restoration (the removal of the
cause of degradation) as was the case in the United States where discontinuation of agriculture
resulted in the recovery of deciduous forests (Vaughn et al., 2010). However, it is well established
that restoring the vegetation and function of thicket requires active restoration methods (Mills et al.,
2007; Pierce et al., 2009) such as planting Portulacaria afra (spekboom) cuttings as well as ensuring

browser exclusion.

Monitoring of the ecosystem is an important aspect of any restoration initiative. The Society for
Ecological Restoration developed eight principles for ecological restoration, three of which relate to
baseline conditions and monitoring - Principle 3, Principle 5, and Principle 6. Principle 3 emphasizes
the importance of baseline measurements — the condition of the target area prior to the
implementation of restoration strategies — which inform targets and are used to determine the
impact of restoration (Gann et al., 2019). Principle 5 addresses the importance of monitoring the
recovery of an ecosystem to track the progress of restoration initiatives. Regular monitoring informs
which practices work and which do not, which would enable adaptive management, and be used to
continually improve restoration practices (Gann et al., 2019). Quantitative monitoring is also
essential for formal assessments of the improvement of an ecosystem (Gann et al., 2019) for
assessing the progress towards restoration and carbon commitments under the various international
treaties. Principle 6 consists of tools to report restoration changes in an ecosystem from the baseline
conditions, such as the ecological recovery wheel (Gann et al., 2019). The ecological recovery wheel
is a tool used to visualize restoration progress by describing the status of the different ecosystem
attributes in a diagram. This tool encourages high restoration goals even if full restoration is not
possible at the start. The final principle, Principle 8, deals with another useful restoration tool
referred to as a restorative continuum which consists of a range of management steps towards full
ecosystem recovery (Gann et al., 2019). This allows decision-makers to implement the most

appropriate restoration approach given the specific conditions of the target ecosystem.



The importance of baseline measurements as references — such as the 1990 carbon baselines upon
which national emission reduction targets are based in the Kyoto Protocol (UNFCCC, 1998) —is well-
established in science. In restoration and carbon accounting, baseline data provide information on
the starting state and carbon stock of an ecosystem, and a reference point for measuring ecosystem
restoration and carbon loss (degradation) or carbon gain (restoration) (United Nations Development
Programme, 2013; Gann et al., 2019). Ecosystem monitoring and baseline measurements involve
ground recordings and remote sensing data which are generally used in conjunction with one
another especially when studying large spatial areas. Site measurements provide reliable ground-
truth data, and remote sensing provides a way of upscaling monitoring over large areas without the

labour-intensive task of manual data collection (Goetz and Dubayah, 2011).

The Global Ecosystems Monitoring (GEM) project is a prime example of environmental monitoring.
At least 294 GEM plots are located globally, including Africa, the Amazon and Malaysia, and involve
repeated measurements of plant functional traits within one-hectare plots of tropical forest around
the world (Malhi et al., 2021). The purpose of GEM is to study the functions of tropical forests and
monitor how they are affected by climate change, as well as to provide insight into carbon dynamics
by recording and monitoring carbon cycling in the plots (Malhi et al., 2021). Together with
multispectral, hyperspectral and LiDAR remote sensing imagery, GEM plot data can be used to

create detailed maps of tropical forest function (Malhi et al., 2021).

Globally, forests are the most targeted biome for restoration, and it is estimated that deforestation
has resulted in the loss of 420 million ha of forests worldwide since 1990 (Food and Agriculture
Organization of the United Nations (FAQ), 2020) making forests a popular biome for restoration
projects. Various restoration strategies have been employed to restore forests, including introducing
dead wood to create space in the canopy for the establishment of highly light-dependent species and
provide resources for species that inhabit wood; using controlled high- and low-intensity fires to
create disturbance and promote the re-establishment of diverse forest species in the Northern
European boreal forests (Halme et al., 2013), and active planting of seedlings in Australia. One of the
key considerations identified by Halme et al. (2013) was the importance of identifying achievable
structures and functions of the ecosystem to restore, because not all areas and aspects of a
degraded system are feasible to recover. Certain methods of restoration, such as controlled burning,
are expensive and unfeasible to perform at a landscape-scale (Halme et al., 2013). Planting seedlings
incurs nursery costs, and the maintenance and ongoing management of the seedlings is labour-

intensive (Summers et al., 2015).



Another important aspect of restoration that was repeatedly identified in forest restoration studies
globally was the value of involvement and support by locals in restoration efforts (Melo et al., 2013;
Hohl et al., 2020; Laudari et al., 2022). Multiple survey respondents in one study cited the
involvement of local communities as a critical component of forest restoration success (Hohl et al.,
2020). Restoration is a long-term process and a disconnect between ecological interests and the

needs of locals eventually results in failure (Laudari et al., 2022).

In South Africa’s thicket biome, restoration lessons have been learnt through the Thicket-Wide Plot
(TWP) experiment which was created to assess the potential of thicket restoration. The experiment
consisted of 330 50 m by 50 m plots of degraded thicket that were actively restored using spekboom
in 2008 and 2009 (Spekboom Restoration Research Group (SRRG), no date). Many of these plots

have not been monitored or maintained, and the fences around some plots have been removed,
exposing the area to further grazing, and preventing the potential restoration of the thicket within
(SRRG, no date). According to the SRRG (no date), 62% of the plots are situated in unsuitable
habitats resulting in the failure of many spekboom cuttings. Some plots — such as PO065 — have
flourished and resemble the dense nature of intact thicket. These plots are noticeable when viewed
on Google Maps and are distinct from the surrounding degraded land. Important lessons for thicket
restoration have been learnt through this experiment, including the importance of regular
management and monitoring of restoration sites to ensure the exclusion of browsers and prevent
further degradation and, most importantly, how crucial it is to select appropriate areas to restore.
These are issues where remote sensing and mapping of thicket and carbon storage potential can be

highly useful.

Remote sensing of carbon

Remote sensing provides an alternative to manual ground data collection by detecting and recording
a range of electromagnetic energy over large areas of the earth’s surface from sensors onboard
aircrafts or satellites National Aeronautics and Space Administration (NASA), 2019). This is a practical
and easily repeatable way to study various aspects of a large site. Sensors can be divided into two
categories — passive and active. Passive sensors only detect energy that is reflected off the target
surface, whereas active sensors send a pulse of energy towards the target surface and record

changes in the energy that is reflected (NASA, 2019).

Synthetic Aperture Radar (SAR) and Light Detection and Ranging (LiDAR) are two types of remotely
sensed data that are commonly used in aboveground carbon estimation (Lu et al., 2016) and they are
both collected using active sensors. SAR images are captured by transmitting microwave signals to

the target area and recording the energy that is reflected to the sensor. SAR is particularly useful for


https://www.spekboomrestorationresearch.org.za/

capturing data about canopy structure under cloudy conditions because of its ability to penetrate
through clouds, but it is prone to speckle noise which reduces the accuracy of the data (Lu et al.,
2016). LiDAR data collection involves pulses of light transmitted to the target area, where the time
taken for the light to be reflected is used to determine various aspects about vegetation structure
such as canopy height. The fastest return generally indicates the top of the vegetation canopy, and
the latest return is typically reflected by the ground. The difference between those recordings
provides an indication of the top height of the canopy. LiDAR is particularly suitable for studying
aboveground biomass in forests (Patenaude et al., 2004; He et al., 2013; Kankare et al., 2013; Stovall
et al., 2017), but in areas of dense vegetation, LiDAR may not be able to reach the ground

(Kulawardhana et al., 2017), resulting in inaccurate recordings of vegetation height.

In thicket, where in situ data collection is laborious and not feasible to carry out over large portions
of the landscape, remote sensing products such as LiDAR can be useful. At this time, there is no
locally captured and openly accessible LiDAR imagery over the thicket region, however Global
Ecosystem Dynamics Investigation (GEDI) (Dubayah et al., 2021) and Global Land Analysis and
Discovery (GLAD) (Potapov et al., 2021) are two freely available global alternatives. These products
provide a remote way of studying landscapes around the globe, including the thicket region of South
Africa, but come with drawbacks such as coarser resolution for global imagery compared to small-
scale, localized imagery, and an incompatibility with local biomes such as the shorter stature of

thicket compared to other biomes like forests.

The STEP project (Lloyd et al., 2002) was a major step forward in studying the spatial aspects of
South Africa’s thicket region. Landsat Thematic Mapper imagery was used to determine the spatial
extent of the thicket area and classify the levels of degradation (Lloyd et al., 2002). Since then,
especially in recent years, there has been an increase in the number of studies using remote sensing
to map various aspects of thicket. Galuszynski et al. (2022) utilized aerial imagery and machine
learning to classify spekboom canopy over small areas of thicket — a potentially useful way of
monitoring restoration and reduce labour and sampling costs. In 2021, Harris et al. produced very
high-resolution (0.34 m) maps of aboveground carbon (AGC) over the central region of the
Baviaanskloof. LiDAR and SAR imagery were not used in this study due to cost and spatial resolution
constraints, so high resolution multispectral Worldview-3 data were used in conjunction with 10 m
by 10 m ground plots in linear regression models to map AGC (Harris et al., 2021). The results
produced high R? values (0.89 and 0.85) when comparing modelled AGC against ground recordings
and indicates that Worldview-3 can be a suitable option for assessing AGC in thicket. However, these

images incur costs per unit of coverage required, are made available for use by a limited number of



projects and have a much finer resolution than necessary for this project, making Worldview-3

unsuitable in this context.

Subtropical thicket

South Africa’s thicket biome extends across the Eastern and Western Cape Provinces (Figure 1.1).
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Figure 1.1 The extent of the Subtropical Thicket biome which extends across the Eastern and

Western Cape Provinces of South Africa, as defined by the Subtropical Thicket Ecosystem Planning

project (STEP) (Lloyd et al., 2002).

Of the 2 672 761 ha of thicket in South Africa, 46% has been moderately degraded, and 31% has
been severely degraded (Lloyd et al., 2002) due to overgrazing by livestock, particularly goats (Mills
et al., 2005a). In its intact state, thicket has high biodiversity (Hoare et al., 2006) and is a dense and
impenetrable collection of multi-stemmed shrubs and woody succulents usually between 2 to 5 m
high, with a carbon-rich topsoil accompanied by a thick layer of litter (Cowling et al., 2005; Mills et
al., 2005a). According to Vlok et al. (2003), thicket can be separated into two main categories, based
on geography (Dune and Mainland thicket) each of which consists of multiple subcategories of

thicket, based on biogeography and thicket structure.



The importance of the biome can be divided into its ecological value and its socio-economic value.
While thicket does support a variety of mammals, birds, and reptiles, it boasts an especially high
level of botanical biodiversity with 20% of thicket species classified as endemic (Vlok and Euston-
Brown, 2002). The socio-economic benefits of thicket include its agricultural value, ecotourism
opportunities, and the ecosystem services that it provides such as soil erosion prevention, clean air,

and carbon storage (Berliner et al., no date).

Carbon pools in terrestrial ecosystems

Globally, the terrestrial biomes with the highest total carbon densities are forests, grasslands, and
wetlands (Prentice et al., 2001). Plant biomass in forests is generally divided into five carbon pools —
aboveground biomass, belowground biomass, litter, soil, and coarse woody debris (DiRocco et al.,
2014). Aboveground biomass consists of live biomass above the soil (foliage), belowground biomass
consists of live biomass below the soil (roots), litter is dead biomass lying above the soil, soil consists
of organic carbon stored in the live and dead biomass of fine (< 2 mm) roots in the soil, and coarse
woody debris consists of larger pieces of dead wood (> 10 cm) above the soil, such as upright or
fallen stumps (DiRocco et al., 2014). Like forests, carbon pools in thicket also consist of aboveground
(woody) biomass, belowground (root) biomass, litter, and soil but unlike forests, thicket generally
consists of smaller, multi-stemmed species, so coarse woody debris — a significant component of

forests, but negligible component of thicket (Powell, 2009; Harris et al., 2019) — is classified as litter.

As is the case in most of South Africa’s ecosystems (National Terrestrial Carbon Sinks Assessment,
2020), soil represents the largest carbon pool in thicket. Soil itself is made up of sub-pools, classified
by their rate of decomposition (FAO, 2017). The active pool has the fastest decomposition rate
(years) and consists of the organic carbon from fresh litter and other organic matter (FAOQ, 2017). The
passive pool consists of inputs from the active pool and is more resistant to further decomposition
(decades to centuries (FAO, 2017)). The sub-pool that is most resistant to decomposition is the slow
(recalcitrant) fraction of SOC which can take centuries or more to decompose (FAO, 2017). As a result
of the slow decomposition of the passive and recalcitrant fractions of SOC, the active pool is the
most important one to consider when studying degradation and restoration and their effect on the

SOC stock of a landscape over a shorter period of time (decades).

The amount of SOC that can be stored is affected by soil properties such as clay content and soil
depth, however, soil depth is one property that is seldom accounted for in thicket SOC estimates. A
large proportion of SOC is generally found within the topsoil which is often very shallow at the crests
of slopes and deeper in the valleys. As soil depth recordings are scarce, especially within thicket, the

need for a proxy is apparent. In this study, slope position was used as an indicator of soil depth.



In other ecosystems around the world, slope position has been found to affect the amount of SOC
that is stored (Hao et al., 2002; Wei et al., 2010; Singh and Benbi, 2018) but the trends are not
consistent across different vegetation types and land uses. A reasonable expectation is that deeper
soils, generally found in lower slope positions, have a larger capacity for SOC storage — a trend that is
supported by a study in Gedo Forest, Ethiopia, which found that the largest mean carbon stock was
found in lower slopes and the lowest mean carbon stock was found in upper slopes (Yohannes et al.,
2015). A study in the Himalayas by Singh and Benbi (2018) assessed the effect of slope position and
land use on SOC stocks, but the two variables were not independent of one another. A single slope
was assessed where each slope position differed in the vegetation cover. The hillslope was forested,
middle slope was highly eroded, lower slope was covered in grass and the valley contained crops.
The results indicated that the highest SOC stocks were located at the crest and lower slope, but the
type of vegetation differed so vastly along the slope that it is difficult to say how SOC is affected by
land use or vegetation cover and how it is affected by the slope position. In another study, performed
in China, it was found that for slopes covered in a deciduous shrub, the SOC stock increased
downslope, but for a forested slope, the SOC stock was highest at the middle slope and lowest in the
lower slopes (Wei et al., 2010). This indicates that the type of vegetation affects how much SOC is
stored and how it’s distributed along a slope. Currently, there are no studies looking into how SOC in
thicket changes along a slope which is an important factor to estimate SOC more accurately.
Aboveground biomass (live biomass above the soil surface — referred to as woody biomass in this
document) is the second largest carbon pool in thicket and often garners the most interest from the
public because it is visible, and more tangible compared to the belowground biomass and soil. Given
the dense structure of thicket vegetation, the lack of aboveground biomass is highly noticeable in
degraded areas (Figure 1.2) and provides an indication of the level of degradation. As overgrazing is
the main cause of thicket degradation, aboveground biomass is usually the first carbon pool that is

affected.
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Figure 1.2 A picture of the stark contrast between vegetation cover in degraded thicket (left)

and intact thicket (right) across a fence in Kirkwood, located in the Eastern Cape Province of South

Africa (Powell, 2009).

The belowground biomass carbon pool, consisting of carbon in the roots of the vegetation, is often
one that is not of primary consideration in carbon sequestration. Degradation of this pool is not

visibly noticeable, and its biomass and carbon storage are tedious to measure.

Litter is the smallest carbon pool but plays an important role in the thicket ecosystem. Intact thicket
with closed canopies is often accompanied by a thick litter layer (up to 10 cm deep), mainly due to
the high litter production by spekboom (2500 kg ha™ yr™!) (Lechmere-Oertel et al., 2008). In
spekboom-dominated intact thicket, the total litter production of 4100 kg ha™* yr™! is comparable to
some forest ecosystems such as tropical seasonal forests (Lechmere-Oertel et al., 2008). Litter plays
an important role in improving the soil condition by protecting it from exposure to erosion and
evaporation. Then, as the litter breaks down, it is incorporated into the soil as soil organic matter and

provides a source of organic carbon that can then be accumulated within the soil.

The sum of these four carbon pools gives the total carbon stored within the thicket ecosystem. Past
estimates of total carbon storage in intact thicket range widely between 83.1 t ha® (Powell, 2009)
and 245 t ha! (Mills et al., 2005b), and are significantly higher than the estimates of total carbon
storage in degraded thicket which range between 30.5 t ha* (Powell, 2009) and 114 t ha (Mills et
al., 2005a) The difference in these two categories of estimates — current and restored (referred to as
potential carbon in this document) gives an indication of the increase in carbon storage that

restoration can generate.

Past studies of carbon in thicket
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Based on a review of restoration literature as well as the UN Decade on Ecosystem Restoration list of
50 founding initiatives (United Nations Decade on Ecosystem Restoration, no date (b)), globally,
forests are the most targeted biome in restoration efforts as they generally support more carbon
than any other terrestrial biome. In South Africa, restoration literature is generally centred around
the thicket and fynbos biomes (Ruwanza et al., 2013; Holmes et al., 2020; Boxriker et al., 2022) given
their high levels of biological diversity, with some research into the grassland (Carbutt and Kirkman,
2022) and Karoo biomes (Milton and Dean, 2021). Past studies of thicket have suggested that the
biome has a higher-than-expected potential for carbon storage, despite the relatively dry climate in
which it occurs. These studies have compared the total carbon stock within restored thicket to that
of mesic forests (Mills et al., 2005b; Mills and Cowling, 2006) and has led to an increase in local and

scientific interest in thicket restoration over the years.

Many previous studies of carbon stocks in thicket have focussed on one or two pools such as
aboveground biomass carbon (van der Vyver and Cowling, 2019) or belowground biomass carbon
(Mills and Cowling, 2009). Estimates from the few studies of total carbon stock within intact thicket
are very high, with some estimates higher than those for forests (Table 1.1). This has been attributed
to the presence of spekboom, however, the sample plots on which they have typically been
produced are mostly in landscape positions low in the catena (Mills and Cowling, 2006) where the
soil is generally deeper, more clayey and has a lower stone content compared to the crest. The
application of carbon stock estimates from plots that were not representative of the variations in the

landscape which influence carbon stocks could explain the unexpectedly high values (Powell, 2009).

The availability of in situ thicket carbon plot data is generally abundant, and there are many sources
of published estimates for all thicket carbon pools (Table 1.1). However, the majority of these
estimates have been solely based on averaging in situ data from study plots without accounting for
variations in the physical characteristics of the landscape such as soil depth. Extrapolations without
qualification can result in overestimates or underestimates and could lead to restoration efforts
being directed to areas unsuitable for carbon sequestration. Given the large amount of existing in
situ data available for different areas of thicket, the wide variety of publicly accessible remotely
sensed imagery, and the lack of large-scale spatially explicit estimates of thicket carbon pools, this
research is designed to employ methods of utilizing these existing datasets in a manner that could be

applied to other areas of thicket where past in situ data has already been collected.
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Table 1.1

South Africa (SA), as well as other biomes around the world for comparison.”

Past estimates of carbon stocks within the intact and degraded subtropical thicket of

Carbon (t ha!)

Carbon pool Biome, location Source Intact Degraded
Forest, Argentina Conti et al. (2014) 22.1+2.3 46+1.3
Thicket, SA Powell (2009) 27.4+4.01 49+09
t:’i‘(’)‘::":s\/s Thicket, SA Harris et al. (2021) 304+7.8 17.9+6.8
Thicket, SA Mills et al. (2005a) 40+3 71
Forest, Bangladesh Ullah and Al-Amin (2012) 96.5 Not assessed
Thicket, SA Powell (2009) 3.7+0.7 14+0.3
Forest, Bangladesh Ullah and Al-Amin (2012) 4.2 Not assessed
Litter Forest, Argentina Conti et al. (2014) 6.2+0.6 1.9+05
Thicket, SA Harris et al. (2021) 9.2+3.6 4+23
Thicket, SA Mills et al. (2005a) 11+1 1+04
Thicket, SA Powell (2009) 47+0.7 2.6+0.6
Thicket, SA Mills and Cowling (2009) 1112 2.7+0.3
Root biomass Grassland, SA Mills et al. (2005b) 11.4 Not assessed
Forest, Bangladesh Ullah and Al-Amin (2012) 14.6 Not assessed
Thicket, SA Mills et al. (2005a) 25+13 11+0.7
Thicket, SA Mills et al. (2005b) 25.4 Not assessed
Karoo, SA Mills et al. (2005b) 26 Not assessed
Thicket, SA Powell (2009) 47.4+4.4 21.6+1.7
Forest, Argentina Conti et al. (2014) 8695 93.7+12.3
) Thicket, SA Mills and Cowling (2009) 93+7 31+2
ol Thicket, SA Mills et al. (2005a) 133 £27 95+15
Grassland, SA Mills et al. (2005b) 164 Not assessed
Thicket, SA Mills et al. (2005b) 168 Not assessed
Forest, Bangladesh Ullah and Al-Amin (2012) 168.2 Not assessed
Karoo, SA Mills et al. (2005b) 30 Not assessed
Thicket, SA Powell (2009) 83.1+5.8 30.5+2.1
Total carbon  Grassland, SA Mills et al. (2005b) 172 Not assessed
stock Thicket, SA Mills et al. (2005a) 209 + 28 114+ 14
Thicket, SA Mills et al. (2005b) * 245 Not assessed
Forest, Bangladesh Ullah and Al-Amin (2012) 283.8 Not assessed

* Woody carbon and litter carbon were not separately assessed in this study, so the estimates for

those individual pools are not included in this table.
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1.4 Structure of the dissertation

This document follows a dissertation format, with individual chapters dedicated for each main
section of the study. Chapter 1, the introduction, lays the foundation of the study and consists of a
background of the current knowledge, and the specific aim of this study. Chapter 2 consists of a
description of the characteristics of the study site, followed by descriptions of the methods,
equations and data that were used to calculate the current and potential carbon estimates for each
carbon pool. Chapter 3 provides the average carbon estimates that were calculated for each pool, as
well as maps showing the spatial distribution of each carbon pool within the thicket area of the
Baviaanskloof Nature Reserve. Lastly, Chapter 4 consists of a discussion of the results, including

comparisons to past studies, future research areas, and a conclusion.
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2 Methods

2.1 Study site

The Baviaanskloof Nature Reserve (BNR) is located across the border of the Eastern and Western

Cape Provinces, South Africa, between the towns of Uniondale and Uitenhage (Figure 2.1).
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Figure 2.1 The location of the Baviaanskloof Nature Reserve and nearby towns in the Eastern

Cape and Western Cape Provinces, South Africa, including the locations from which weather data

were sourced, and the extent of the Thicket biome in the reserve and surroundings areas.

The inland subtropical thicket region has a highly variable climate with large temperature ranges
where the annual average minimum and maximum temperatures range between 0.9 °C and 3.9 °C,
and 31.2 °C and 32.6 °C, respectively (Vlok et al., 2003). Mean annual precipitation ranges between
293 mm and 576 mm and while the thicket area does not have a distinct rainfall season, winter
rainfall tends to occur in the western regions and summer rainfall in the eastern areas (Vlok et al.,
2003). With the Kouga Mountains to the south and the Baviaanskloof Mountains to the north, the
reserve has highly variable altitude ranging between 85 m and 1744 m, creating many crests and
valleys (Figure 2.2). The variation in topography affects the occurrence of orographic rainfall and

contributes to an increase in aridity from south to north in the BNR (Euston-Brown, 1994).
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Figure 2.2 The elevation of the Baviaanskloof Nature Reserve and the surrounding areas in the

Eastern and Western Cape Provinces, South Africa, at a 30 m resolution according to the Shuttle

Radar Topography Mission (STRM) digital elevation model.

The variable topography and climate promote high biological diversity which is evident by the
occurrence of seven biomes (Subtropical Thicket, Grassland, Fynbos, Nama Karoo, Succulent Karoo,
Savanna, and Forest) in the broader BNR region and the conservative estimate of 1161 different plant
species present (Boshoff et al., 2001). As part of the Cape Floral Kingdom, the BNR achieved World
Heritage Status in 2004 in recognition of the high level of biodiversity that it supports (Boshoff,
2005). The BNR itself encompasses 207 000 ha, of which 48 058 ha are comprised of twelve different
thicket types (Figure 2.3), according to the Subtropical Thicket Ecosystem Planning project (STEP)
(Lloyd et al., 2002). Descriptions of these thicket types are provided in the STEP Handbook (Pierce
and Mader, 2006).
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Figure 2.3 The extent of the different thicket types within the Baviaanskloof Nature Reserve,

South Africa, from the Subtropical Thicket Ecosystem Planning project, and the locations of the 191
sites where in situ aboveground carbon was previously recorded (Powell, 2009). These sites are only
located in five of the 12 thicket types — Baviaans spekboom thicket, Baviaans valley thicket, Baviaans

doringveld, Gamtoos valley thicket and Gamtoos bontveld.

Most of the land in the reserve is protected and falls under the jurisdiction of the Eastern Cape Parks
and Tourism Agency; however, there are some private farms — most of which have been used for
grazing by livestock such as goats and sheep (Jansen, 2008). According to the STEP data, 26 527 ha of
thicket in the BNR are moderately degraded, 3 502 ha are severely degraded, and 12 381 ha are
intact. Degraded thicket has been described as savanna-like or shrubland-like, a shift that has been
associated with a decline in soil quality and soil carbon (Mills and Fey, 2004; Mills et al., 2005a), and

a change in the soil bacterial communities (Schagen et al., 2021).

Subtropical thicket is a biodiversity hotspot with many flora species including succulents such as Aloe
ferox, woody species such as Acacia karroo and Pappea capensis and herbaceous shrubs, with 20% of
the plant species endemic to the region (Vlok et al., 2003). But, in thicket restoration, Portulacaria
afra (spekboom), which has been described as an ‘ecosystem engineer’ in that it aids in shifting the
degraded system to one that resembles an intact thicket in both structure and function (van der
Vyver et al., 2013), is the species of interest. Spekboom is an endemic succulent species found
widespread in many thicket types (Vlok et al., 2003). Its ability to facultatively make use of

Crassulacean Acid Metabolism (CAM) photosynthesis during periods of drought is suggested to result
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in increased productivity compared to C; or obligate CAM plants (Pierce et al., 2009) and is one of
the attributes that makes it ideal for use in thicket restoration. Spekboom is often accompanied by a
thick litter layer below the canopy (Mills and Fey, 2004; Mills et al., 2005a; Powell, 2009), which
provides soil cover, resulting in a higher soil carbon content compared to degraded sites where
spekboom is sparse or absent (Mills and Fey, 2004). The canopy cover it provides has also been
suggested to improve the rate of water infiltration into soil, increase soil moisture, and reduce runoff
and soil erosion (Van Luijk et al., 2012), factors that are crucial given the water-stressed regions in
which thicket occurs. This microclimate created by spekboom and its canopy is suggested to assist in

the re-establishment of other species in degraded thicket areas (van der Vyver et al., 2013).

2.2 Total carbon

Total landscape carbon was divided into the four thicket carbon pools — soil organic carbon, woody
carbon, root carbon and litter carbon. Figure 2.4 provides an overview of the broad process by which
each estimate was calculated, as well as the corresponding equations which were used for each

component of the study. The subsequent sections provide detail into these methods and equations.

Total Carbon
Soil Organic Woody Carbon Root Carbon Litter Carbon
Carbon
Potential Current Current Current
J’ (1,2} (5} (&) (10}
Current Potential 4 Potential \‘ Potential
(3, 4) (8,7) () (1)
Figure 2.4 The process by which current (blue) and potential (yellow) carbon estimates in the

Baviaanskloof Nature Reserve, South Africa, were calculated for each pool, which estimates were

based on previous results, and the corresponding equation numbers that were used in each step.
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2.3 Soil Organic Carbon

The following subsection provides descriptions of the methods employed to estimate the potential
and current soil organic carbon within the BNR thicket area. For this component, the potential soil
organic carbon (SOC) needed to be calculated first because there was an insufficient number of soil

pit plots to subset them into the three different levels of degradation.

Potential Soil Organic Carbon

In situ Agricultural Research Council (ARC) soil profile data (ARC—ISCW, no date) for Primary
Catchment L, within which the BNR is located, were used to calculate estimates of potential SOC in
each 30 m pixel of thicket in the reserve according to the following equation (Schiitte et al. ,2019; RJ

Scholes, personal communication):

z

Csoil, potential = -[ Psoil X fimatrix X fsoc 62
0

(1)

Where:

z is the depth of the soil horizon (m),
Psoil is the bulk density of the soil volume not occupied by gravel (t m3),
fmatrix is the fraction of the total soil volume that is not occupied by stones,

and fsoc is the fractional SOC content of sieved soil.

Information about all the data that were used to calculate potential soil organic carbon is provided in
Table 2.1. The ARC soil data consists of 276 soil pit locations (Figure 2.5) and included measurements
and descriptions of soil properties for each soil horizon at each location. Each point was also
accompanied by a description of the land use — natural, cultivated pastures, disturbed land etc. The
ARC dataset includes the slope position (terrain unit) at which each soil pit was dug: Valley Bottom,
Lower Footslope, Footslope, Upper Footslope, Lower Midslope, Midslope, Upper Midslope, Crest.
The dataset includes eight slope positions, which is overrefined for the purposes of this study and
would result in too few recordings per position. Therefore, the number of the classes were adjusted
to five slope positions based on Table 2.2. A sample of the original ARC dataset is shown in Table 2.3

and further analysis of the ARC dataset is provided in Appendix A.
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Table 2.1 The datasets, their sources, and the software that were used to process the data
and estimate potential soil organic carbon across the thicket area of the Baviaanskloof Nature

Reserve, South Africa.

Dataset Source Software

Soil profile data Agricultural Research Council ArcMap 10.6

Shuttle Radar Topography Mission (SRTM) ~ and ArcGIS Pro
Digital elevation model (30 m)
(Farr et al., 2007) 3.1

Northern Cape

Eastern Cape

Western Cape

N
®  ARC soil pits 0 20 40 80 120 160 A
Baviaanskloof Nature Reserve Kilometres
Figure 2.5 Locations of the 276 soil profiles in Primary Catchment L, South Africa, from the

Agricultural Research Council dataset.
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Table 2.2 The original slope positions (terrain unit) from the Agricultural Research Council

soil profile dataset and the corresponding simplified slope positions that were used in this study.

Original terrain unit Simplified slope position

Valley bottom Valley

Lower footslope

Footslope Lower slope

Upper footslope

Lower midslope

Midslope
Midslope
Upper midslope Upper slope
Crest Crest

To calculate potential carbon, plot points in undisturbed and natural land, which are located within
the broader thicket extent from the STEP map were selected, and the calculations described below

were performed on this subset to estimate the potential SOC in the BNR thicket area.



Table 2.3

analysis, and the meaning of the soil texture shorthand.

A sample of the data provided in the ARC soil profile point shapefile for Primary Catchment L in South Africa that were relevant to this

Land Master Upper Lower Carbon
NATPROF Longitude Latitude L Depth Depth coSa meSa fiSa vfiSa coSi fiSi Clay
Use Horizon (fsoc)
(mm) (mm)

2036 24.390278 -33.181944 - Al 0 100 0.2 1.7 6 30.1 34.7 16.6 48 6.7
2036 24.390278 -33.181944 - B21 100 400 0.2 4.2 4.2 144 31 22.8 128 12
2036 24.390278 -33.181944 - B22 400 600 0.3 4.2 4.6 248 17.4 7.5 83 329
2038 24.895833 -33.325 Shrubveld Al 0 100 0.4 4 8.2 19.5 201 149 215 11.7
2038 24.895833 -33.325 Shrubveld B2 100 400 0.4 5.3 8.2 20 20.5 16 56 201
2048 24.345833 -33.411111 - Al 0 100 0.3 4.4 4.2 26.9 20.9 9.9 16.5 18.9
2048 24.345833 -33.411111 - B21 100 300 0.2 3.2 3.3 9.6 19.9 17 9.9 38.6
2056 24.8 -33.678333 Fynbos A/E 0 200 1.5 16.6 20.7 17.7 6.8 17.8 6.9 9.3
2056 24.8 -33.678333 Fynbos B2 200 500 1 8.4 19.4 183 5 14.4 144 18.3
2057 24.827778 -33.775 Fruit trees Al 0 200 0.5 4.7 17.9 17.2 10.8 18.7 14 18.1
2057 24.827778 -33.775 Fruit trees  B21 200 500 0.4 4.6 15.5 15.8 11 199 148 17.7
2057 24.827778 -33.775 Fruit trees  B22 500 900 0.2 2.1 5.9 9.3 12 249 276 17.7
2058 25.002778 -33.772222 Plantation Al 0 200 0.8 41 18.8 19.8 18.7 179 84 9.7
2058 25.002778 -33.772222 Plantation  B21 400 700 0.3 3.8 14.6 143 14.2 176 9.2 26.6
2058 25.002778 -33.772222 Plantation B22 700 1000 0.2 2.2 12.1 11.2 11.3 12.5 6.8 41.1
2058 25.002778 -33.772222 Plantation E 200 400 0.3 3.5 19.2 19.5 189 175 79 122

coSa meSa fiSa vfiSa coSi fiSi Clay

Proportion of coarse

sand

Proportion of
medium sand

Proportion of fine

sand

Proportion of very
fine sane

Proportion of

coarse silt

Proportion of

Fine silt

Clay

Proportion of
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As the ARC data did not include bulk density recordings, a method employed by Schiitte et al. (2019)
where a previously established relationship between the percentage of clay (pClay) and bulk density
based on South African data (Van der Merwe, 1973; Hutson, 1984; Schulze, 1995) was used to

calculate bulk density (psoil):

Psoil = 0.0079 x pClay +1.7243 (2)

Where:

Psoil is bulk density,

and pClay is the proportion of soil that is composed of clay.

Next, for each soil horizon, the sum of the proportion of sand, silt and clay was calculated to
determine fmatrix. With these calculated data and the corresponding carbon recordings for each plot,
the potential Csoil Was calculated for each horizon as described by equation 1, and then summed for

each site to determine the total potential Csoil for the entire soil profile at each location.

As a proxy for soil depth to extrapolate SOC estimates for the BNR, the 30 m resolution Shuttle
Radar Topography Mission (SRTM) digital elevation model (DEM) was classified into five slope
positions (Figure 2.6). The Topographic Position Index (TPI) value for each pixel was determined by
first using the Focal Statistics tool in ArcMap 10.6 to calculate each pixel value as a mean of all the
elevation pixel values within a 20-cell neighbourhood, and then subtracting that from the DEM using
the Raster Calculator. Given the high variability of the reserve’s topography, a large neighbourhood
size of 1000 m was selected to minimise grain in the slope position classification. A raster of TPI
values over the entire area of Primary Catchment L was created and then used to determine the
slope positions based on an established method of classifying the TPI values in intervals of 0.5

standard deviations (Jenness et al., 2013) (Table 2.4).
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Figure 2.6 The Shuttle Radar Topography Mission (SRTM) 30 m digital elevation model classified
into five slope positions based on 0.5 standard deviation of the calculated Topographic Position Index

values over the thicket area in the Baviaanskloof Nature Reserve, South Africa.

Table 2.4 The classification of Topographic Position Index (TPI) values to slope positions
within the thicket area of the Baviaanskloof Nature Reserve, South Africa, based on standard

deviation intervals.

Standard deviation intervals  Topographic Position Index range Slope position
TPI<-1 <-48.8 Valley
-1<TPI<-0.5 -48.8 to -24.6 Lower slope
-0.5<TPI<0.5 -24.6 to 23.7 Mid slope
0.5<TPI<1 23.71t0 47.9 Upper slope
TPI>1 >47.9 Crest

Three Generalized Linear Models (GLMs) were then performed using the Generalised Linear
Regression tool in ArcGIS Pro 3.1 to model potential SOC using the subset of ARC soil profile data,
and elevation (from the SRTM dataset) and slope position (TPI) as explanatory variables, separately
and together. The response data were right-skewed, so a log-transformation was used to achieve a
normal distribution and the GLMs were performed on the transformed data. The best model was

selected based on the highest R? value and a Jarque-Bera p value of less than 0.5, indicating that the
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model residuals were distributed normally. The selected model was then used to predict potential

SOC across the BNR thicket area.

A potential option for estimating potential SOC is SoilGrids (Poggio et al., 2021) — a machine-learning
predictive soil model that is based on data from 230 000 soil profiles around the world which have
been collated into the World Soil Information Service (WoSIS). The SoilGrids website
(https://soilgrids.org/) includes maps of soil organic carbon stocks, bulk density, and various soil
content properties (coarse fragments, sand, silt, and clay content). In theory, it should provide an
estimate of the potential SOC stock because it takes the physical characteristics of the landscape and
soil from soil pit data (which are generally collected in undisturbed sites) into account, but not land

use or degradation status.

Current Soil Organic Carbon

Estimates of current SOC were calculated as described by the following equation, based on the
fractions of active, passive and recalcitrant carbon (Mills and Fey, 2004), and a standard first order
decay model to calculate the change in the amount of carbon in the active pool (RJ Scholes, personal

communication):

-kt
Csoil, current = (1 - fresidual) x Csoil, potential X € + fresidual % cSoiI, potential) (3)

Where:

fresidual is the sum of the passive and recalcitrant fractions of soil organic carbon,
Csoil, potential is the potential soil carbon estimate calculated above,

k is the exponential decay rate of the active soil organic carbon pool,

and t is the estimated time since degradation occurred.

Information about all the data that were used to calculate current soil organic carbon is provided in

Table 2.5
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Table 2.5 The datasets, their sources, and the software that was used to estimate the

current soil organic carbon across the thicket area of the Baviaanskloof Nature Reserve, South

Africa.
Dataset Source Software
Potential Csoil (30 m) This study

Nitrogen content recordings for intact and

degraded thicket — used as a proxy for the rate of

soil decomposition (k) as described below Mills and Fey (2004) ArcMap 10.6

fresidual

Time since degradation began Zandvlakte (No date)

Mills and Fey (2004) assessed the total organic carbon within thicket soil, as well as the fraction of
total carbon that was comprised of active organic carbon (0.5). Since there are three main soil
organic carbon pools — active, passive and recalcitrant, if the fraction of SOC consisting of active
carbon is 0.5, then the sum of the passive and recalcitrant fractions (fresidual) can be calculated as 1 -

0.5.

While there have been a few studies recording the rate of litter decomposition in thicket, currently,
there are no studies of the rate of soil decomposition in thicket. So, recordings of Nitrogen content in
intact and degraded thicket from Mills and Fey (2004) were substituted into a standard first-order

decay model to solve for k:

Nt = Np x el**¥) (4)
Where:

Nt is the remaining Nitrogen content, in this case, the Nitrogen content that was recorded in
degraded thicket,
No is the initial Nitrogen content, in this case, the amount of Nitrogen recorded in intact

thicket,
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tis the time since degradation which was estimated as the number of years between the
best estimate of the start of thicket degradation — 1982 (Zandvlakte, no date) — and the year
that the Nitrogen content was recorded (2003),

and k is the rate of soil decomposition.

2.4 Woody Carbon

The following subsection describes the methods employed to calculate estimates of the current and
potential aboveground Woody C within the thicket of the BNR.

Current Woody Carbon

Current Woody C was estimated according to the following function (RJ Scholes, personal

communication):

Cwoody, current ~ vegetation volume + elevation + degradation status (5)

Where:

vegetation volume, is the canopy height (m) multiplied by the canopy cover (m) of each 30
m pixel,

elevation is the DEM value (m) for each 30 m pixel,

and degradation status is the thicket status (intact, moderately degraded, and severely

degraded) of each pixel as classified in the STEP map.

Information about all the data that were used to calculate current woody carbon is provided in Table

2.6.
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Table 2.6 The datasets (and their resolution, where applicable) that were used to estimate
current woody carbon in the thicket of the Baviaanskloof Nature Reserve, South Africa, and the

corresponding software that were used to extract and/or process them.

Dataset Source Software

Global Land Analysis and
Raster of canopy top
Discovery (GLAD)
height (30 m) (2019)
(Potapov et al., 2021)

Landsat Global Forest
Raster of canopy cover Extracted from Google Earth Engine

Cover Change (Sexton et

(30 m) (2015) al, 2013) Clipped and applied in ArcMap 10.6

Shuttle Radar
Digital elevation model
Topography Mission
(30m)
(SRTM) (Farr et al., 2007)

Shapefile with in situ
Powell (2009) ArcMap 10.6
Woody C plot data

Pristine, moderately degraded, and
Subtropical Thicket
severely degraded portions of the

Shapefile with thicket Ecosystem Planning
shapefile were extracted and
status (STEP) Project (Lloyd,
converted into a 30 m raster file in
2002)

ArcMap 10.6

The original GEDI canopy height dataset was initially explored for this analysis, however, the
recordings across the BNR thicket ranged between 2 m and 140 m which is an exceptionally high
maximum canopy height recording in any biome, but especially thicket which is generally around 3 m
high. Woody C estimates using GEDI were exceptionally high (~450 t ha?) in areas of the study site
and resulted in GEDI being rejected as a reasonable option for use in this analysis. The Global Land
Analysis and Discovery (GLAD) global forest canopy height dataset is based on the Landsat land-cover
time-series data and is calibrated against the GEDI data (Potapov et al., 2021). The result is a canopy
height recording range of between 0 m and 25 m over the thicket area of the BNR. This range of
values is a big improvement relative to GEDI, but as a canopy height of 25 m is still unreasonably high
for thicket vegetation, an outlier analysis was performed (Figure 2.7), and pixels with a value larger

than 8 m were excluded from the analysis.
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Another problem with GLAD was that it is aimed at studying forests, so the minimum canopy height
recorded is 3 m. This posed a problem because thicket generally consists of much shorter vegetation
(around 2 to 5 m high) compared to forests, so GLAD recordings of 0 m, could lie between 0 and 3 m.
For the purpose of this analysis, a best estimate of 1 m was made for pixels with a value of 0. Once
the canopy height data was prepared, each pixel was multiplied by the corresponding canopy cover

value to calculate a 30 m raster of the volume of vegetation.

180000 0.03
160000
0.025
140000
120000 0.02
> ey
€ 100000 =
g a015:§
S 80000 o
s &
60000 0.01
40000
0.005
20000
0 —-— 0
-1 3 7 ggq 11 15 19 23 27

GLAD canopy height (m)

Figure 2.7 A graph of the Global Land Analysis and Discovery (GLAD) canopy height 30 m pixel
values over the Baviaanskloof Nature Reserve, South Africa. Recordings of 0 m could actually be 1 or
2 m due to the minimum height threshold of 3 m recorded by the sensor. The probability density
function of a log-normal distribution fit to the GLAD canopy height observations was overlaid in

black. The red line indicates the 95 percentile outlier cut-off value of 8.44 m.

An outlier analysis was also performed for the 191 Woody C recordings (Figure 2.8). An exponential

function was fitted to the data and an outlier cutoff value was calculated at the 95t percentile.
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Figure 2.8 The frequency of the in situ woody carbon recordings in the Baviaanskloof Nature

Reserve, South Africa, by Powell (2009). An outlier cutoff value (41.03), indicated by the red line, was
calculated at the 95 percentile of an exponential function that was fitted to the data and all
recordings that exceeded 41.03 were excluded and the remaining 181 data points were used for the

analysis.

As the carbon data were not normally distributed, a Forest-based Classification and Regression
model (ArcGIS Pro 3.1) for Woody C as a response variable was run for all possible combinations of
the potential explanatory variables: vegetation volume, degradation status, slope position and
elevation. One hundred validation runs were performed and 20% of the training data were excluded
for model validation. The best model was chosen based on the highest median R? value of the model
estimates versus the excluded validation data. When running the selected model to predict to a
raster, none of the data was excluded from the model, as suggested by ESRI in a workshop on the

Forest-based Classification and Regression tool (Esri Events, 2019).

Potential Woody Carbon
Potential Woody C was estimated according to the below function (RJ Scholes, personal

communication):

Cwoody, potential ~ Annual P/PE + Wet P/PE + Dry P/PE + slope position (6)
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Where:

Annual P/PE is average annual water availability,
Wet P/PE and Dry P/PE are the average water availability in the wettest and driest quarters
of the year, respectively,

and slope position is a proxy for soil depth.

Information about all the data that were used to calculate potential woody carbon is provided in

Table 2.7.

Table 2.7 The datasets (and their resolution, where applicable) that were used to estimate
potential woody carbon in the thicket of the Baviaanskloof Nature Reserve, South Africa, and the

corresponding software that were used to extract and/or process them.

Dataset Source Software

Daily precipitation recordings from 2000 to

2022 South African Weather Microsoft Excel

Daily minimum and maximum temperature Service and ArcGIS Pro 3.1

recordings from 2000 to 2022

Slope position raster (30 m)

This study ArcGIS Pro 3.1
Current Cwoody in intact thicket

The daily minimum temperature, maximum temperature, and rainfall records from 2000 to 2022
were requested from the South African Weather Service for three surrounding towns: Patensie,
Joubertina and Willowmore. To gap-fill the records, a linear regression was performed for all
combinations of the three sites (Patensie and Joubertina, Joubertina and Willowmore, Willowmore
and Patensie) using data from all days where both sites had data. The equation of the linear trendline
with the highest R? value was then used to gap-fill missing daily temperature and rainfall recordings
for each site. The average rainfall, minimum temperature and maximum temperature for each month
was interpolated into individual 30 m resolution raster images across the reserve using the Kriging
interpolation tool in ArcGIS Pro 3.1, although interpolation may not be ideal over mountainous areas
such as the BNR (Workneh et al., 2024). The average minimum and maximum temperature pixel
values for each month were calculated and used to determine Rann below. Potential evaporation was
calculated for each pixel using the Linacre equation (Linacre, 1977) in the Raster Calculator tool as

described below:
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Where:

(T—T4)=0.0023 2+ 0.37 T+ 0.53 R+ 0.35 Rann — 10.9°C,
Tmis T+ 0.006 x z,

Tq is the mean dew-point temperature (°C),

T is mean temperature (°C),

A is the latitude at the site (33°),

z is the elevation (m) from the SRTM DEM,

R is the mean temperature range,

and Rann is the difference between the warmest and coldest months of the year.

Once the potential evaporation raster files for each month were created as described above, the
precipitation raster images were divided by the corresponding PE raster images to create images of
P/PE across the reserve. The average monthly P/PE pixel values were calculated and used to
determine which quarter of the year is the wettest (has the lowest average P/PE value) and driest
(has the highest average P/PE value). The raster images for these quarters were then averaged to

create P/PE raster files for the driest and wettest quarters.

To estimate potential Woody C, the current Woody C estimates in intact thicket were isolated and
used as input into the model. There were insufficient in situ recordings in intact thicket to use to
model potential Woody C as none of the plots were located in the upper slopes or crests. The current
Woody C estimates in intact thicket were strongly left skewed and unsuitable for a Generalised Linear
Model (GLM). Despite reflecting the data, transforming the data, and testing different families and
link functions in R Studio (R version 4.2.3), the residuals of all models based on all combinations of
the explanatory variables were not normally distributed. As Forest-based Classification and
Regression in ArcGIS Pro 3.1 is suitable for data that are not normally distributed, this tool was used.
All combinations of the explanatory variables were used with 20% of the training data excluded for
validation. The best model was selected based on the highest R? value of model estimates vs input
data and the lowest mean squared error value. When using the selected model to predict to a raster,

none of the training data were excluded for validation.
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2.5 Root Carbon

The following subsection describes the methods employed to calculate the current and potential

root carbon in the thicket of the BNR.

Current Root Carbon

The following equation (RJ Scholes, personal communication) was applied to each pixel of estimated

current woody carbon to calculate the current root carbon:

CRroot, current = CWoody, current X fRootc

Where:

CWoody, current is the estimate of current woody carbon calculated above for each pixel,

and frootc is the ratio of Croot to Cwoody calculated from past literature (Powell, 2009).

(8)

Information about all the data that were used to calculate current root carbon is provided in Table

2.8.

Table 2.8 The datasets (and their resolution, where applicable) that were used to estimate

current root carbon in the thicket of the Baviaanskloof Nature Reserve, South Africa, and the

corresponding software that was used in the analysis.

Dataset Source Software

Current woody carbon (30 m) Calculated in this study

Average root carbon recorded in intact thicket

Average root carbon recorded in moderately

degraded thicket Powell (2009)

Average root carbon recorded in severely

degraded thicket

ArcMap 10.6

Individual frootc values were calculated using the average Woody C and Root C recordings in intact,

moderately degraded and severely degraded thicket from Powell (2009) to determine the average

tonnes of Root C to one tonne of Woody C for each degradation status (Table 2.9).
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The frootc ratio for intact thicket was applied to each pixel of current Woody C calculated in this study
in intact thicket, the frootc ratio for degraded thicket was applied to each pixel of current Woody C in
moderately degraded thicket, and the frootc for Old Lands was applied to each pixel of current Woody

Cin severely degraded thicket.

Potential Root Carbon

Root carbon was calculated using the following equation (RJ Scholes, personal communication):

CRoot, potential = CWoody, potential X frootc ()

Where:

Cwoody, potential IS the potential Woody C calculated in the previous section,

and frootcis the average ratio of Root C to Woody C in intact thicket.

frootc Was calculated using the in situ average Woody C and Root C data for intact thicket that was
used in the current Root C analysis (Powell, 2009). This ratio was then applied to each 30 m pixel of
estimated potential Woody C in pixels located in moderately and severely degraded thicket using the
Raster Calculator tool in ArcMap 10.6 to calculate potential Root C. Information about all the data

that were used to calculate potential root carbon is provided in Table 2.10.

Table 2.10 The datasets (including resolution, where applicable) that were used to estimate
the potential root carbon in the degraded thicket of the Baviaanskloof Nature Reserve, South

Africa, and the corresponding software that were used to apply them.

Dataset Source Software
Current woody carbon estimate (30 m) Calculated in this study

ArcMap 10.6
Average root carbon recorded in intact thicket Powell (2009)

2.6 Litter Carbon

The following subsection describes the methods used to calculate estimates of the current and

potential litter carbon within the BNR thicket.
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Current Litter Carbon

Current litter carbon per pixel of thicket was calculated using the following equation (RJ Scholes,

personal communication):

Clitter, current = CWoody, potential X flitterC (10)

Where:

Cwoody, current is the estimate of current woody carbon calculated above for each pixel,

and fuitterc is ratio of Litter C to Cwoody calculated from past literature (Powell, 2009).

The data that were used are specified in Table 2.11. Separate fLiterc values were calculated using the
average Woody C and Litter C recordings in intact, moderately degraded, and severely degraded
thicket from Powell (2009) to determine the average tonnes of Litter C to one tonne of Woody C for

each degradation status (Table 2.12).
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Table 2.11 The datasets (and their resolution, where applicable) that were used to estimate
current litter carbon in the thicket of the Baviaanskloof Nature Reserve, South Africa, and the

corresponding software that were used in the analysis.

Dataset Source Software
Calculated in
Current woody carbon (30 m)
this study
ArcMa
Average litter carbon recorded in intact thicket P
10.6
Average litter carbon recorded in moderately degraded thicket Powell (2009)

Average litter carbon recorded in severely degraded thicket

Table 2.12 The ratios of Litter C to Woody C, calculated from past carbon recordings in the
thicket of the Baviaanskloof Nature Reserve, South Africa (Powell, 2009).

Degradation status Woody C Litter C
Intact thicket 1 0.14
Moderately degraded thicket 1 0.35
Severely degraded thicket 1 0.25

The fiiterc ratio for intact thicket was applied to each pixel of current Woody C calculated in this study
in intact thicket, the fiitterc ratio for degraded thicket was applied to each pixel of current Woody C in

moderately degraded thicket, and the fLitterc for severely degraded thicket was applied to each pixel

of current Woody C in severely degraded thicket.
Potential Litter Carbon

The potential litter carbon stocks were calculated according to the following equation (RJ Scholes,

personal communication):

Clitter, potential = CWoody, potential X fiitterc (11)
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Where:

Cwoody, potential is the potential Woody C estimate calculated in this study for each pixel,

and fuiwerc is the average ratio of litter carbon to Woody C in intact thicket within the BNR.

flirerc was calculated using the average in situ Woody C and Litter C data for intact thicket that was
used in the current Litter C analysis (Powell, 2009). This ratio was then applied to each 30 m pixel of
estimated potential Woody C in pixels located in moderately and severely degraded thicket using the
Raster Calculator tool in ArcMap 10.6 to calculate potential Litter C. Information about all the data

that were used in this calculation is provided in Table 2.13.

Table 2.13 The datasets (including resolution, where applicable) that were used to estimate
the potential litter carbon in the degraded thicket of the Baviaanskloof Nature Reserve, South

Africa, and the corresponding software that were used to apply them.

Dataset Source Software
Current woody carbon estimate (30 m) Calculated in this study

ArcMap 10.6
Average litter carbon recorded in intact thicket (Powell, 2009)

2.7 Statistical analysis

For each map of current and potential carbon estimates for each of the four thicket pools, the
average and standard deviation of all the pixel values were calculated to compare the results. For
each individual carbon pool, a multi-factor Analysis of Variance (ANOVA) was performed with slope
position, degradation status and ecosystem state (current and potential) as independent variables. A
Tukey post-hoc test was then performed to determine any significant differences (a = 0.05) between
the average carbon pixel value at each slope position, degradation status and ecosystem state for

each carbon pool.

For woody carbon and litter carbon, for which individual plot measurements were available, a
correlation analysis was performed for each to compare the recorded carbon values by Powell (2009)
against the carbon estimates calculated in this study. As the data were not normally distributed,

Spearman’s rank correlations were performed.
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3 Results

3.1 Soil organic carbon

The estimated mean current SOC was 20.3 + 21.7 t ha and the mean potential SOC was 29.7 + 26.1 t
ha across the entire thicket area of the BNR. The current SOC estimates were lower than the
potential SOC estimates (Table 3.1); however, the severely degraded estimates are higher than the

moderately degraded estimates for both current and potential carbon (Table 3.1).

Table 3.1 The average current and potential soil organic carbon pixel values over the thicket

area of the Baviaanskloof Nature Reserve, South Africa, for each current thicket degradation

status.
Original degradation Average current soil organic Average potential soil organic
status carbon =1 SD (t ha') carbon 1 SD (t ha')
Intact 37.7+29 -
Moderately degraded 13.2+12.1 26.3+24.1
Severely degraded 14+11.6 28 +23.1
All thicket 20.3+21.7 29.7 £ 26.1

The potential SOC estimates at each slope position (Table 3.2) followed the expected trend of
increasing downslope — also evident in Figure 3.2 as well as the current SOC estimates in Figure 3.3.
There is a difference between the two slope extremes with valleys having 20 times the average

amount of potential SOC than the crests.

The best model for potential SOC, based on the highest R? and Jarque Bera values, included slope
position and elevation (two related variables) as explanatory variables to predict carbon. However,
this resulted in a single carbon estimates per slope position, and no other variation, therefore no

statistics could be performed on this data.
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Table 3.2 The potential soil organic carbon (t ha™) pixel values over the thicket area of the

Baviaanskloof Nature Reserve, South Africa, estimated at each of the five slope positions.

Slope position

Potential soil organic carbon (t hal)

Valley 78.1
Lower slope 36.8
Mid-slope 17.4
Upper slope 8.2
Crest 3.9
All 29.7

According to the SoilGrids model (Figure 3.1), the average SOC across thicket in the BNR is 48.4 £ 5.2
t ha — much higher compared to the average value of 29.7 + 26 t ha! estimated in this study.
SoilGrids is available at a 250 m resolution, which is very coarse given the highly variable topography

of the BNR and may be insufficient to account for changes in the landscape such as soil depth.

Soil organic carbon (t C ha)
66
- N

0 5 10 20 30 40
) Kilometres A

Figure 3.1 Potential soil organic carbon estimates within the thicket area of the Baviaanskloof

Nature Reserve, South Africa, as predicted by the SoilGrids model at a resolution of 250 m.
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Figure 3.2 Estimated potential soil organic carbon in each 30 m pixel of thicket in the Baviaanskloof Nature Reserve, South Africa, based on the ARC soil profile data in

primary catchment L, the classified slope positions, and a digital elevation model.
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Figure 3.3 Estimated current soil organic carbon in each 30 m pixel of thicket in the Baviaanskloof Nature Reserve, South Africa, based on the potential soil organic

carbon estimates and a first-order decay model of Nitrogen.
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3.2 Woody carbon

The average current woody carbon (Woody C) estimated in this study across all levels of degradation
was 15.7 + 6.4 t ha! (Table 3.3) and the average potential Woody C estimated in this study was 18.4 +
2.9 t ha’. The values of the lowest estimates in Figure 3.4 and Figure 3.5 show an increase of 8 t ha™!
in areas of low current carbon, and the values in Table 3.3 indicate that severely degraded thicket has

the highest potential of carbon increase compared to moderately degraded thicket.

On average across the reserve and both levels of degradation, the potential carbon estimates are
higher than the current carbon estimates (Table 3.3), however, some pixels across the reserve have a

lower estimate of potential Woody C compared to current Woody C (discussed below).

Table 3.3 The average current and potential woody carbon pixel values over the thicket

area of the Baviaanskloof Nature Reserve, South Africa, for each current thicket degradation

status.
Original degradation Average current woody Average potential woody
status carbon =1 SD (t ha') carbon £ 1 SD (t ha')
Intact 18.1+4 -
Moderately degraded 15.6+6.7 18.7+2.3
Severely degraded 8+4.6 17.6+2.5
All thicket 15.7+6.4 18.4+2.9
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Figure 3.4 The best estimate of current woody carbon in each 30 m pixel of thicket in the Baviaanskloof Nature Reserve, South Africa, as predicted using the Forest-

based Classification and Regression tool in ArcGIS Pro 3.1.
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Figure 3.5 The estimated potential woody carbon in the thicket of the Baviaanskloof Nature Reserve, South Africa based on the current woody carbon estimates in

intact thicket.
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When comparing the in situ recordings of Woody C with the model estimates of current Woody C
from the corresponding pixels, the positive Spearman’s rank correlation coefficient of 0.66 (S =

331491, p < 0.01) (Figure 3.6) indicates a good fit.
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Figure 3.6 The available in situ woody carbon recordings collected by Powell (2009) in the
thicket area of the Baviaanskloof Nature Reserve, South Africa, plotted against the corresponding
woody carbon 30 m pixel estimates from the best-fit model in this study. The Spearman’s rank

correlation coefficient — p —is 0.6646 (S = 331491, p < 0.01).

3.3 Root carbon

The average current root carbon (Root C) estimated across the thicket area of the reserve was 6.5 +
3.8 t ha, and the average potential Root C was 3.2 + 0.5 t ha’. For both moderately and severely
degraded thicket, the average potential carbon estimates are lower than the average current carbon

estimates (Table 3.4).
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Table 3.4 The average current and potential root carbon pixel values over the thicket area

of the Baviaanskloof Nature Reserve, South Africa, for each current thicket degradation status.

Current degradation Average current root Average potential root
status carbon 1 SD (t ha') carbon £ 1 SD (t ha'l)
Intact 3.1+0.7 -
Moderately degraded 8.3+3.6 32204
Severely degraded 44+25 3.0+x04
All thicket 6.5%3.8 3.2+0.5

Figure 3.7 and Figure 3.8 show the spatial distribution of current and potential carbon, respectively,

across the thicket area of the reserve. Low current carbon estimates in the valleys (Figure 3.7) can be

explained by the presence of degraded thicket, but this trend is also present in the map of potential

carbon estimates (Figure 3.8) where red and yellow pixels, indicating low carbon stocks, are

concentrated in the valleys.
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Figure 3.7 The estimated current root carbon in each 30 m pixel of thicket in the Baviaanskloof Nature Reserve, South Africa, based on the best estimate of woody

carbon in this study and the ratio of root carbon to woody carbon.
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Figure 3.8 The estimated potential root carbon in each 30 m pixel of thicket in the Baviaanskloof Nature Reserve, South Africa, based on the potential woody carbon

estimates and the ratio of root carbon to woody carbon.
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3.4 Litter carbon

The average current litter carbon (Litter C) estimated across the thicket of the reserve was 3.6 + 1.9t

ha and the average potential Litter C carbon was 2.6 + 0.4 t ha. Like the Root C estimates, the

average potential Litter C in moderately degraded thicket areas was lower than the average current

carbon estimate (Table 3.5) indicating that these estimates need to be improved in order to be used

for decision-making. However, when plotting the modelled estimates against the corresponding

recordings, the positive Spearman’s rank correlation coefficient of 0.41 (S = 583914, p < 0.01) (Figure

3.9) indicates a relatively good fit.

Table 3.5

The average current and potential litter carbon pixel values over the thicket area of

the Baviaanskloof Nature Reserve, South Africa, for each current thicket degradation status.

Original degradation

Average current litter Average potential litter

status carbon +1 SD (t ha') carbon =1 SD (t ha)
Intact 24+05 -
Moderately degraded 44+19 2.5+0.3
Severely degraded 1.7+1 24+0.3
All thicket 3.6+1.9 26104

Low litter carbon estimates appear to be concentrated in the valley regions (Figure 3.10 and Figure

3.11). Given that most severely degraded thicket is concentrated in and near the valleys, it is

expected for there to be lower current litter carbon estimates there, however, potential litter carbon

estimates are also low downslope, and high upslope.
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Figure 3.9 The available in situ current litter carbon recordings collected by Powell (2009) in the
thicket area of the Baviaanskloof Nature Reserve, South Africa, plotted against the corresponding
current litter carbon 30 m pixel estimates from this study. The Spearman’s rank correlation coefficient

—p—is 0.4091 (S = 583914, p < 0.01).

50



S e
[ ] Baviaanskloof Nature Reserve < @

Current litter carbon (t ha)

8.72
- N

0O 5 10 20 30 40
B 02 e e s Kilometres A

Figure 3.10 The current litter carbon estimates per 30 m pixel of thicket in the Baviaanskloof Nature Reserve, South Africa, based on the current woody carbon

estimates and the ratio of litter carbon to woody carbon.
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Figure 3.11 The potential litter carbon estimates for each 30 m pixel in the thicket area of the Baviaanskloof Nature Reserve, South Africa, based on the potential woody

carbon estimates and the ratio of litter carbon to woody carbon.
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3.5 Carbon trends

Carbon vs slope position

As expected, the average soil organic carbon (SOC) estimates significantly increased downslope
(Fa,862282) = 939324375, p <0.01], however, woody carbon (Fs,s62282) = 6776.83, p <0.01], root carbon
(Fa,862 282) = 11005.4, p <0.01), and litter carbon (F,s62282) = 9930.0, p <0.01) all increased significantly

upslope (Figure 3.12), which was not expected.
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Figure 3.12 The average (+ SE) current and potential carbon at each slope position for both
degrees of degradation of each thicket carbon pool in the Baviaanskloof Nature Reserve, South
Africa. The results of the Tukey post-hoc test to determine significant differences between carbon at

different slope positions for all carbon (current and potential) are indicated by the adjacent letters.
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Current carbon vs degradation status

The expected trend was for the current carbon estimates in each pool to be highest in intact thicket,

lower in moderately degraded thicket, and lowest in severely degraded thicket. This was the case for

woody biomass (F2,s62282) = 39872.03, p <0.01); however, the average root carbon (F2,s62282) =

137762.9, p <0.01) and litter carbon (F(2,s62282) = 95255.8, p <0.01) estimates were highest in

moderately degraded thicket (Figure 3.13).
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The average and standard error of the current and potential carbon pixel values for

each pool and each degradation status in the thicket area of the Baviaanskloof Nature Reserve, South

Africa. The results of the Tukey post-hoc test to determine significant differences between the

current and potential carbon at the different degradation states are indicated by the adjacent letters.

Current vs potential carbon estimates

In most carbon pools, the average current carbon was lower than the average potential carbon, as

expected. The opposite trend was shown in the root carbon of moderately and severely degraded

thicket, and the litter carbon of moderately degraded thicket (Figure 3.13). The average current root

carbon (F(1,62282) = 525679.1, p <0.01) and litter carbon (F1,862282) = 190941.6, p <0.01) in moderately

degraded thicket was significantly higher than the average carbon estimated in intact thicket, which

suggests that moderately degraded thicket has been over-estimated in this study. As most thicket in
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the reserve is classified as moderately degraded, according to the Subtropical Thicket Ecosystem
Planning (STEP) project, high current carbon estimates relative to potential carbon estimates results
in an illogical decrease in carbon post-restoration across almost the entire area of the reserve, as

shown in Figure 3.14.
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Figure 3.14 The difference between the current and potential woody, root, and litter carbon for
each pixel of thicket in the Baviaanskloof Nature Reserve, South Africa. Orange indicates an increase

in carbon, and blue indicates a decrease in carbon.
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Modelled carbon vs recorded carbon

When plotting the model estimates against the corresponding in situ recordings and comparing the

results against a 1:1 line (Figure 3.15), the result is a cluster of over-estimated model results at low

carbon recordings (< 5 t ha') in moderately and severely degraded thicket. This trend could be

related to the unexpectedly high average root and litter carbon estimates in moderately degraded

thicket mentioned above.
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The pixel values across the thicket area of the Baviaanskloof Nature Reserve, South

Africa, from the model of current woody carbon, plotted against the corresponding in situ recordings

for a) all the plots, b) only the plots in intact thicket, c) only the plots in moderately degraded thicket,

and d) only the plots in severely degraded thicket. The dashed black lines represent the linear

trendline of the data, and the red line is a 1:1 relationship between model estimates and actual

recordings.

Indications of model inadequacy

In addition to the unexpected results identified above, histogram plots of the carbon estimates in

ArcGIS Pro 3.1 for all subsets of the data (based on pools, status, and slope positions) exhibit

multimodal distributions. This indicates that there is variation in the carbon estimates that has not

been accounted for in the predictive woody carbon model.
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4 Discussion and conclusion

The aim of this study was to estimate and create maps of the current and potential carbon stock
within the vegetation and soil of the subtropical thicket within the Baviaanskloof Nature Reserve
(BNR), South Africa, for the purpose of restoration planning. The following chapter interprets the
results of this study in the context of past studies, discusses the implications of the results, and

identifies areas of improvement in the methods and data that were used.

4.1 Carbon pools
Soil organic carbon

When comparing the mean soil organic carbon (SOC) estimates from SoilGrids (Poggio et al., 2021)
with the mean SOC in intact thicket from Powell (2009), the values are within range of each other
(Table 4.1). However, the SoilGrids estimates for moderately degraded thicket (48 + 5.1 t ha') and
severely degraded thicket (47.7 £ 5.2 t ha'l) are also within the range of the SoilGrids estimates for
intact thicket (49 + 5 t hal), indicating that it is better suited for assessing the potential SOC, not
current SOC in degraded areas. This was expected, given that SoilGrids is based on physical
characteristics of the landscape but not land use or degradation status. If not for the coarse
resolution of the SoilGrids map (250 m) compared to the resolution in this study (30 m), it may have

been an option for estimating the potential SOC after restoration.

For intact thicket, the Venter et al. (2021) SOC map estimates are within the range of other estimates
(Mills et al., 2005a; Mills et al., 2005b; Mills and Cowling, 2009), but more than double the average
estimate in this study (Table 4.1) and nearly double the average estimate from plot data in the BNR
(Powell, 2009). The mean SOC estimates over moderately degraded thicket and severely degraded
thicket by Venter et al. (2021) are also high relative to past estimates, apart from those by Mills et al.
(2005a). Given that the Venter et al. (2021) map is a national map and not specifically designed to
model SOC in thicket, the estimates may need to be calibrated against ground SOC data in thicket to

verify and potentially use it in thicket restoration planning.

The average SOC estimated for all levels of degraded thicket in this study were the lowest compared
to all other estimates (Table 4.1). However, there are two notable issues with these estimates. Firstly,
the model of potential SOC only generated a single value for each slope position because slope
position and elevation were the only two factors that were used to predict SOC. This is discussed
further in section 4.3 about future research. Secondly, for each degradation status, the standard

deviation values are high compared to the mean SOC values, indicating that there is high variation in
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the estimates for each level of degradation and is another indication that the mean SOC results from

this study are not reliable.

When compared to the average SOC from past plot data in the BNR (Powell, 2009), the average
results of this study are up to 10 t ha lower. In this study, SOC was most notably affected by slope
position (statistical tests could not be performed on the single estimates per slope position) (Figure
3.12). The model estimates of SOC consistently increased downslope; therefore, this 10t ha™
difference may be a result of most of the plots being located in lower slope positions, which could
have skewed the average SOC values by Powell (2009) towards higher SOC estimates. Unfortunately,
the locations of the individual SOC plots that were used in the Powell (2009) study were not

accessible, so the proportions of plots at each slope position could not be investigated.

Table 4.1 Average thicket soil organic carbon estimates (+ SD) from this study in the
Baviaanskloof Nature Reserve, South Africa, and past thicket studies in South Africa for each
degradation classification, where available. Starred studies (*) produced large scale (national and
global) maps, where the results were clipped for the Baviaanskloof thicket area and averaged for

the respective degradation classifications.

Moderately Severely

Intact thicket degraded thicket degraded thicket
Mills et al. (2005a) 133 + 27 95+ 15 Not assessed
Mills et al. (2005b) 168 Not assessed Not assessed
Mills and Cowling (2009) 937 312 42+ 4
Powell (2009) 474+4.4 21.6+1.7 21.4+1.4
Venter et al. (2021) * 90.5+11.6 79.4+13.4 75.8+13.8
SoilGrids (0-30cm) * 49+5 48 +5.1 47.7+5.2
This study 37.7+29 13.2+12.1 141116

Like past studies in other ecosystems (Hao et al., 2002; Wei et al., 2010; Singh and Benbi, 2018), this
study found that slope position plays an important role in the distribution of SOC. Other research has
found different relationships between slope position and SOC, such as highest SOC at forested crests
(Singh and Benbi, 2018) and the difference in SOC distribution in slopes with different vegetation
types (Wei et al., 2010). From this study, it is clear that slope position plays an important role in the
amount of SOC (Table 3.2) and, as the majority of degraded thicket in the reserve is located
downslope according to the Subtropical Thicket Ecosystem Planning project (STEP) map (Lloyd et al.,
2002), it is expected that thicket restoration in these areas could result in a measurable increase in

SOC.
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Woody carbon

The average intact thicket woody carbon (Woody C) estimated in this study was lower compared to
past studies (Table 4.2). Given that this study incorporated the spatial variation of aboveground
biomass into the estimates, this is an understandable difference, but estimates for moderately and
severely degraded thicket are more than double those of past studies (Table 4.2). The high Woody C
estimates in degraded thicket is emphasized by the fact that the difference between the average
Woody C in intact thicket (18.1 + 4 t ha!) and moderately degraded thicket (15.6 + 6.7 t ha) in this
study, was just 2.5 t hal. In past studies the difference was much greater and ranged between 22.5 t
ha (Powell, 2009) and 33 t ha (Mills et al., 2005a). This indicates that the current Woody C
estimates for degraded thicket in this study are unreasonably high, which is supported by the fact
that the average current estimates are higher than the average potential carbon estimates (Figures

3.13 and 3.14) — an illogical result.

Collectively, the Woody C model estimates compare well to the ground recordings (R* = 0.71, Figure
3.4), but when isolating the data for moderately and severely degraded thicket, the results indicate
that in areas of low recorded Woody C (< 5 t ha'l), the model produced over estimates, particularly in
degraded areas of thicket (Figure 3.15). The accuracy of GEDI height data, on which the GLAD canopy
height data are based, significantly decreases over steep slopes (Adam et al., 2020), so this could be
a result of high canopy height values in the GLAD dataset, even after the exclusion of outliers.
Potential improvements to Woody C estimates are discussed below in section 4.3 pertaining to

future research.

Harris et al. (2021) mapped aboveground carbon (AGC) in a portion of the BNR using very high
resolution (0.34 m) multispectral imagery instead of SAR or LiDAR due to the budget constraints of
collecting local imagery over an entire 3000 ha study area. Both the univariate model (R? = 0.85) and
multivariate model (R? = 0.89) produced high accuracy results overall — more accurate than the
results of this study (R? = 0.71). However, the methods used required Worldview-3 multispectral
images for the entire study area and these images are not openly accessible or available for purchase
for any study. It is also not clear what the topography of this particular site in the BNR was, and how

accurate this method was in estimating AGC over steep slopes.
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Table 4.2 Average current thicket woody (aboveground) carbon estimates (+ SD) from this
study in the Baviaanskloof Nature Reserve, South Africa, and past thicket studies in South Africa

for each carbon pool and each degradation classification, where available.

Moderately degraded Severely

Intact thicket thicket degraded thicket
Mills et al. (2005a) 403 71 Not assessed
Powell (2009) 26.5+3.9 4+0.7 3.5+0.8
Harris et al. (2021) 21.2+6 13.9+5.9 6.4+3.7
This study 18.1+4 15.6 £ 6.7 81+4.6

Root carbon

Past studies of root carbon (Root C) in thicket have all been based solely on plot data, whereas this
study used plot data and remote sensing to extrapolate plot data across a landscape. As with the SOC
and Woody C estimates, the Root C estimated for intact thicket in this study was lower than those of
past studies (Table 4.3). An odd result was that the average Root C estimates in moderately and
severely degraded thicket were higher than that of intact thicket in this study, which is illogical. This
was due to the high Woody C estimates in degraded thicket discussed above and was compounded
by the high ratio of Root C to Woody C that was used in this calculation. Using a single ratio of Root C
to Woody C was considered but, as is evident by the Powell (2009) data which indicates that this
ratio is more than three times higher in both categories of degraded thicket than intact thicket (Table
2.7), there is clearly a difference in this ratio between intact thicket and degraded thicket. This is

discussed further under Degradation status in section 4.2.

Unlike aboveground carbon, belowground carbon maps are not as common, globally. As was done in
this study, the root-to-shoot method is often used to estimate belowground biomass by determining
the relationship between aboveground and root biomass from past data and applying that to
aboveground biomass data in areas where the root biomass isn’t known (Spawn et al., 2020). An
alternative method of mapping Root C is to directly model it using Random Forests instead of
estimating it based on Woody C as was done at a global scale by Huang et al. (2021). However, this
requires the development of spatial data on various factors including multiple soil properties and
climate variables across the BNR which fell outside of the scope of this project. To the best of my
knowledge, before this study, a map of root carbon has never been produced over the thicket area
in South Africa. Given the results of this study and the areas of improvement that have been
identified, there is a need for future research into mapping root carbon in thicket for the purpose of

monitoring restoration projects.
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Table 4.3 All average current thicket root carbon estimates (x SD) from this study in the
Baviaanskloof Nature Reserve, South Africa, and past thicket studies in South Africa for each

degradation classification, where available.

Moderately degraded  Severely

Intact thicket thicket degraded thicket
Mills et al. (2005a) 25+1.3 11+0.7 Not assessed
Mills et al. (2005b) 25.4 Not assessed Not assessed
Mills and Cowling (2009) 11+2 27103 2603
Powell (2009) 4.7+0.7 2.610.6 23104
This study 3.1+0.7 8.3+3.6 44+25

Litter carbon

Past studies of litter carbon (Litter C) in thicket have all been based solely on plot data, whereas this
study used plot data and Woody C maps to extrapolate plot data across a landscape. Until now, no
thicket study has created a map of Litter C alone. Because litter is a small component of the total
carbon in thicket, it is usually mapped with aboveground biomass into a combined estimate of

aboveground carbon, as was done by Harris et al. (2021).

Like the current Root C estimates discussed above, the litter carbon (Litter C) estimates in this study
were higher for moderately degraded thicket than for intact thicket. This odd result can be explained
by the higher ratio of Litter C to Woody C for moderately degraded thicket than for intact thicket and
was exacerbated by the relatively high Woody C estimates for moderately degraded thicket, as
discussed above. It is well established that the main cause of thicket degradation was overgrazing by
livestock (Mills et al., 2005a; Rutherford et al., 2014) which directly and visibly impacts aboveground
biomass but indirectly affects belowground and litter biomass. No research has been done on the
time between the loss of aboveground thicket biomass and the loss of belowground and litter
biomass, but it would make sense that there is a lag. This lag could explain why the ratio of Woody C
to Litter Ciis 1 : 0.14 in intact thicket, 1 : 0.35 in moderately degraded thicket, and 1 : 0.25 in severely
degraded thicket and why the ratio of Woody C to Root C—is 1:0.18 in intact thicket and 1 : 0.66 in
degraded thicket according to the data by Powell (2009).

The Litter C values predicted by the model and the recorded plot Litter C data were not as strongly
correlated (R? = 0.4) as for Woody C. This may be as a result of the single Woody C to Litter C ratios
that were used for each degradation status. More specific litter ratios based on thicket type and the
typical species composition may be required to improve the accuracy of Litter C estimates, or it may

be that the method used for litter data collection does not result in a representative measurement of
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the actual Litter C present. In their study mapping AGC using data from 85 plots with remote sensing
imagery, Harris et al. (2021) compared the aboveground biomass carbon (Woody C) recordings to the
corresponding Litter C recordings at each plot and the result was a relatively weak relationship (R? =
0.42) compared to the AGC results discussed above in the Woody C section. They suggest that
sampling litter in plots of 0.5 m by 0.5 m may not be representative of Litter C in the larger study
plots where AGC was recorded. Similarly, in the study by Powell (2009) — from which the data used in
this study was sourced — Litter C was measured in smaller plots within the sampling plots which may

not represent the Litter C of the larger plots where Woody C was recorded.

Table 4.4 All average current thicket litter carbon estimates (+ SD) from this study in the
Baviaanskloof Nature Reserve, South Africa, and past thicket studies in South Africa for each

degradation classification, where available.

Moderately degraded  Severely degraded

Intact thicket thicket thicket
Mills et al. (2005a) 11+1 1+04 Not assessed
Harris et al. (2021) 9.2+3.6 4+23 19126
Powell (2009) 3.7+0.7 1.4+0.3 0.9+0.2
This study 24+05 44%+19 171
4.2 Factors influencing carbon

The following section discusses the factors that were found to influence carbon in this study.

Topography

The estimated SOC in this study increased downslope, but for all other pools, carbon increased
upslope for both current and potential estimates. Generally, increased soil depth (downslope) would
correspond with an increase in nutrients and soil depth and an increased capacity to support
vegetation, both mechanically and chemically (Rajakaruna and Boyd, 2019), which would
subsequently result in an increase in biomass and litter downslope as well. Therefore, it is unlikely
that the trend of increased Woody C, Root C and Litter C upslope that was found in this study is
accurate. It may be that the sample sizes of the data used in this study for the slope extremes (13
plots in valleys and nine plots in crests) are too small to really gain an insight into how the amount of

biomass and aboveground carbon storage changes across a slope.

Past carbon studies in South Africa’s subtropical thicket have focused on the effect of degradation
status on carbon storage (Table 3.8) but, to the best of my knowledge, no study has yet investigated

the relationship between carbon and slope position in thicket; and — as is evident by the trend in SOC
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estimates in this study — it is an important factor to consider for planning thicket restoration, and

should be investigated further.

Studies investigating the relationship between carbon and topographic position in other countries
and biomes have come to various conclusions. Unlike the results of this study, excluding the SOC
results, a study in the Gedo Forest of Ethiopia found that slope position had a weak but significant
inverse relationship with aboveground, belowground, and litter carbon, indicating that biomass
increased downslope (Yohannes et al., 2015). Another study in India by Singh and Benbi (2018)
investigated the effect of slope position and land use on SOC and found that the forested hillslopes
and grassed backslopes had the highest SOC, and the eroded mid-slopes had the least SOC. The
variation in SOC in the study by Singh and Benbi (2018) and this one may be influenced by the
change in species composition along the slope - a topic on which there is a lack of studies in thicket.
Based on the Agricultural Research Council soil profile data for Primary Catchment L, the soil depth in
thicket at the crests is generally very shallow, with an average depth of 16 cm and is unlikely to be
able to support a large amount of vegetation and is likely to affect the amount of carbon that can be

stored.

Degradation status

All past studies of subtropical thicket recorded lower average carbon estimates in degraded thicket
than intact thicket and, generally, the lowest average carbon was recorded for severely degraded
thicket for all carbon pools. As highlighted in the results section above, the average current Woody C
and SOC estimates in this study were lower in both categories of degraded thicket than intact thicket,
which is the logical trend. However, the average value of Woody C in moderately degraded thicket is
much higher (15.6 t ha?) compared to the estimates of past studies —4 t ha* (Powell, 2009) and 7
(Mills et al., 2005a) (Table 4.2), including the study on which these estimates were based (Powell,

2009), indicating that the model overestimated the current Woody C in degraded areas.

Mills et al. (2005a) estimated the average increase in Woody C to be 30 t ha', Powell (2009)
estimated an average increase of 22.5 t ha?, but the results of this study indicate an average increase
of only 2.5 t ha! in moderately degraded thicket. To be able to calculate reliable estimates of the
potential increase in carbon from restoration of degraded thicket, and to be able to assign an

appropriate number of carbon credits, the baseline estimates need to be as accurate as possible.

4.3 Future research

There are two main areas of improvement that have been identified in this study: the current Woody

C estimates and the SOC estimates.
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Woody carbon estimates

Current and potential estimates for Root C, Litter C and potential Woody C estimates were all based
on the current Woody C estimates which makes it vital to have accurate and reliable values of current
Woody C. In this study, there were two issues which, if addressed, could considerably improve the

Woody C estimates and, subsequently, the Root C and Litter C results.

One of the challenges in calculating accurate Woody C estimates is accounting for different thicket
types and their different species composition. According to STEP, there are 112 thicket types, 12 of
which are present in the BNR and have varying species composition. However, the available plot data
from the BNR has only been collected in five of the thicket types within the reserve. Given that
different thicket types are composed of different dominant species and that spekboom (a key species
in thicket carbon storage) does not naturally occur in all of them, thicket type is an important factor

to account for.

With more in situ data, even in thicket regions outside of the reserve, there may be enough sample
sizes for the different thicket types to include thicket type as a variable when modelling current
Woody C. At the Thicket Forum, held in June 2022 at Addo Elephant National Park, plans to create a
website where all available thicket data would be collated and made accessible for research purposes
was discussed and initiated. If this is successful, it would be relatively simple to include all available
ground thicket data and apply it using the methods in this study. Woody C estimates specific to each
thicket type of interest could be modelled and thicket-type-specific ratios for Root C and Litter C

could be explored.

Another issue in the process of estimating current Woody C is the availability of appropriate remote
sensing data for thicket. The existing canopy height LiDAR data at a 30 m resolution (GEDI and GLAD)
are aimed at studying forests which are much taller than most thicket vegetation, and these images
either do not include recordings of short vegetation (< 3 m for GLAD), or the recordings are
exceptionally high and unreliable (up to 140 m tall in GEDI pixels over thicket). Locally captured LiDAR
over thicket would be a substantial improvement and the Eastern Cape Parks and Tourism Agency
(ECPTA) has expressed interest in assisting with access to areas within its jurisdiction (including the
BNR) for the purpose of capturing LiDAR imagery (ECPTA 2022, personal communication). A potential
future study aimed at capturing and processing canopy height images over thicket could provide a

more accurate input for modelling current Woody C.

One other improvement that could be made to the potential woody carbon estimates is to use the

interpolation method by Workneh et al. (2024) which incorporates elevation, aspect and slope — a
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more appropriate method for mountainous areas than the Kriging method used in this study — to

interpolate a rainfall raster dataset over the region.

Soil organic carbon (SOC) estimates

Soil organic carbon, the second main area of improvement identified in this study, is the largest
carbon pool in subtropical thicket, however it is difficult to model since there are many factors that
influence it. The SOC estimates in this study are not too far off from the estimates by Powell (2009),
unlike a past current SOC map by Venter et al. (2021) (Table 4.1). However, they are single average
values for each slope position and have large standard deviations. As a result, it does not provide as
much detail as was originally aimed for a 30 m resolution map. The national-scale map of current
SOC (Venter et al., 2021) is more spatially explicit because it accounted for numerous biological,
morphometric, and climatic factors in the Random Forest regression model. However, these
estimates exceed the average SOC recordings in thicket from past studies for all categories of

degradation.

The ARC soil plot data used in this study only included plots within Primary Catchment L, in which the
BNR is located, but the thicket biome extends into nine other primary catchments. One possible
improvement could be to calibrate the SOC map over the thicket area by Venter et al. (2021) against
all the thicket soil data from ARC, including those in disturbed areas which were excluded for
calculating potential SOC in this study. Another future study could focus on improving the SOC
estimates in this study by 1) accessing all the ARC soil data from across the entire thicket biome, 2)
creating a regression model for current SOC using the ARC plots as training data, 3) including slope
position, degradation status and thicket type as predictor variables in in the model (depending on
the sample sizes available) and any other appropriate and available predictor variables, and 4)
applying it to the area of interest to predict potential SOC as done in this study. By rearranging
equation 4, the potential SOC in degraded areas could then be calculated using the current SOC

estimates.

4.4 Restoration

Despite the inaccuracies and issues that have been identified in the carbon estimates in this study,
restoration of thicket has the potential to aid in achieving South Africa’s goals for conservation under
the Convention on Biological Diversity and carbon reduction Nationally Determined Contributions

(NDCs) goals under the Paris Agreement.

Most ecosystems are restored for the purpose of improving ecosystem function and improving

biodiversity rather than primarily for sequestering carbon. Of the 50 founding initiatives for the
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United Nations (UN) Decade on Ecosystem Restoration, five are based in South Africa with one
targeted at restoring grasslands, three targeted at restoring forests and one targeted at restoring
thicket (UN Decade on Ecosystem Restoration, no date). All these projects are aimed at mitigating
climate change and protecting biodiversity and ecosystem services. Apart from the thicket
restoration project, only the Buffelsdraai forest project mentions the carbon sequestration potential
of restoration, but this is over a much smaller five-year goal (100 ha) than thicket restoration

(250 000 ha) (UN Decade on Ecosystem Restoration, no date).

Through this research and past research, it is clear that there are important aspects to consider in
planning and monitoring thicket restoration, particularly with the aim of sequestering carbon. These

are discussed below.

Local community involvement

Globally, past forest restoration initiatives have failed because of lack of engagement from the local
communities (Laudari et al., 2022). In addition to contributing to South Africa’s carbon and
restoration goals under the Paris Agreement and the Convention on Biological Diversity, profit from
thicket restoration could provide local landowners with the incentive to prioritize conservation and
restoration as a source of income over pastoralism (Mills and Cowling, 2006). This local investment is
also important in the maintenance and monitoring of restored land as was found in the Thicket-Wide
Plot experiments (TWPs) where many failed because the fences aimed at preventing further
degradation from browsers were not maintained or, in some cases, were removed completely (SRRG,

no date).

Location

The location of restoration efforts is vital and can determine its success before it begins. This is
another lesson learnt from the TWPs where many failed because they were located in unsuitable
areas (SRRG, no date). This emphasizes the importance of factoring thicket type in when estimating
carbon and planning restoration. As spekboom cuttings are used in active restoration of thicket,
target areas need to be in thicket types where spekboom can survive and thrive. It is also important
to target areas where restoration can realistically be achieved. Moderately degraded thicket has
reduced biomass whereas severely degraded thicket has lost all functionality (Lloyd et al., 2002),
therefore restoring moderately degraded thicket to a functioning intact state requires less active
intervention and is less costly than restoring severely degraded thicket (RJ Scholes 2020, personal
communication). According to the results of this study, SOC — the largest carbon pool in thicket —
increases downslope. Overall, this indicates that restoration efforts should generally be directed to

moderately degraded areas in lower slope positions and in thicket types where spekboom can thrive.

66



Remote sensing of thicket

Remote sensing, together with field validation, is a highly useful tool in calculating baseline carbon
stocks and monitoring restoration efforts. Global products such as GEDI and GLAD are both openly
accessible and free sources of global canopy height imagery, but they are aimed at studying forests
much taller than typical thicket vegetation. This results in inaccuracies such as GEDI canopy height
recordings of 140 m over the BNR which is highly unreasonable. Local small-scale imagery, such as
LiDAR, incurs some cost to capture but would be more accurate than free global products which are
aimed at studying forests (greater than 2 m (GEDI) or 3 m high (GLAD)) and are not as suited to the
short, dense structure of typical thicket vegetation, or topographically heterogeneous areas such as
the BNR where steep slopes may contribute to inaccurate data in large-scale products such as GEDI
and GLAD. The dense nature of intact thicket could also inhibit the accuracy of LiDAR data by
reducing the light penetration and creating difficulty in differentiating between the ground and
canopy light returns (Kulawardhana et al., 2017). Field validation of canopy height over the study

area could be used to highlight inaccuracies and calibrate the remote sensing canopy height data.

Based on the results of this study and past studies, the best remote sensing option for accurate and
high-resolution mapping of aboveground carbon in thicket appears to be multispectral imagery from
Worldview-3 as was done by Harris et al. (2021). The estimates produced compared well to the plot
data however the imagery is costly, not available for purchase for any study, and not practical to
acquire at a landscape-scale. Harris et al. (2021) suggested an approach that combines high-
resolution remote sensing data with medium resolution imagery to extrapolate plot data. This
minimises the cost of acquiring high resolution imagery but improves the accuracy of the estimates
compared to using medium resolution imagery alone. With high-resolution locally captured remote
sensing imagery, the suggested approach could improve the accuracy of the aboveground carbon

maps produced in this study and be used to accurately monitor restoration progress.

4.5 Conclusion

Interest in South Africa’s subtropical thicket biome and its potential in carbon sequestration has
increased in recent years. This highlights the importance of being able to monitor restoration
progress by accurately estimating carbon stocks and carbon sequestration. Past studies (based on
plot data alone) have made grand claims of the carbon sequestration potential of degraded thicket.
The aim of this study was to produce spatially explicit estimates of the current and potential carbon
stocks within the four carbon pools of subtropical thicket within the Baviaanskloof Nature Reserve,
South Africa, for the purpose of restoration planning. In general, the average carbon estimates in this

study are lower than those of past plot-based studies but the most interesting results indicate that
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topography is a significant factor to account for in restoration planning and carbon accounting. Lower
slope positions are ideal for the sequestration of SOC, especially in moderately degraded thicket

where restoration is generally more achievable and easier to manage.

While there are specific areas where these results need to be improved before these maps can be
used for restoration planning, | believe that this project is a starting point from which more accurate
thicket carbon estimates can be produced by accounting for variations in the landscape such as
topography and species composition. As South Africa works towards its conservation goals under the
Convention for Biological Diversity and carbon reduction goals under the Paris Agreement, accurate
carbon baseline estimates and reliable monitoring of restoration progress is important. With some
plausible improvements in the remote sensing data such as locally captured LiDAR canopy height
imagery, and the inclusion of more ground data in the Woody C model to account for different
thicket types and to inform more species-specific Root C and Litter C to Woody C ratios, this study
could form the base for accurate carbon mapping over large areas of thicket which would inform
restoration decision-making and improve baseline carbon estimates and restoration monitoring

across various areas of thicket, including the Baviaanskloof Nature Reserve.
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Appendix 1

Table A1 The average + SD for various soil properties including soil organic carbon (SOC) at

each slope position from the Agricultural Research Council soil pit dataset for Primary Catchment L,

South Africa.

Bulk SOC (t ha'!) SOC (t ha'!)

Soil depth density  before correcting after correcting

n (mm) Clay (%) (g/cm3) for bulk density  for bulk density
Valley 29 708.3+430.6 146+7.9 1.620.06 29+27.7 45.8 +43.1
Ls‘l’(‘J"’p‘zr 147 421.8+43569 13.1+9.6 1.6+0.08 17.9+ 26 27.8+41.1
Midslope 57 350.2+373.7 14.2+83 16+0.07 32.3+40.8 50.1+61.4
gl?)%ir 33 2103+231 10.5+58 1.6+0.05 20.5 +35.7 33.2+588
Crest 8 161.3 + 88 93+44 1.7+0.03 8.6+11.7 14.1+19.4
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