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Abstract: Although changes in ecosystems in response to climate and land-use change are known to
have implications for the provision of different environmental and ecosystem services, quantifying
the economic value of some of these services can be problematic and has not been widely attempted.
Here, we used a simplified raster remote sensing model based on MODIS data across South Africa
for five different time slices for the period 2001–2019. The aims of the study were to quantify the
economic changes in ecosystem services due to land degradation and land-cover changes based
on areal values (in USD ha−1 yr−1) for ecosystem services reported in the literature. Results show
progressive and systematic changes in land-cover classes across different regions of South Africa for
the time period of analysis, which are attributed to climate change. Total ecosystem service values for
South Africa change somewhat over time as a result of land-use change, but for 2019 this calculated
value is USD 437 billion, which is ~125% of GDP. This is the first estimation of ecosystem service
value made for South Africa at the national scale. In detail, changes in land cover over time within
each of the nine constituent provinces in South Africa mean that ecosystem service values also change
regionally. There is a clear disparity between the provinces with the greatest ecosystem service
values when compared to their populations and contribution to GDP. This highlights the potential
for untapped ecosystem services to be exploited as a tool for regional sustainable development.

Keywords: biomes; climate change; land degradation; MODIS; remote sensing; South Africa

1. Introduction

Ecosystem services are defined as goods and benefits that support human wellbeing as
a result of the properties, functioning and dynamics of ecosystems [1–5]. Ecosystem services
can be defined in several different ways, such as groups of conditions and processes that
support human life [6,7], or with an emphasis on the different types of services provided
by ecosystems (e.g., [7,8]) or in different environmental or human contexts [5,9,10]. Such
debates around the definition of ecosystem services highlight the complexity of identifying,
quantifying and then evaluating the benefits derived from these services. Broadly, ecosystem
services can be categorized into four major types: provisioning, regulating, supporting
and cultural [2,11,12] (Figure 1). Provisioning services such as food, water and fuel are
potentially much easier to quantify and evaluate economically, and thus it is these factors
that have been most commonly examined in previous studies (e.g., [11,13–18]). Cultural and
regulating services are more difficult to identify and are less easily quantifiable [12,19,20].
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(e.g., [11,13–18]). Cultural and regulating services are more difficult to identify and are 
less easily quantifiable [12,19,20]. 

The relationship between changes in ecosystem services and the most common forc-
ing factors of land degradation, climate and land-use change has been undertaken in sev-
eral studies using different methodological approaches. Field methods include measuring 
carbon storage within biomass and evaluating cultural services through ethnographic 
methods (e.g., [12,21–23]). Remote sensing methods include calculating ecosystem 
changes and normalized difference vegetation index (NDVI) values as a function of land 
degradation [18,24–26]. The advantage of remote sensing approaches is that changes over 
larger areas can be identified more easily, consistently and with the same resolution or 
error, which cannot be achieved in field studies, especially in remote locations. Thus, re-
mote sensing has utility for identifying and mapping ecosystem service provision linked 
to ecosystem and land-use changes driven by regional-scale climate or ongoing land deg-
radation [22,27,28]. 

 
Figure 1. General classification of ecosystem services (adapted from [11]). 

In addition to evaluating changes in ecosystems and their services, various methods 
have also been used to convert ecosystem service provision to economic values [1,3,9,29–
32]. The economic valuation elements that are specific to ecosystem service gain/loss are 
productivity loss, benefit transfer methods, replacement cost, avoidance cost, restoration 
cost and mitigation cost (e.g., [29,32,33]). This information can then be used for cost–ben-
efit analysis to inform management decisions on ecosystem conservation or exploitation 
(e.g., [5,30,34,35]). The quantification of ecosystem services at a regional scale using 
ground surveys is problematic because it depends on the sampling strategy employed 
and the specific types of ecosystem services under examination, and systematic surveying 
in the field is time-consuming and expensive. Moreover, conversion of these services to 
economic values needs robust methods to be applied to minimize the economic valuation 
cost and provide a consistent methodology for continuous observation of the area under 
investigation [36,37]. 

Valuation of ecosystem service provision is particularly important under ongoing 
climate change and associated land degradation because these processes can significantly 
impact ecosystem properties and dynamics [38,39]. For example, land degradation may 
be considered as a decrease in net primary productivity (NPP) [14,40–42] and/or a reduc-
tion in the value of ecosystem and other environmental services (e.g., water, soil quality) 
[11,43]. Remote sensing methods of mapping regional vegetation change and land degra-
dation have been widely used across southern Africa for examining spatial and temporal 
variations in semi-natural ecosystems that are important for biodiversity and ecosystem 
services (e.g., [22,26–28,44,45]). Specifically, NDVI values from time series of remote sens-
ing data can be used to identify which regions are undergoing a decrease in NPP values 
[46,47] and are thus experiencing degradation, compared to those regions where NPP val-
ues are increasing (e.g., [48]). This in turn has implications for identifying sustainable de-
velopment strategies for regions already experiencing climate stresses that impact on eco-
system vigor and ecosystem service provision [49–52]. A previous study on ecosystem 
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The relationship between changes in ecosystem services and the most common forcing
factors of land degradation, climate and land-use change has been undertaken in several
studies using different methodological approaches. Field methods include measuring
carbon storage within biomass and evaluating cultural services through ethnographic
methods (e.g., [12,21–23]). Remote sensing methods include calculating ecosystem changes
and normalized difference vegetation index (NDVI) values as a function of land degrada-
tion [18,24–26]. The advantage of remote sensing approaches is that changes over larger
areas can be identified more easily, consistently and with the same resolution or error, which
cannot be achieved in field studies, especially in remote locations. Thus, remote sensing has
utility for identifying and mapping ecosystem service provision linked to ecosystem and
land-use changes driven by regional-scale climate or ongoing land degradation [22,27,28].

In addition to evaluating changes in ecosystems and their services, various methods have
also been used to convert ecosystem service provision to economic values [1,3,9,29–32]. The eco-
nomic valuation elements that are specific to ecosystem service gain/loss are productivity
loss, benefit transfer methods, replacement cost, avoidance cost, restoration cost and miti-
gation cost (e.g., [29,32,33]). This information can then be used for cost–benefit analysis to
inform management decisions on ecosystem conservation or exploitation (e.g., [5,30,34,35]).
The quantification of ecosystem services at a regional scale using ground surveys is prob-
lematic because it depends on the sampling strategy employed and the specific types
of ecosystem services under examination, and systematic surveying in the field is time-
consuming and expensive. Moreover, conversion of these services to economic values
needs robust methods to be applied to minimize the economic valuation cost and provide a
consistent methodology for continuous observation of the area under investigation [36,37].

Valuation of ecosystem service provision is particularly important under ongoing
climate change and associated land degradation because these processes can significantly
impact ecosystem properties and dynamics [38,39]. For example, land degradation may be
considered as a decrease in net primary productivity (NPP) [14,40–42] and/or a reduction
in the value of ecosystem and other environmental services (e.g., water, soil quality) [11,43].
Remote sensing methods of mapping regional vegetation change and land degradation
have been widely used across southern Africa for examining spatial and temporal variations
in semi-natural ecosystems that are important for biodiversity and ecosystem services
(e.g., [22,26–28,44,45]). Specifically, NDVI values from time series of remote sensing data
can be used to identify which regions are undergoing a decrease in NPP values [46,47]
and are thus experiencing degradation, compared to those regions where NPP values are
increasing (e.g., [48]). This in turn has implications for identifying sustainable development
strategies for regions already experiencing climate stresses that impact on ecosystem vigor
and ecosystem service provision [49–52]. A previous study on ecosystem service valuation
in South Africa [53] used national GDP data in order to calculate the economic values of
different ecosystem-dependent sectors, such as agriculture and tourism. This approach
addresses only a narrow application of ecosystem services and does not look at the nature
of the ecosystems themselves.
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This study aimed to map and evaluate national- and regional-scale land-cover change
and associated ecosystem services values across South Africa for the period 2001–2019
using MODIS satellite data. Changes in productivity of each land-cover class were used to
calculate changes in economic values over time and space. Results of this study provide a
first-order analysis of the economic values of ecosystem services in South Africa, which
has not been done before at this scale using remote sensing data. This study further
highlights the differences in aggregated values between different ecosystems as well as
spatial variations at the province scale, which has not been previously done. This analysis
provides a baseline for incorporation of ecosystem services as a fully valorized component
of relevance to sustainable development strategies.

2. Materials and Methods

The general concept for valuation of ecosystem services is based on mapping of
different ecosystems and land-cover classes, followed by quantification of ecosystem
service values using values (in USD ha−1 yr−1) derived from the literature (Figure 2).
MODIS remote sensing data were used in this study, with the time slices of 2001, 2005,
2010, 2014 and 2019. The MODIS data used were the MCD12Q1 MODIS/Terra + Aqua
Land Cover product at 500 m spatial resolution (according to the classification of [54]). The
MODIS data use 17 classes of land cover that include various natural vegetation types
(11 classes), anthropogenically-altered land covers (3 classes) and non-vegetation land
covers (3 classes). In this study, 15 classes were used in total. This is because some classes
are not present in South Africa. Estimation of overall land degradation was calculated
based on changes in NPP between each of the examined time slices (e.g., [55]).

Sustainability 2021, 13, x FOR PEER REVIEW 3 of 17 
 

service valuation in South Africa [53] used national GDP data in order to calculate the 
economic values of different ecosystem-dependent sectors, such as agriculture and tour-
ism. This approach addresses only a narrow application of ecosystem services and does 
not look at the nature of the ecosystems themselves. 

This study aimed to map and evaluate national- and regional-scale land-cover 
change and associated ecosystem services values across South Africa for the period 2001–
2019 using MODIS satellite data. Changes in productivity of each land-cover class were 
used to calculate changes in economic values over time and space. Results of this study 
provide a first-order analysis of the economic values of ecosystem services in South Africa, 
which has not been done before at this scale using remote sensing data. This study further 
highlights the differences in aggregated values between different ecosystems as well as 
spatial variations at the province scale, which has not been previously done. This analysis 
provides a baseline for incorporation of ecosystem services as a fully valorized component 
of relevance to sustainable development strategies. 

2. Materials and Methods 
The general concept for valuation of ecosystem services is based on mapping of dif-

ferent ecosystems and land-cover classes, followed by quantification of ecosystem service 
values using values (in USD ha−1 yr−1) derived from the literature (Figure 2). MODIS re-
mote sensing data were used in this study, with the time slices of 2001, 2005, 2010, 2014 
and 2019. The MODIS data used were the MCD12Q1 MODIS/Terra + Aqua Land Cover 
product at 500 m spatial resolution (according to the classification of [54]). The MODIS 
data use 17 classes of land cover that include various natural vegetation types (11 classes), 
anthropogenically-altered land covers (3 classes) and non-vegetation land covers (3 clas-
ses). In this study, 15 classes were used in total. This is because some classes are not pre-
sent in South Africa. Estimation of overall land degradation was calculated based on 
changes in NPP between each of the examined time slices (e.g., [55]). 

 
Figure 2. Schematic diagram for the process of ecosystem services change and degradation (adapted from [11]). 

The valuation of each land-cover class was estimated based on global published val-
ues for ecosystem services (e.g., [2,56]) as updated and summarized by [3] who integrated 
data from questionnaires and field workshops in various locations and from different eco-
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The valuation of each land-cover class was estimated based on global published values
for ecosystem services (e.g., [2,56]) as updated and summarized by [3] who integrated
data from questionnaires and field workshops in various locations and from different
ecosystems globally. Reference [3] (their Table 3) lists unit values in USD ha−1 yr−1 for
different biome types for the years 1997 and 2011. Here, we used the averaged values for
each biome to calculate ecosystem service values for the equivalent land-cover types from
the MODIS data (Table 1). Many of these previous studies of land-cover valuation focused
in particular on arid and semi-arid ecosystems and are thus relevant to land degradation
studies in water-stressed locations such as South Africa. Previous use of MODIS data for
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calculating NPP shows statistically significant results [57], and this can frame the use of
these data in this study as a direct indicator of land degradation. The NPP information was
obtained from MODIS product at 500 m pixel resolution. The NPP values (in kg C m−2)
were calculated based on the summation of the daily gross primary productivity (GPP) after
subtracting the annual respirational factors [58]. The respirational factors were defined
based on the characteristics of each biome using the Biome Properties Look-Up Table
(BPLUT) (e.g., [59]). Four NPP product scenes were required to cover the South African
terrestrial area for 2001, 2005, 2010, 2015 and 2019. The scenes were mosaicked and clipped
using the national South African boundary layer.

Table 1. Economic values (USD ha−1 yr−1) derived from [3], used in this study for calculation of
total ecosystem service values per land-cover class.

# Land-Cover Type Value (USD ha−1 yr−1)

0 Water Bodies 12,119.5
1 Evergreen Needleleaf Forests 1777.0
2 Evergreen Broadleaf Forests 1777.0
4 Deciduous Broadleaf Forests 1777.0
5 Mixed Forests 1777.0
6 Closed Shrublands 4075.5
7 Open Shrublands 4075.5
8 Woody Savannas 4075.5
9 Savannas 4075.5

10 Grasslands 4075.5
11 Permanent Wetlands 2243.5
12 Croplands 26,351.0
13 Urban and Built-up Lands 2846.5
14 Cropland/Natural Vegetation Mosaics 6661.0
15 Non-Vegetated Lands 2846.5

Ecosystem degradation and its associated loss in economic value can be evaluated by
assessing the net-value changes in various land-cover classes and changes in ecosystem
service values from one class to another or degradation by loss of ecosystem service value
taking place within the same class. The following equation was developed to estimate the
value loss found in different ecosystems between different successive time slices:

LDELj

(
USD ha−1 y−1

)
= LCEVj−1

(
USD ha−1 y−1

)
×
(

NPPj − NPPj−1

NPPj−1

)
(1)

where LDEL is land degradation economic loss, LCEV is land-cover economic value, and
NPP is net primary productivity at j and j − 1 as current and previous time periods,
respectively. The above equation has two parts: the potential ecosystem value and the
degradation ratio. The latter corresponds to the ratio of changes in NPP values between
two successive time slices. The equation can be further improved by including the land
degradation index reported by [60] as the degradation part of the equation, although this
was not done in this study for this first-order analysis.

Spatially, analysis from MODIS data and from ecosystem service valuation was then
considered at the scale of the nine individual provinces of South Africa (Figure 3) in order
to examine the temporal variations of changes in land-cover type and ecosystem service
values at a regional level.
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= Mozambique, eSW = eSwatini (Swaziland). 
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Classification of land cover using MODIS data in South Africa for the selected time 
slices is shown in Figure 4. MODIS class 3 (Deciduous Needleleaf Forests) is not included 
because this class does not appear in any year at either national or provincial level. Na-
tionally, land cover is dominated by grasslands (average 45.3323%) and open shrublands 
(average 38.5289%) followed by croplands (average 5.3821%) and savanna (average 
4.1185%) (Figure 5). Based on the classification of these land-cover classes at different time 
slices, trajectories of changes over time can be identified at a national scale (Table 2). Some 
classes (e.g., water bodies, savanna) show variability with no clear net changes, whereas 
other classes show more consistent patterns of increases (e.g., deciduous broadleaf forests, 
croplands) or decreases (e.g., evergreen broadleaf forests, grasslands). Land-cover values 
for 2015 may also reflect the strong El Niño event in that year, which impacted many dif-
ferent ecosystems in South Africa (e.g., [61]) because these events are associated with de-
creased regional rainfall and often drought conditions. Several broad patterns can be iden-
tified: 
• Water bodies show a declining trend throughout; 
• Forests of different sorts increase; 
• Open shrubland and grassland decrease; 
• Croplands increase; 
• Urban areas increase. 

Figure 3. Map of the nine provinces of South Africa which, from west to east, are: NC = Northern Cape, WC = Western
Cape, NW = North West, FS = Free State, EC = Eastern Cape, KZN = KwaZulu-Natal, GT = Gauteng, MP = Mpumalanga,
LIM = Limpopo. Also shown are Zim = Zimbabwe, Moz = Mozambique, eSW = eSwatini (Swaziland).

3. Results
3.1. Land-Cover Change

Classification of land cover using MODIS data in South Africa for the selected time
slices is shown in Figure 4. MODIS class 3 (Deciduous Needleleaf Forests) is not in-
cluded because this class does not appear in any year at either national or provincial
level. Nationally, land cover is dominated by grasslands (average 45.3323%) and open
shrublands (average 38.5289%) followed by croplands (average 5.3821%) and savanna
(average 4.1185%) (Figure 5). Based on the classification of these land-cover classes at
different time slices, trajectories of changes over time can be identified at a national scale
(Table 2). Some classes (e.g., water bodies, savanna) show variability with no clear net
changes, whereas other classes show more consistent patterns of increases (e.g., deciduous
broadleaf forests, croplands) or decreases (e.g., evergreen broadleaf forests, grasslands).
Land-cover values for 2015 may also reflect the strong El Niño event in that year, which
impacted many different ecosystems in South Africa (e.g., [61]) because these events are
associated with decreased regional rainfall and often drought conditions. Several broad
patterns can be identified:
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• Water bodies show a declining trend throughout;
• Forests of different sorts increase;
• Open shrubland and grassland decrease;
• Croplands increase;
• Urban areas increase.
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Table 2. Percentage land-cover types in South Africa for the time slices of analysis and interpretation of the overall trajectory
of change: increase (up arrow), decrease (down arrow), NC = no change. Blank cells mean no clear picture of change.

%
# Land-Cover Type 2001 2005 2010 2015 2019 Trajectory of Change

0 Water Bodies 0.2224 0.2044 0.2177 0.2089 0.2073 NC

1 Evergreen Needleleaf
Forests 0.0333 0.0382 0.0367 0.0617 0.0641 ↑

2 Evergreen Broadleaf
Forests 1.2002 1.1754 1.1129 1.1770 1.0676 ↓

4 Deciduous Broadleaf
Forests 0.2871 0.3523 0.4568 0.3599 0.4761 ↑

5 Mixed Forests 0.0279 0.0469 0.0531 0.0631 0.0583 ↑
6 Closed Shrublands 1.1898 1.3250 1.4388 1.4946 1.4685 ↑
7 Open Shrublands 39.0436 38.7892 38.1479 38.2790 38.3849
8 Woody Savannas 1.1491 1.0272 1.0424 1.0178 1.3505
9 Savannas 3.9829 3.9289 4.4159 4.2918 3.9730 NC
10 Grasslands 45.7172 45.4929 45.5164 45.3610 44.5743 ↓
11 Permanent Wetlands 0.0639 0.0599 0.0697 0.0688 0.0660
12 Croplands 5.0030 5.4828 5.3914 5.3918 5.6418 ↑
13 Urban and Built-up Lands 0.7516 0.7600 0.7749 0.7894 0.8079 ↑

14 Cropland/Natural
Vegetation Mosaics 0.1042 0.1074 0.1433 0.1399 0.1714 ↑

15 Non-Vegetated Lands 1.2231 1.2087 1.1811 1.2946 1.6875

Despite these changes, variability between successive time slices of different land-
cover types at a national scale has a range of only±0.89–1.68%, yielding interannual values
of ±0.16–0.42% but with an average of 0.24% (Figure 5). In detail, aggregated changes
in land-cover type are reflected at a regional level, at the scale of individual provinces
(Table 3), but these changes may be amplified because of the different proportions of certain
land-cover classes that are present in different regions. For example, grasslands make up
an average of 91.068% of the land area of Limpopo Province but only 13.581% in Northern
Cape Province. This means that any changes in climatic or environmental conditions
affecting grasslands would have the greatest impacts in the former and not the latter region.
As a result, different provinces show different trajectories of change and with respect to
specific land-cover types (Table 3).

Table 3. Summary of trajectory of changes in the proportion of the land surface occupied by different ecosystem classes for
different provinces of South Africa (shown in Figure 3) for the time period of analysis 2001–2019. Up arrow indicates a
consistent increase in land area covered by that class; down arrow indicates a consistent decrease; NC = no change; NP = not
present. Question mark indicates some variability in this general trend. Cells that are left blank indicate no consistent trend.

Province (West To East) Nationally
# Land-Cover Type NC WC NW FS EC KZN GT MP LIM

0 Water Bodies ↓ ↓? ↓ ↓ ↓? NC
1 Evergreen Needleleaf Forests NP ↑? NP ↑ NP ↑ ↑? ↑
2 Evergreen Broadleaf Forests NP NP NP ↑? NP ↓? ↓ ↓
4 Deciduous Broadleaf Forests NP ↑? NP ↑? ↑ ↑? ↑? ↑
5 Mixed Forests NP NP NP ↑? ↑ NP ↑ ↑ ↑
6 Closed Shrublands ↑ ↑ NP ↓? ↑
7 Open Shrublands ↓ ↑ ↓ ↓? ↓ ↓
8 Woody Savannas NP ↑ NP ↓? ↑
9 Savannas ↑ ↓ ↑? NC

10 Grasslands ↑? ↓ ↓ ↓ ↓ NC ↓
11 Permanent Wetlands ↑ ↑
12 Croplands ↑? ↓ ↑ ↑ ↑ ↑
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Table 3. Cont.

Province (West To East) Nationally
# Land-Cover Type NC WC NW FS EC KZN GT MP LIM

13 Urban and Built-up Lands ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

14 Cropland/Natural Vegetation
Mosaics NP ↑? NP ↑? ↑ ↑

15 Non-Vegetated Lands ↑? ↓? NC ↓ ↑

3.2. Changes in Net Primary Productivity as Proxy for Land Degradation

Values of NPP for the different years under analysis in kg C m−2 are presented in
Figure 6 as an aggregated indicator for overall land degradation, as has been used in
previous studies (e.g., [28,39,45,48,62]). It is notable that, at this national scale, similar
patterns are seen in each time slice, reflecting the influence of summer rainfall (eastern side
of South Africa), winter rainfall (western fringe of South Africa) and proximity to oceanic
moisture sources [63,64]. This results in an inland precipitation gradient and an extensive
area of low NPP values across Northern Cape Province. Thus, NPP values broadly reflect
the rainfall climatology of the region.
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Comparison of NPP values for the different time slices shows similar patterns geo-
graphically but with some differences by time periods and for locations that are transitional
between different ecosystems (Figure 6). There is greatest variability (both positive and
negative) in eastern and southern peripheries adjacent to moisture sources. There is least
variability in inland interiors. This can be seen in detail by considering changes in NPP
values between successive time slices (Figure 7). This clearly shows that NPP values
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are consistent over time in the Northern Cape whereas there is an antiphase relationship
between changes in NPP between northern/east-central areas (Limpopo, North West, Free
State) and southern areas (Western Cape, Eastern Cape). This is likely to be a direct function
of rainfall patterns [27].
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In detail, these data can be used to identify net patterns of land degradation (decrease
in NPP) or restoration (increase in NPP) between successive time slices (Figure 8). These
results show a consistent trajectory of land degradation in regions of Northern Cape,
Western Cape and Eastern Cape. Other areas show some limited phases of degradation
(Free State, North West, Limpopo) separated by periods of no change. There is also
an antiphase relation between land degradation patterns between the 2010–2015 period
and the preceding and subsequent periods, consistent with widespread aridity in 2015
(e.g., [65]).
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3.3. Valuation of Ecosystem Services Using Combined Approach of NPP and Land Cover

Equation (1) was used to calculate ecosystem service values based on global pub-
lished values [3,14,56]. Results are presented in Table 4. This shows an annual value for
ecosystem service provision in South Africa, averaged across the five time slices, of USD
437.727 billion. This compares with the national GDP (2019 values) of USD 351 billion;
therefore ecosystem services represent some 125% of GDP. Table 4 also shows the different
contributions to this national total by the different provinces. This ranges from the highest
value in the Northern Cape (35.86% of total national ecosystem service values) to the
lowest in Gauteng (1.45% of total national ecosystem service values). These two contrasting
provinces, however, represent different end members of total contribution to GDP, with
Northern Cape containing 2.15% of the national population and 2.19% of its GDP and
Gauteng 25.82% of the national population and 34.94% of its GDP. This clearly shows—in
these specific provinces—an opposite relationship between ecosystem service values and
economic output values. (Other provinces show more similar values compared to Northern
Cape and Gauteng.) The significance of this analysis is discussed below. Spatial patterns of
ecosystem service values are shown in Figure 9. These show generally higher values in the
west and lower in the east, consistent with spatial patterns of land-cover types (Figure 4).
Smaller-scale and isolated patches of bare land and wetlands are also present, and these
can be considered as anomalies set within broader landscape patterns.
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Table 4. Calculated annual values of ecosystem services (USD billion) by South African province and the national total for
each time slice. Provinces are arranged from west to east as given in Figure 3. Comparison is also made between the % of
total national ecosystem value for 2019, contained within each province, and the population of that province as a % of total
national population (source: StatsSA, 2019). Population and ecosystem service values per province can also be compared
with provincial contribution to GDP (2018 values) (available from https://www.southafricanmi.com/contribution-of-
provinces-to-south-africa-gdp-9mar2020.html; accessed on 9 March 2020).

Date NC WC EC FS NW KZN GT LIM MP TOTAL

2001 157.851 53.625 59.959 41.157 33.283 32.020 63.099 32.822 21.116 438.146

2005 157.613 53.582 59.953 41.171 33.354 31.799 63.273 32.696 21.035 437.535

2010 157.350 53.361 60.157 41.309 33.464 32.052 63.663 32.682 21.360 438.105

2015 157.363 53.297 60.115 41.159 33.690 31.739 63.922 32.761 21.291 437.811

2019 154.887 53.509 60.620 41.207 34.383 32.059 64.428 32.698 21.230 437.038

AVERAGE 157.013 53.475 60.161 41.201 33.635 31.934 63.677 32.732 21.206 437.727

2019% of total national value 35.86 12.21 13.74 9.41 7.68 7.29 1.45 7.47 4.84 (100%)

2019% national population 2.15 11.64 11.42 4.91 6.85 19.20 25.82 7.47 7.81 (100%)

2018% contribution to GDP 2.19 13.86 7.51 5.41 5.89 16.04 34.94 7.18 7.24 (100%)Sustainability 2021, 13, x FOR PEER REVIEW 11 of 17 
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Comparison between successive time periods can be used to indicate where ecosys-
tem service values are increasing or decreasing over time (Figure 10). These spatial pat-
terns reflect climate-controlled transitions at ecological boundaries (ecotones), and this
is therefore shown as linear zones across the landscape that reflect the spread/retreat
of a particular land-cover type (e.g., [66]). This is seen particularly at the (east/west)
grassland–woodland/savanna boundary.

https://www.southafricanmi.com/contribution-of-provinces-to-south-africa-gdp-9mar2020.html
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Comparison can therefore be made between spatial patterns of land degradation at
each time increment (Figure 8) and how this translates into changes in ecosystem service
values (Figure 10). This comparison shows that land degradation (decreased NPP) can
take place in the absence of any change in land-cover type (i.e., where there is no change
in ecosystem service values). However, if there is indeed land degradation related to
reduced vegetation biomass and productivity, then this means that provisioning services of
food and fiber are actually decreasing yet this is not reflected by any change in calculated
ecosystem service values. This is a significant limitation in how ecosystem service values
are calculated and the meaning and interpretation of these values.

4. Discussion

There are many studies on the responses of South African ecosystems to contemporary
and future predicted climate change (e.g., [67–71]), but there is less understanding of
how these responses affect the provision of different ecosystem services [72,73]. Likewise,
many studies have examined ecosystem responses to land degradation (and its converse,
restoration) in South Africa (e.g., [51,74–76]). In addition, any possible changes in species
composition or the success of individual species within these mapped ecosystems, such
as by the spread of invasive species, are also not well known (e.g., [77,78]). This issue
is important because it has implications for the net values of services provided by these
ecosystems or the balance of services of different types within ecosystems (Figure 1).

4.1. Land-Cover Changes and Their Implications

It is notable that some land-cover types show systematic positive or negative changes
through the time period of analysis at national and provincial scales, whereas others
do not (Tables 2 and 3). Thus, different land-cover types show different sensitivities to
climate forcing and/or land degradation and their different spatial and temporal patterns
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across the landscape that are reflected in ecosystem changes [24,46]. There is, in particular,
covariability between woodland types, shrubland types and savanna types (Figure 4)
driven by changes in tree density, and this can determine the outcome of the automated
classification method used by MODIS. As a result, for these related classes, it is more
useful to consider them as aggregated categories, reflecting the mosaic-like structure of
woodlands in particular. For example, [79,80] showed that savanna grasslands across
South Africa are presently experiencing increased invasive tree cover, causing a decrease in
grassland biodiversity as well as decreased grassland ecosystem service provision such as
grazing land. A decrease in these types of services may be offset or exceeded by an increase
in other services provided by a developing tree cover such as fuel provision, microclimate
or carbon sequestration. This shows that (1) autogenic changes in ecosystem properties
can lead to significant changes in ecosystem services of different types, both positively
and negatively (e.g., [73]), that are not captured by MODIS or similar classifications of
ecosystem type, and that (2) NDVI is a useful first-order tool for evaluating ecosystem
service availability, particularly provisioning services, because it reflects NPP and thus
overall ecosystem vigor [57]. The rebalance between different land-cover types over time
means that different ecosystem services and values also change. The absolute values of
ecosystem service provision (Table 4) reflect only aggregated economic valuations. Changes
in the commonness or rarity of certain ecosystem types have implications for the provision
of certain types of services provided by certain ecosystems that may be concealed by
statements of changes in total values [12,17,29]. In addition, absolute economic values also
conceal the varied ways in which ecosystem services are provided according to their various
categories (Figure 1). Thus, changes in the calculated area of certain land-cover types at a
national scale do not necessarily map onto different ecosystem service types [5,18,36,51]. In
addition, changes in land-cover types between individual provinces have implications for
the local availability of certain types of ecosystem services that map across space. This may
have implications for community availability and management of environmental resources
at these local levels [81].

4.2. Valuation of Ecosystem Services

The results presented here (Table 4) for the first time calculate the economic value of
different ecosystems’ services in South Africa. The general value of USD 437 billion (Table 4)
is very different to the value of USD 17.68 billion calculated from a previous preliminary
study of ecosystem services in South Africa by [53] who used historical (archival) datasets
of land cover and calculated economic values on the basis of ecosystem contributions to
GDP only. This methodology is very different to the approach adopted in this present study.
Further, the results of this present study also show the complex regional-scale variations
in these values that arise as a result of land-cover changes with associated changes in
net service values per hectare (Table 4, Figure 10). However, these results of economic
valuation do not reveal all ways in which ecosystem services can be exploited and thus
valued from different perspectives (Figure 1). Economic valuations of non-provisioning
services are more difficult to calculate because of the varied ways in which such resources
are used, including for indirect or cultural services [7,12,23,24,81]. The high values cited in
the literature for some types of land-cover classes (Table 1) may falsely imply that certain
land covers are more important economically for human activity or wellbeing than others.
Different agricultural ecosystems are not directly considered in this scheme despite their
key role in direct food production, and neither does this scheme consider the other varied
ways in which economic value can be derived apart from food and fiber production. The
link between ecosystem service values and their direct contribution to human livelihoods
and wellbeing are thus not well understood [17,30,82] or built into models of service
valuation [9,17].

The opposite relationship between ecosystem service values and GDP contribution
in Northern Cape and Gauteng (Table 4) shows that, in both these cases, the economic
basis of these provinces is not linked to ecosystem service provision. The areal extent of
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different land-cover classes (biomes) within a region also has complex relationships to
ecosystem service value. For example, the increased extent of a certain land cover increases
its commonness and decreases its rarity and vice versa. Thus, land-cover types may be
more valuable if they are rarer or more isolated in a landscape or if they are located in
an area of high population density. This situation has been described in the case of xeric
grasslands on koppies (hills) in the city of Johannesburg (Gauteng) where these hills host
71% of the province’s endemic species [83]. A single numerical evaluation of ecosystem
service provision, therefore, fails to capture the complexity or multifaceted nature of an
ecosystem in the landscape or the varied ways in which human activity intersects with,
exploits or values such ecosystems [17,29,36].

4.3. Implications for Climate Change, Land Degradation and Sustainable Development

This study, in evaluating ecosystem services at a national scale using remote sensing
methods, provides a consistent and standardized methodology that can be used across
different spatial scales and in different contexts. Further, repeat surveys can be used to
quantify losses or gains in ecosystem service values over time, which provide a baseline
for evaluating the impacts of climate change and land degradation on ecosystem values,
properties and biodiversity [18,22,23]. In this study, evidence for changes in land-cover
types over decadal time scales and regional spatial scales reflects the impacts of climate
change and not local-scale factors such as land management [71,77,80]. Future climate pro-
jections can therefore be used to predict future regional ecological patterns at these regional
scales (e.g., [70,78]). We show that changes in ecosystem distributions have implications
for land degradation trends (Figure 8) and patterns of increased/decreased ecosystem
service values (Table 4, Figure 10). These in turn have implications for strategies toward
sustainable development, managing negative impacts of climate change on different ecosys-
tems and their service provision to local communities and wider issues of maintaining
biodiversity and reducing soil erosion, amongst others [20,51,81]. This is important because
some ecosystems can maintain their existing services or even enhance their future service
provision under appropriate management strategies [5,26].

5. Conclusions

Natural resources are precious local to global assets, and ecosystem service evaluation
is one means of quantifying the potential value of these assets. This study provides the first
national-scale evaluation of ecosystem services in South Africa, using a remote sensing
methodology that can be applied to other areas and contexts. The calculated total ecosys-
tem service value is USD 437 billion, which is ~125% of GDP. There is significant spatial
variation across the country in terms of the regions where the highest and lowest values are
found, which has implications for potential resource availability for use by local communi-
ties and in the context of sustainable regional development. This highlights the potential
for untapped ecosystem services to be exploited as a tool for sustainable development
strategies. Although provisioning services can be calculated based on ecosystem properties
and NPP alone, other ecosystem services such as cultural services cannot be easily calcu-
lated in the same way. This means that different approaches must be undertaken in order
to characterize the real, functional values that any ecosystem has in the landscape. This is a
future research priority in order to ensure both sustainability of ecosystem properties and
functions and for rural socioeconomic development and human wellbeing.
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