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A B S T R A C T

Considerable efforts and resources are being invested in integrated conservation and restoration interventions in
rural arid areas. Empirical research for quantifying ecosystem services – nature’s benefits to people – is essential
for evaluating the range of benefits of ecological restoration and to support its use in natural resource man-
agement. Satellite remote sensing (RS) can be used to monitor interventions, especially in large and remote
areas. In this study we used field measurements, RS-based information from Sentinel-2 imagery together with
soil and terrain data, to estimate ecosystem service supply and evaluate integrated ecological restoration in-
terventions. We based our research on the arid, rural landscape of the Baviaanskloof Hartland Bawarea
Conservancy, South Africa, where several integrated interventions have been implemented in areas where
decades of small livestock farming has led to extensive land degradation. Interventions included i) long term
livestock exclusion, ii) revegetating of degraded areas, iii) a combination of these two, and iv) essential oil
production as alternatives to goat and sheep farming. We assessed six ecosystem services linked to the objectives
of the interventions: erosion prevention, climate regulation, regulation of water flows, provision of forage,
biomass for essential oil production, and the sense of place through presence of native species. We first estimated
the ecosystem service supply based on field measurements. Secondly, we explored the relationships between
ecosystem services quantities derived from the field measurements with 13 Sentinel-2 indices and four soil and
terrain variables. We then selected the best fitting model for each ecosystem service. Finally, we compared the
supply of ecosystem services between intervened and non-intervened sites. Results showed that models based on
Sentinel-2 indices, combined with slope information, can estimate ecosystem services supply in the study area
even when the levels of field-based ecosystem services supplies are low. The RS-based models can assess eco-
system services more accurately when their indicators mainly depend on green vegetation, such as for erosion
prevention and provision of forage. The agricultural fields presented high variability between plots on the
provision of ecosystem services. The use of Sentinel-2 vegetation indices and terrain data to quantify ecosystem
services is a first step towards improving the monitoring and assessment of restoration interventions. Our results
showed that in the study area, livestock exclusion lead to a consistent increase in most ecosystem services.

1. Introduction

People living in rural landscapes strongly depend on ecosystems and
their services for subsistence, income, and wellbeing (DeClerck et al.,
2016; Power, 2010). However, ecosystems are rapidly degrading due to
the expansion of crop and grazing lands into native vegetation and
unsustainable agricultural practices, particularly in marginal agri-
cultural areas (IPBES, 2018). Actions to avoid, reduce and reverse land
degradation can increase food and water security and can contribute
substantially to the adaptation and mitigation of climate change

(McDonald et al., 2016).
One action to combat land degradation is ecological restoration

which has been defined as “the process of assisting the recovery of
ecosystems that have been damaged, degraded, or destroyed” (Clewell
et al., 2004). Restoration interventions typically include increasing
and/or improving vegetation cover by planting suitable species (e.g.
Moreno-Calles and Casas, 2010; van der Vyver et al., 2013) or by im-
proving water and land management (e.g. Chartzoulakis and Bertaki,
2015; Molden, 2013; Powlson et al., 2011). Here, we use the term
“restoration intervention” for all activities aiming to stop, reduce or
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reverse the degradation of an ecosystem, so including rehabilitation
practices.

Considerable efforts and resources have been invested in restoration
interventions (Mills and Robson, 2017; Vermeulen et al., 2012) to
achieve improved environmental and social integrity and resilience
(e.g. Giller et al., 2009; Molden, 2013; Pretty et al., 2011). Under-
standing how interventions influence ecosystem services which un-
derpin human wellbeing, has become increasingly important as part of
the search for solutions for sustainability challenges (Costanza et al.,
2017; Díaz et al., 2015). While rural development agencies, govern-
ments, financing institutes, the private sector, and civil society have all
shown interest in investing in landscape improvements (e.g. OECD,
2016; UNEP-WCMC and IUCN, 2016; WBCSD, 2012), decision makers
remain hesitant to commit resources due to the lack of robust and
quantitative evidence on the positive impact of these rural interven-
tions.

Restoration interventions often lack long-term monitoring schemes
that would allow for an evaluation against the restoration objectives
leading to biased or poorly informed statements of success (Nunes et al.,
2016). The evaluation of restoration actions is often challenging be-
cause interventions may be located in large areas with difficult access.
Additional challenges are the lack of affordable and standardized
methodologies and the difficulty of obtaining long-term documentation
on these projects, especially to monitor restoration interventions out-
side the timespan of a project (Meroni et al., 2017). Monitoring systems
need to track interventions that often require a long time to start gen-
erating benefits (Alexander et al., 2016). Also, defining the appropriate
location and time to monitor indicators is not an easy task; it requires
the identification of the key landscape processes affected by interven-
tions, and achieving acceptable levels of accuracy while considering
financial, institutional, and human resource commitments (Heenan
et al., 2016; Singh et al., 2014). A survey conducted in South Africa
identified lack of knowledge, capacity constraints and lack of resources
as the main obstacles for evaluating restoration practices (Ntshotsho
et al., 2015). This lack of intervention evidence hampers the smart al-
location of resources and represents a lost opportunity for improved
decision making based on a critical reflection of lessons learnt (Nilsson
et al., 2016). Standardized and effective systems for holistic evaluation
and monitoring of restoration interventions are called for to inform
decision makers if they are achieving the desired outcomes (Barral
et al., 2015; Baylis et al., 2016; Mueller and Geist, 2016; Reed et al.,
2016; Zucca et al., 2015).

Satellite images can provide synoptic information on vegetation
characteristics (such as vegetation cover, biomass, carbon and crop
yield) of large areas (Andrew et al., 2014; Pettorelli et al., 2016). Ve-
getation characteristics have been used as ecosystem services indicators
to quantify multiple ecosystem services (De Araujo Barbosa et al., 2015;
Frampton et al., 2013; Usha and Singh, 2013). The multispectral sensor
on board the European Space Agency’s constellation of Sentinel-2 sa-
tellites (Berger et al., 2012) has been successfully used for agricultural,
forest and environmental monitoring applications (Pandit et al., 2018;
Zheng et al., 2017). The two Sentinel-2 satellites, equipped with iden-
tical Multispectral Instruments (MSI), are capable of acquiring freely
available images composed of 13 bands at resolutions ranging from 10
to 60 m (Mandanici and Bitelli, 2016). Sentinel-2 incorporates two
dedicated spectral bands in the red-edge region allowing the acquisition
of relevant information on vegetation spectral properties in this wa-
velength range at a higher spectral resolution than it has been pre-
viously possible with similar multispectral Earth observation satellites
(Clevers and Gitelson, 2013; Frampton et al., 2013). The potential of RS
observations in ecosystem services studies, has not yet been fully ex-
plored, but it shows great potential for monitoring processes in the
context of worldwide sustainability challenges (Cord et al., 2017;
Ramirez-Reyes et al., 2019; Vargas et al., 2019).

Ecosystem service maps can be used to monitor the impact of
changes in the environment, and therefore support sustainable

decision-making for targeting of investments and policies concerning
natural resources (Daily et al., 2011). Approaches that combine RS-
based information, soil and terrain GIS data and field measurements for
mapping ecosystem services have been demonstrated to capture the
spatial and temporal variation in the supply of ecosystem services
(Choudhary et al., 2018; Martínez-Harms et al., 2016; Nizeyimana,
2016; Wood et al., 2010). Ecosystem services are often intangible and
difficult to measure directly. Therefore, in order to map changes in
ecosystem services supply, ecosystem services indicators are needed
that are quantifiable, sensitive to changes, visible, scalable, and tem-
porally and spatially explicit (Burkhard et al., 2012; Van Oudenhoven
et al., 2012). For example, erosion prevention is difficult to visualize
and quantify remotely, thus vegetation cover has been used as a proxy
measure (e.g. Onyando et al., 2005; Vrieling et al., 2008). Similarly,
above-ground woody biomass (AGB) has been used to quantify carbon
storage in woody vegetation (Houghton, 2007; Wang et al., 2015).

This study aims to develop and apply a RS-based approach to
evaluate a range of integrated ecological restoration interventions
based on ecosystem service supply. For this we, (i) quantify ecosystem
service supply based on field measurements; ii) use these field mea-
surements to calibrate and test the ability of ecosystem service models
based on Sentinel-2 and soil and terrain GIS data and (iii) compare
ecosystem service supply from intervened and non-intervened sites for
our study site in South Africa. We hypothesize that remotely sensed
information can adequately capture field characteristics that determine
ecosystem service supply, and as such can be used to improve mon-
itoring and evaluation of restoration interventions in arid landscapes.

2. Study area and restorations activities

2.1. Study area description and background

Our research was based on the central and eastern areas of the
Baviaanskloof Hartland Bawarea Conservancy (approx. 31,500 ha),
Eastern Cape in South Africa (Fig. 1). This area comprises a mix of
large, privately-owned farms (between 500 and 7600 ha) and com-
munal rural lands. In the study area, local communities share com-
munal land in the Baviaanskloof valley-bottom (Petz et al., 2014).
These communities constitute the majority of the Baviaanskloof’s po-
pulation of about 2300 people (Living Lands, 2018), who are pre-
dominantly employed in seasonal farm work (Schramski, 2017). Agri-
culture and tourism are the main sources of income in the study area
(Crane, 2006; Petz et al., 2014). The study area lies between the Ba-
viaanskloof and the Kouga mountains and is surrounded by the Ba-
viaanskloof Nature Reserve and the Beakosneck Private Nature Reserve.
The region is also a biodiversity hotspot and is a World Heritage Site
recognized for its beauty and biodiversity (Jansen, 2008). We focused
our research in the subtropical thicket biome, an arid thicket form (Van
der Vyver et al., 2013) where spekboom (Portulacaria afra) is a domi-
nant and highly palatable species (Vlok et al., 2003).

The study area has an altitude range of 370 to 1250 m above sea
level and average slope of 16.8 degrees (Supplementary Materials, Fig.
S.1). The area has a mean annual rainfall of approximately 300 mm
(Powell, 2009) with erratic patterns (Petz et al., 2014). Water is scarce
and recurring droughts are often followed by flood events (Jansen,
2008). Our fieldwork took place in the middle of a dry period experi-
enced in 2016 and 2017, when the Baviaanskloof River, that usually
runs west to east, was dry (Fig. S.3). The average annual temperature in
the area is 17 degreesC. Temperatures of up to 40 degreesC are fre-
quently reported in mid to late summer, whereas in the valley bottoms,
winter temperatures may occasionally fall below freezing (van Luijk
et al., 2013).

Although thicket is relatively resilient to browsing by indigenous
herbivores (Stuart-Hill, 1992), the area has been heavily degraded by
unsustainable pastoralism (Havstad et al., 2000; Powell, 2009). Because
spekboom is a succulent species that propagates vegetatively (Stuart-
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Hill, 1992), spontaneous recovery does not occur in heavily degraded
sites (Lechmere-Oertel et al., 2005b; Sigwela et al., 2009). To overcome
spekboom depletion, the planting of spekboom cuttings has been
practiced for over more than a decade as a practical restoration method
(Mills et al., 2007; Mills and Robson, 2017; Powell, 2009; van der Vyver
et al., 2013).

Land degradation has resulted in significant soil erosion (van Luijk
et al., 2013). The reduction of natural vegetation, a common food
source for extensive goat and sheep farming, has led to a drastic de-
crease in agricultural returns in recent years. In addition, it has been
found that degradation of succulent thicket can affect water infiltration
by decreasing the proportion of the soil surface covered with plant litter
from 60 to 0.6% (Lechmere-Oertel et al., 2005a). Thicket degradation
has led to the decline and replacement of (sometimes endemic) per-
ennials by annuals plants, favoring the growth of alien (non-native)
species and the loss of functional diversity (Kerley et al., 1995;
Rutherford et al., 2014). For these reasons, there is an urgent need to
take measures to change degradation trends and improve local liveli-
hoods.

2.2. Interventions objectives and related ecosystem services

Four restoration interventions are implemented in the study area to
address land degradation (Fig. 1):

1. Livestock exclusion: This intervention covers approximately
7,400 ha of farmlands where livestock has been removed and six
small-sized fenced areas (approximately 4.6 ha in total) have been
established to prevent access by livestock and wildlife. Livestock has
been excluded from these areas for approximately 30 years to allow
for natural revegetation that could restore the soil and water cycle.

2. Spekboom revegetation: Since the year 2004, around 1,100 ha have
been planted with spekboom to reduce degradation trends and assist
the recovery of the degraded thicket vegetation (Mills and Robson,
2017). The planting of spekboom truncheons was implemented
through the national Department of Environmental Affairs, Natural
Resource Management directorate, Expanded Public Works Program
(EPWP). The planting of spekboom stopped in 2017.

3. Combination of revegetation and livestock exclusion: There are
several locations with multiple interventions. Over time, spekboom
was planted in most livestock exclusion areas, however, in some
cases livestock was not effectively excluded. We considered the in-
tegration of these ecological restoration measures as an additional
intervention to account for potential differences in ecosystem ser-
vices supply. We estimated that there are 337 ha where revegetation
was combined with livestock exclusion.

4. Organic essential oil production: The Baviaanskloof Development
Company (Devco) was initiated through a collaboration of
Commonland Foundation, Grounded, Living Lands and the
Baviaanskloof Hartland Bawarea Conservancy to support the tran-
sition from small livestock farming to more environmentally sus-
tainable and profitable agricultural businesses. Approximately 60 ha
of rosemary and lavandin have been planted between December
2015 and July 2017 by four farmers. Devco and the farmers plan to
increase the current planted area and to explore the production of
other oil producing species in future.

Each of the four restoration interventions aimed to impact a set of
ecosystem services. Table 1 shows the selected ecosystem services for
evaluating the impact of each intervention. This selection includes
provisioning, regulating and cultural ecosystem services and was based
on the intervention objectives and critical local challenges related to
land degradation in the study area. Even though erosion prevention was
not an initial objective in the essential oil intervention, it was still
measured in plots with essential oil fields and other agricultural lands,
because these areas are prone to heavy wind erosion and soil dete-
rioration when the finer particles are blown away (Lal, 2001). Since
conserving and building soil quality is crucial in agricultural activities,
we consider vegetation cover as a critical contributor for protecting the
soil.

To quantify erosion prevention, we used the cover of different ve-
getation layers as the ecosystem service indicator. Different vegetation
types differ in their capacity to prevent soil erosion; therefore, specific
vegetation structures determine different levels of rainfall interception,
storage, and runoff (De Jong and Jetten, 2007; Fu et al., 2005; Zheng
et al., 2008). Vegetation also contributes to climate regulation by

Fig. 1. Study area in the Baviaanskloof Hartland Bawarea Conservancy in South Africa with the boundaries of the assessed interventions. Shaded relief map based on
a 12.5 m resolution ALOS PALSAR derived DEM from the Geophysical Institute of the University of Alaska Fairbanks.
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storing carbon. Intact thicket in the Eastern Cape stores a relatively
large amount of carbon for a semiarid ecosystem (Mills et al., 2003),
and much of the biomass is comprised of spekboom (Vlok et al., 2003).
Restoration with spekboom could potentially return large amounts of
carbon to successfully transformed sites (Lechmere-Oertel et al., 2005a;
Mills and Cowling, 2006). For the regulation of water flows, we used
soil infiltration rates under different vegetation cover types. Infiltration
rates are expected to increase over time in successfully revegetated
landscapes due to higher soil macropores formed by invertebrates and
colonizer organisms (Colloff et al., 2010). To quantify forage produc-
tion, we estimated the green biomass of cover crops on essential oil
fields and thicket green biomass. Thicket is an important forage source
for animals since it generally has high palatability (Kerley et al., 2006).
We used fresh plant biomass as an indicator for the production of es-
sential oil derivatives. The presence of spekboom is a cultural eco-
system service in the area. Spekboom trees are a crucial component of
the arid thicket that has been severely degraded in the study area.
Spekboom increases biodiversity through the provision of a unique
microclimate and a mulch-rich substrate for attracting other plant
species (Lechmere-Oertel et al., 2008; Mills et al., 2005; Van der Vyver
et al., 2013). The presence of spekboom not only contributes en-
vironmentally but also helps to conserve and promote the natural
beauty and a sense of place which is important for the inhabitants
(Jansen, 2008).

3. Methods

We used three main steps to compare the four selected interventions
(Fig. 2). We first quantified six ecosystem service supplies based on field
measurements. Secondly, we used these field measurements to calibrate
and test ecosystem service models based on RS information from Sen-
tinel-2 and soil and terrain GIS data. Finally, we compared the eco-
system service supply from intervened and non-intervened sites.

3.1. Field-based ecosystem services quantification

3.1.1. Experimental field data collection design
During a fieldwork period from 06/05 and 13/07 2017, we mea-

sured ecosystem services in 32 plots of 30 × 30 m that were distributed
over the study area (Fig. 1). In this study we simplified the restoration
impact assessment to a comparison of current ecosystem service supply
between intervened and non-intervened sites. Plots were located in
pairs, one in an intervened and one in a non-intervened location. Paired
plots were located close to each other in order to avoid wide variations
in soil and weather conditions. We also ensured that paired plots had
similar slope angle and orientation. The paired plots were grouped
according to their baseline management (employed before the inter-
vention occurred) in order to distinguish the effect of different land
management changes (Table 2). The baseline management for those
plots located on farms where livestock has been removed, corresponded
to abandoned crop fields that were taken out of production in the
1990s. For those plots located on farms that still had livestock, pasture

Table 1
Ecosystem services and their indicators used to evaluate the interventions in the study area.

Ecosystem service Ecosystem service indicator Evaluated interventions

Erosion prevention Stratified vegetation cover index (% Str.VC) 1,2,3,4
Climate regulation (Carbon storage) Above ground carbon stocks (g m-2) 1,2,3,4
Regulation of water flows Soil infiltration rate (cm hr-1) 1,2,3
Provision of forage Green biomass (kg m−2) 1,2,3
Biomass for essential oil production Fresh biomass (g m−2) 4
Presence native species Spekboom cover (%) 1,2,3

Fig. 2. General workflow.
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was assigned as the baseline management.
To minimize errors resulting from GPS inaccuracies, we measured

corners, points in the middle of each side and center of the plot.
Geolocations were obtained using a Garmin eTrex 30x. To mark a point
we waited until obtaining at least 5 m horizontal accuracy indicated by
the GPS, i.e. smaller than the Sentinel-2 pixel size. The study area
mostly has open vegetation, so there is no interference of high trees.
The overall geolocation uncertainty of Sentinel-2 level 1C data is less
than 11 m for 95.5% of the cases (Clerc and MPC-Team, 2017), which is
about the size of one Sentinel-2 pixel. To reduce the effect of Sentinel-2
geolocation uncertainty for the ecosystem service model calibration, we
located each plot within a homogenous area, considering vegetation
cover, slope angle and orientation, and land management. We allowed
paired plots to be closer to each other than 16 m (the maximum ex-
pected geolocation error) in two cases where interventions were fenced.
Here we recorded the geolocation of the fences and visually checked if
the plot locations corresponded with the vegetation values on the
image.

In each plot we measured the total number of trees, bushes and
infiltration rates. Within each plot we placed four subplots of 2 × 2 m
for measurements of canopy dimensions and herbaceous vegetation
cover (details can be found in following sections). The subplots in-
cluded representative vegetation cover and canopy dimensions from the
plot (Supplementary Material, Figs. S.4. and S.5). The parameters
measured in the four subplots were averaged and used as reference to
estimate the ecosystem services in the plot. Between 18/09 and 05/10
2018 we measured 11 additional 30 × 30 m plots for establishing a
relationship between biomass for essential oil production and climate
regulation with RS variables (Table S.8). Following the same metho-
dology as in 2017, we placed four subplots of 2 × 2 m inside each plot
and performed the same measurements as in the previous year. We then
compared the field based estimation of ecosystem services (Table S.1).

3.1.2. Quantification of erosion prevention
We used the stratified vegetation cover index (StrVC) as the in-

dicator for erosion prevention. The StrVC integrates the cumulative
effect of different vegetation layers with different capacities of con-
trolling soil erosion (Zhongming et al., 2010). We measured the StrVC
by counting all shrubs, aloes, or trees inside the plot and then multi-
plying their total number by the average canopy sizes and vegetation
cover (%) measured in the subplots. Inside all the subplots, we mea-
sured the height, diameter and cumulative basal stem area (CBSA) for
shrubs and the diameter at breast height (DBH) for trees. We used di-
gital photos to separately calculate the vegetation coverage of each
vertical layer following the approach of Zhongming et al. (2010). Pic-
tures of trees were taken from below the canopy, looking upwards,
using a Canon EF 15 mm f/2.8 Fisheye Camera. The coverage of shrubs,
small cacti and herbaceous vegetation was estimated by taking pictures
from above and looking downwards, using a smartphone (iPhone6).
Pictures of herbaceous vegetation were taken in representative loca-
tions within each subplot using a frame of 25 cm2 (internal area).
Pictures were later standardized for same proportions and resolutions
and all the values per plot were averaged. The green cover percentage
was extracted using Canopeo (Fig. 3), software developed by the Plant

and Soil Sciences department and the App Center at Oklahoma State
University (http://www.canopeoapp.com).

We considered trees, shrubs and herbaceous cover as different ve-
getation strata and we disregarded the litter layer because it was mostly
absent in the sampled areas. We first calculated the bush and tree strata
(Eq. (1)). In Eq. (1), (Cc) is the canopy cover in the sampling unit for
shrubs and trees; Asu is the area of every sampled unit;°Ciis the crown
size of each tree or shrub;I is the number of trees or shrubs in the
sampling unit, and; Caveris the average fractional vegetation cover
(FVC) of trees or shrubs.

∑=
=

C C 1
A

Cc aver
su i 1

n

i
(1)

The stratified vegetation cover for each plot was then calculated
using Eq. (2), where ai is the weighting coefficient of layer i for its
contribution to soil conservation; i is the number of layers, or strata in
the vegetation community, and; Ci is the measured coverage of the
vertical layer i. We used the weighting coefficient (ai) proposed for
broadleaved vegetation types: 0.06 for trees and aloes, 0.55 for shrubs
and plants for oil production and 0.28 for grass and herbaceous cover
(Zhongming et al., 2010).

∑=
=

StrVC aiCi
i 1

n
(2)

3.1.3. Quantification of climate regulation
To assess the amount of carbon stored in aboveground vegetation (g

m−2) we counted all trees and shrubs per plot (Supplementary
Materials, Table S.3) and measured the height, diameter at breast
height (DBH) for trees and cumulative basal stem area (CBSA) for
shrubs in each subplot. All shrub and tree species inside the subplots
were identified. Their aboveground carbon storage was calculated in-
dividually using species-specific allometric equations following the
methods developed by Powell, (2009) (Table 3).

For species lacking allometric equations, carbon was estimated
using the same equivalent species with similar growth patterns used by
van der Vyver et al. (2013) for which regression equations existed
(Supplementary Materials, Table S.6). We transformed the results of the
aboveground carbon estimations for non-agricultural areas from kg to g
for easier comparison with the carbon estimations in the essential oil
fields.

To estimate climate regulation of lavandin and rosemary fields, we
calculated the total dry aboveground biomass (dAGB) using our allo-
metric equations based on 18 harvested rosemary plants and 12 har-
vested lavandin plants. We used the elliptical area (π × long ra-
dius × short radius) of the plant as the predicting variable of the total
dry biomass (Table 4). We assumed 48% of the biomass to be carbon
(Magnussen and Reed, 2004). The carbon stock of the herbaceous cover
was considered negligible.

The carbon estimations of the subplots were then upscaled to plot
level by multiplying the average measured value of one species by the
total number of individuals of each species in the plot.

Table 2
Evaluated interventions and their intervened and non-intervened components for each pair of plots.

Intervention (management difference) Baseline management (non-intervened) New management (intervened) Number of paired plots

Livestock exclusion Livestock + not revegetated Livestock exclusion 1
Spekboom revegetation Livestock exclusion + spekboom revegetation 2

Spekboom revegetation Livestock & not revegetated Spekboom revegetation 3
Abandoned fields + livestock exclusion Livestock exclusion + spekboom revegetation 2

Livestock exclusion + spekboom revegetation Livestock + not revegetated Livestock exclusion + spekboom revegetation 2
Essential oil production Abandoned fields + livestock exclusion Essential oil production 2

Pasture Essential oil production 4
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3.1.4. Quantification of regulation of water flows
The regulation of water flows was estimated by measuring the in-

filtration rate beneath different vegetation covers per plot. For each
vegetation cover we considered between two and three repetitions per
plot. In each repetition, the time taken for the soil to absorb 120 cm3 of
water poured into a 3.65 cm radius single-ring cylinder was measured
twice consecutively. The second measurement was done immediately
after the first measurement. The infiltration rates of different vegetation
cover for dry and wet soil in non-irrigated fields were estimated based
on the cylinder volume formula (volume = πr2 *height). We estimated
the height (2.87 cm) of the 120 cm3 of water applied and measured the
respective infiltration time (in seconds) on the field (Johnson, 1963).
We only used the second infiltration rate measured under wet soil when
calibrating the RS models.

The infiltration rate of one plot (in cm per hour) was calculated in
four steps. First, we calculated the plot average infiltration rate for each
vegetation type. Secondly, we calculated the total area covered by each
vegetation type considering the average canopy areas of each vegeta-
tion type and their number of shrubs or trees, aloes and spekboom. The
average cover percentage was used to estimate the total area covered by
herbs. Then, we added all the areas covered by the different vegetation
types. The difference between the plot area and the parts covered by
vegetation was assumed to be bare soil. The estimation of the bare soil
surface could have been underestimated where different vegetation
covers overlapped. We finally calculated a single plot infiltration rate
using a weighted average of the infiltration rates of different vegetation
types and their respective cover ratios.

3.1.5. Quantification of provision of forage
To estimate provision of forage for wild animals, we used linear

regressions between green biomass (GB) and vegetation cover (VC) for
shrubs and grasses in arid environments (Flombaum and Sala, 2007)
(Table 5). In these equations, green biomass represents all the green
leaves for grasses and all the green leaves and current twigs for shrubs
(secondary growth was not considered).

The vegetation cover was estimated as described in section 3.1.2.
Small sized Vachellia karroo trees and aloes were considered as shrubs
for fodder estimation (Breebaart et al., 2002). Although many trees in
the area are palatable (e.g. Pappea capensis), animals would only browse
up to their reach limit (Rutherford et al., 2014). Therefore, we did not
include tree green biomass for provision of forage. In essential oil
production fields, the green biomass of herbaceous strata (cover crops
and weeds) was included in the forage estimates by using the general

Fig. 3. Example of green vegetation cover (%) estimation using Canopeo. Left: original picture. Right: app generated picture used to calculate the percentage of the
total area covered with green vegetation (white sections).

Table 3
Allometric equations used to predict aboveground carbon and biomass (kg) for studied species. CBSA is base stem area and DBH stands for diameter at breast
height. n: number of shrubs or trees used by Powell (2009) to develop the equations.

Species Equation R2 n

Ehretia rigida Log10y (C) = 0.9623(Log10 CBSA(m2)) − 2.485 0.63 24
Portulacaria afra Log10y (C) = 1.1043(Log10 CBSA(m2)) + 2.4464 0.97 5
Aloe ferox Log10y (C) = 1.4306(Log10 CBSA(m2)) + 3.6975 0.78 25
Grewia robusta Log10y (C) = 1.0044(Log10 canopy area (m2)) − 0.6259 0.85 37
Lycium ferocissimum Log10y (C) = 0.8615(Log10 CBSA(m2)) + 1.7706 0.77 35
Pteronia incana Log10y (C) = 1.4032(Log10 canopy area (m2)) − 0.4224 0.97 49
Putterlickia pyracantha Log10y (C) = 1.0622(Log10 CBSA(m2)) + 2.7834 0.78 46
Jatropha capensis Log10y (C) = 0.9067(Log10 canopy area (m2)) − 0.7349 0.57 21
Vachellia karroo Log10y (C) = 2.034(Log10canopy area (m2)) − 1.20113 0.95 15
Rhus longispina Log10y (C) = 1.1012(Log10canopy area (m2)) − 0.2938 0.51 24
Pappea capensis Log10y (C) = 1.3355(Log10canopy area (m2)) − 0.2938 0.93 22

Table 4
Dry aboveground biomass (dAGB) (g) allometric equations using the elliptical
canopy area (EA) in (cm2).

Crop Equation R2 n

Lavandin dAGB = 0.00243 EA1.2824 0.93 12
Rosemary dAGB = 0.0055 EA1.4934 0.93 18

Table 5
Green biomass (GB) equations for shrubs and grasses using vegetation cover
(VC) as predictive variable (Flombaum and Sala, 2007).

Vegetation type Equation R2

Shrubs GB (g m−2) = 227.3 × VC (%) 0.64
Grasses GB (g m−2) = 78.1 × VC (%) 0.72
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green biomass equations for grasses (Flombaum and Sala, 2007). To
upscale the subplots values to a plot level, we multiplied the average
herbaceous and shrub green biomass from the subplots with the total
plot area.

3.1.6. Quantification of biomass for essential oil production
The total fresh aboveground biomass (fAGB) of rosemary and la-

vandin was considered to quantify the potential provision of essential
oil production. In this study we present the ecosystem service as fresh
biomass because the ratios between fresh and harvestable biomass can
vary between different management practices. Similarly to the carbon
estimations described in section 3.1.3., we used field-based allometric
equations to link the canopy measured dimensions with the total fresh
biomass (Table 6). The averaged fresh biomass from all measured plants
was multiplied with the total number of plants and divided by the plot
area to obtain one biomass value (g m−2) for each plot.

3.1.7. Quantification of presence of native trees
The presence of spekboom was estimated by its total covered area

(%). We counted the total number of spekboom per plot. We then
measured all the spekboom canopy dimensions in the subplots and
calculated the average spekboom canopy area. We finally obtained one
value of spekboom cover for each plot by multiplying the total number
of spekboom with the average canopy dimensions.

3.2. Calibration of the RS-based ecosystem service models

3.2.1. RS and GIS data acquisition
We downloaded a Sentinel-2A image from 24/06/2017 (acquired

over tile 34HGH), corresponding to the middle of the field work period
and another Sentinel-2A image from 7/10/2018 (for essential oil pro-
duction estimates only). The ESA Sen2cor processor was used for the
atmospheric and topographic correction of the Sentinel-2 Top-Of-
Atmosphere Level 1C image (ESA, 2018). We used one of the two
available DEM provided in Sen2Cor (90 m SRTM Digital Elevation
Database from CGIAR-CSI) for terrain correction (Jarvis et al., 2008;
Mueller-Wilm et al., 2019). Terrain correction is an important step in
the preprocessing of data when land cover classification and quantita-
tive analysis of multispectral data are carried out in mountainous sur-
faces, which lead to variations in reflectance of similar ground char-
acteristics, leading to possible misclassifications (Twele et al., 2006).

The ‘super-resolving enhancement’ method (Brodu, 2018) was used
to propagate the high-resolution spatial details to the lower-resolution
bands while preserving their spectral content in order to calculate the
Sentinel-2 indices that require the use of originally lower spatial re-
solution bands. Based on available literature and expert knowledge, we
tested eleven vegetation indices, one soil (brightness index) and one
water index (NDWI) for their ability to capture ecosystem service
supply (Table 7). The formulas of these indices can be found in the
Supplementary Materials (Table S.2).

Additionally to the Sentinel-2 data, we extracted slope (degrees),
altitude (m) and aspect (north, east, south, west) from a 12.5 m re-
solution ALOS PALSAR derived DEM (Geophysical Institute of the
University of Alaska Fairbanks, 2018). Information on soil types was
derived from the SOTER-based soil parameter estimates (SOTWIS) for
Southern Africa (Batjes, 2004) (Fig. S.2). To obtain models that were
able to capture a representative ecosystem services supply of the larger

areas from where the plots were located, we calculated a weighted
average of the index values and terrain parameters using all pixels
entirely or partly inside the sampled unit (Fig. 4).

All ecosystem service calculations for the field plots were done in
the R (R Core Team, 2019a) and R-Studio software version R i386 3.4.3
(R Core Team, 2019b). In addition to field measurements, spatial da-
tasets of spekboom revegetated areas were provided by the Gamtoos
Irrigation Board (GIB), though Living Lands. Maps of fields planted with
rosemary and lavandin were provided by the Baviaanskloof Develop-
ment Company for essential oil production (Devco). Living Lands also
provided property boundary maps, which originated from a cadastral
map from the surveyor general of the South African government. All
vegetation indices were calculated using the SNAP desktop im-
plementation version 6.0.4 software and the Sentinel-2 Toolbox
(S2TBX) version 6.0.2. (ESA, 2018). DEM-based calculations and
weighted averaging was performed in ArcMap 10.5.1 (Esri, 2017).

3.2.2. Fitting RS and GIS variables to ecosystem service field measurements
We built linear regression models using the calculated based on the

Sentinel-2 data and terrain variables derived from DEM and soil maps
as predictors, to produce estimates of ecosystem services supply based
on field data. The procedure to select the predicting variables was as
follows. First, in line with the objective of this study of testing the use of
RS to detect changes in ecosystem service provision, we prioritized the
use of Sentinel-2 indices and subsequently added soil and terrain
variables to potential models. Secondly, to avoid multi-collinearity
between predicting variables, we only considered models having a
Variance Inflation factor (VIF) lower than five (Kock and Lynn, 2012)
using the R caret package (Kuhn, 2019).

There is general consensus that a VIF of 10 or higher, indicates
serious multi-collinearity (O’Brien, 2007), although the use of more
conservative thresholds can also be found in the literature (Hair et al.,
2011; Kock and Lynn, 2012; Sheather, 2006). Then, we selected the five
best models based on the lowest Akaike Information Criterion (AIC)
(Akaike, 1974). Subsequently, we chose the best model using the
Akaike weight of each model that helps to maximize both explanatory
power and inclusion of the independent variables with the highest
contribution to the explanatory power using the multi-model inference
(MuMIn) R package (Bartón, 2018). Finally, to validate the models we
used a five-fold cross-validation which we repeated 100 times (Efron
and Gong, 1983) by using caret R package (Kuhn, 2019). We used cross
validation due to our small sample size which did not allow us to use a
held back data for independent validation of the models. When more
than one predictor was used in the regression model, the partial R2 was
calculated using the asbio R package (Aho, 2019). The partial R2 in-
dicates the proportion of variation explained by a predictor variable
which is not explained by the model if that variable is left out. Using the
selected fitted RS-based models, we then calculated the ecosystem
service supply for each plot.

3.3. Comparison of ecosystem services supplied by different interventions

To compare the ecosystem service supply between the intervened
and non-intervened locations, we calculated the differences (in per-
centage) in ecosystem service supply between the baseline management
(management before the intervention occurred) and the new manage-
ment (intervened plot) for each paired set of plots. The new manage-
ment could include one or a combination of interventions compared to
the baseline management. To assess the impact of different interven-
tions, we grouped paired plots having the same intervention and
baseline management. For the evaluation of possible reasons behind the
changes in ecosystem services supply, we also considered other drivers
of change such as initial state of degradation and differences in man-
agement. To test the effect of the intervention lifespan, we ran simple
linear regressions between the difference between intervened and non-
intervened plots and the lifespan of livestock exclusion and spekboom

Table 6
Fresh aboveground biomass (fAGB) (g) allometric equations using the elliptical
canopy Area (EA) (cm2).

Crop Equation R2 n

Lavandin fAGB = 0.0748 EA1.2325 0.94 12
Rosemary fAGB = 0.0261 EA1.4067 0.95 18
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revegetation.

4. Results

4.1. Field-based ecosystem service quantification

The supply of the six studied ecosystem services based on field
measurements is presented in Table 8. The values for all six were po-
sitively skewed, i.e. most values were below the mean. The observed
high variation in provision of ecosystem services is in agreement with
the high variability of green cover between plots (Supplementary

Materials, Table S.1. for details on field-based ecosystem services esti-
mation at plot level). The stratified vegetation cover shows a mean of
1.58% across the plots. This value should not be interpreted as a ve-
getation cover, as it is calculated using weighting factors of vegetation
strata according to their capacity to prevent erosion.

4.2. Fitting RS and GIS variables to ecosystem service field measurements

The mean R2 obtained from the repeated cross validation of the best
RS-based models ranged from 0.61 (regulation of water flows) to 0.89
(provision of forage). The contribution of the Sentinel indices in these

Table 7
Sentinel 2 indices tested in this study and references to their uses in previous studies to predict biophysical variables. LAI: leaf area index.

Index Previous use as RS indicators for biophysical variables Example studies

Normalized Difference Vegetation Index (NDVI) Aboveground biomass; burn Severity; canopy chlorophyll
content; LAI; Chlorophyll Content

Baloloy et al., 2018; Fernández-Manso et al.,
2016; Frampton et al., 2013

Green Normalized Difference Vegetation Index (GNDVI) Aboveground biomass; Burn Severity; Chlorophyll
Content

Baloloy et al., 2018; Fernández-Manso et al.,
2016

Normalized Difference Vegetation Index red-edge 2 (NDVIre2) or
Red-edge Normalized Index 740 (NDVI740)

Burn Severity, Chlorophyll content; biomass Fernández-Manso et al., 2016; Peng et al., 2017

Normalized Difference Vegetation Index red-edge 2 narrow
(NDVIre2n)

Burn Severity Fernández-Manso et al., 2016

Plant Senescence Reflectance Index (PSRI) Burn Severity, leaf chlorophyll Fernández-Manso et al., 2016; Stagakis et al.,
2010

MERIS Terrestrial Chlorophyll Index (MTCI) Leaf chlorophyll concentration; canopy chlorophyll
content; LAI; chlorophyll content

Frampton et al., 2013; Peng et al., 2017

Inverted Red-Edge Chlorophyll Index (IRECI) Leaf chlorophyll concentration; canopy chlorophyll
content; LAI; aboveground biomass

Castillo et al., 2017; Frampton et al., 2013

Normalized Difference index (NDI45) Aboveground biomass Castillo et al., 2017
Soil Adjusted Vegetation Index (SAVI) Aboveground biomass Baloloy et al., 2018
Modified Soil Adjusted Vegetation Index (MSAVI) Soil organic carbon, chlorophyll content Gholizadeh et al., 2018; Raymond Hunt et al.,

2011
Red-edge Normalized Index 705 (NDVI705) Chlorophyll content; biomass Peng et al., 2017; Viña and Gitelson, 2005
Normalized Difference Water Index (NDWI) (for vegetation water

content)
Vegetation moisture content; pasture surface
temperature; biomass; pasture degradation index

Dennison et al., 2005; Gao, 1996; Jackson
et al., 2004; Serrano et al., 2019

Brightness Index (BI) Soil organic carbon; texture (clay) Gholizadeh et al., 2018

Fig. 4. Example of a pair of plots. In the example, one weighted average of IRECI vegetation index calculated for each plot. Values were calculated according to the
value of each pixel and their percentage of areas in the plot.

Table 8
Descriptive statistics of field-based ecosystem services estimation for n number of field plots. SbR: Spekboom revegetation; LE: livestock exclusion; Herb VC:
herbaceous vegetation cover; fAGB: fresh aboveground biomass. *ES based on field data from 2018.

Ecosystem service Indicator Intervention Mean Median Std. Deviation n

Erosion prevention Stratified vegetation cover (%) All 1.6 0.7 2.0 32
Climate regulation Aboveground carbon stock (g m−2) SbR, LE, LE + SbR 1670.1 660.2 2130.0 22
Climate regulation* Aboveground carbon stock (g m−2) Rosemary 98.8 67.1 56.0 24
Climate regulation* Aboveground carbon stock (g m−2) Lavandin 42.8 40.8 27.9 20
Regulation of water flows Infiltration rate (cm h−1) SbR, LE, LE + SbR 0.8 0.70 0.4 20
Provision of forage Green biomass (kg m−2) All 9.1 4.6 9.6 32
Biomass for essential oil production* Total fAGB (g m−2) Rosemary 536.0 371.7 294.2 24
Biomass for essential oil production* Total fAGB (g m−2) Lavandin 199.3 188.1 127.1 20
Presence of native species Spekboom cover (%) SbR, LE, LE + SbR 0.9 7.70E-06 2.3 20
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models varied from 0.81 to 0.31 (expressed as the partial R2) for erosion
prevention (IRECI) and regulation of water flows (NDWI) respectively
(Table 9). Ecosystem services indicators that are directly related to the
presence of vegetation are predicted more accurately (higher R2) than
those depending strongly on other variables such as soil texture or
presence of soil crust. The erosion prevention and provision of forage
models presented the lowest residual variance (Standardized
RMSE = 0.07 and 0.1 respectively). In contrast, the highest values of
residual variance were present in the models for regulation of water
flows (0.24), climate regulation and biomass of rosemary (0.25 and
0.26 respectively).

Of the tested Sentinel-2 indices, IRECI showed a best fit in models
for predicting the erosion prevention, climate regulation services in
non-agricultural areas and the presence of native species. More com-
monly used indices such as NDVI, SAVI, MSAVI and NDI45 were not
selected as the best RS variables in any of the models (Table S.7). The
NDWI showed to be the best predicting variable for the provision of
forage, regulation of water flows, lavandin biomass for oil and climate
regulation ecosystem service models

Although the spekboom cover percentage is linked to vegetation,
the model did not capture this single species as accurately (64% of the
spekboom cover variation) as models that include the overall presence
of thicket vegetation information (e.g. in the stratified vegetation cover
or provision of forage models). The selected model for predicting the
regulation of water flows could only capture 61% of the infiltration
variation.

Due to the differences in reflectance in rosemary and lavandin fields
compared to non-agricultural areas, the Sentinel indices selected to
estimate their aboveground carbon stocks also differed. Regarding the
rosemary models, both selected models for predicting biomass for es-
sential oil production and aboveground climate regulation were based
on MTCI as the RS variable. The biomass and aboveground carbon of
lavandin plots presented the best correlation with NDVIre2n. The

models for lavandin biomass for essential oil production and climate
regulation also contained herbaceous cover as a predicting variable
with a negative coefficient.

Details on the Sentinel-2 indices per plot are shown in the
Supplementary Materials Tables S.4. and S.5.

4.3. Comparison of ecosystem services supplied by different interventions

Using the selected RS-based models, we calculated the supply of
ecosystem services in all the intervened and non-intervened plots. The
supply of ecosystem services was grouped by intervention type (Tables
10 and 11). In Tables 10 and 11, each intervention is presented next to
their baseline management and the lifespan of their respective inter-
vention. The difference between the baseline management (non-in-
tervened) and the intervened plot are presented in the same units as the
ecosystem services. The green cells indicate a positive difference of the
ecosystem service between the intervened plot compared with the
baseline management, whereas the red and yellow cells indicate a ne-
gative and no difference respectively. In the case of erosion prevention,
provision of forage and regulation of water flows, all the differences in
ecosystem supply after livestock exclusion indicated an improvement in
the ecosystem services supply. In comparison with the baseline man-
agement, the intervened plots with livestock exclusion showed on
average 71% more erosion prevention, while the increase for livestock
exclusion in combination with revegetation was 31%, on average.
However, the spekboom revegetation intervention showed 10% less
erosion prevention on average in comparison to baseline management.
The provision of forage and regulation of water flows followed a similar
pattern; only plots with interventions that included livestock exclusion
showed on average a higher service supply compared to the baseline
situation. While we expected the difference between baseline and in-
tervention to become larger with an increased intervention lifespan, we
did not find a significant correlation between ecosystem services supply

Table 9
The selected ecosystem service linear models based on indices derived from Sentinel 2 data and terrain variables. AIC: Akaike Information Criterion; Wi: Akaike
weight; RMSE: root mean squared error; SbR: Spekboom revegetation; LE: Livestock exclusion; HerbVC: Herbaceous vegetation cover; AGC: Aboveground carbon;
fAGB; fresh aboveground biomass.

Ecosystem service Indicator Intervention AIC Wi R2 Standardized
RMSE

p-value Explanatory
Variable

β Estimate Std. Error p-value Partial R2 df

Erosion Prevention Stratified
vegetation

All 68.8 0.59 0.81 0.07 < 0.001 Intercept −1.08 0.207 < 0.001 30

cover (%) IRECI 27.35 1.744 < 0.001 0.81
Climate Regulation AGC SbR, LE,

LE + SbR
82.8 0.52 0.62 0.16 < 0.001 Intercept −2.68 0.844 < 0.001 20

(kg m−2) IRECI 58.18 10.565 < 0.001 0.62
Climate Regulation AGC (g m−2) 250.0 0.69 0.25 < 0.001 Intercept −138.26 49.832 < 0.05

Rosemary 0.46 MTCI 70.12 19.467 0.002 0.39 21
Slope 17.46 5.378 0.004 0.34

Climate Regulation AGC (g m−2) Lavandin 171.0 0.9 0.76 0.17 < 0.001 Intercept 16.25 8.889 < 0.001 17
NDVIre2n 844.05 123.919 < 0.001 0.73
HerbVC −2.32 0.340 < 0.001 0.73

Regulation of
water flows

Infiltration rate
(cm h−1)

SbR, LE,
LE + SbR

10.7 0.48 0.61 0.24 0.002 Intercept 0.96 0.282 0.004 17
NDWI 3.01 1.091 0.013 0.31
Slope 0.04 0.014 0.006 0.36

Provision of forage All 178.9 0.41 0.89 0.10 < 0.001 Intercept 2.91 4.392 0.51 28
Green biomass NDI45 120.08 18.556 < 0.001 0.38
(kg m−2) NDWI 43.16 10.487 < 0.001 0.60

Slope 0.24 0.105 0.030 0.16
Biomass for oil

production
Total fAGB 332.1 0.26 < 0.001 Intercept −705.09 263.780 < 0.05
(g m−2) Rosemary 0.55 0.71 MTCI 368.10 103.050 0.002 0.38 21

Slope 90.85 28.470 0.004 0.33
Biomass for oil

production
Total fAGB Lavandin 230.6 0.9 0.77 0.16 < 0.001 Intercept 73.32 39.848 < 0.001 17
(g m−2) NDVIre2n 3898.42 555.515 < 0.001 0.74

HerbVC −10.56 1.524 < 0.001 0.74
Presence of native

trees
SbR, LE,
LE + SbR

75.5 0.41 0.64 0.19 < 0.001 Intercept −10.77 2.957 < 0.001 16
Spekboom
cover

IRECI 56.63 10.585 < 0.001 0.64

(%) Elevation 0.01 0.005 0.042 0.23
Slope 0.12 0.065 0.087 0.17
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and the time since the start of an intervention.
There was high variability in ecosystem service provision in plots

with essential oil crops. The plots intervened with rosemary and la-
vandin presented a decrease in aboveground carbon stock of 95.9% and
99.7% respectively compared to the baseline situation in which field
were abandoned. In addition, the plots with rosemary and lavandin had
a lower erosion prevention values (−1 and −44% respectively on
average). The provision of forage presented a slight increase for ro-
semary (0.24 kg m−2) and a decrease of 4.11 kg m−2 for lavandin
fields.

5. Discussion

5.1. Field measurements

Because of the low percentage of green vegetation cover due to land
degradation in the study area, the average levels of the measured
ecosystem services supply are low. In addition to land degradation, the
study area was seriously affected by a drought period during the field
measurement period in 2017. The drought restricted vegetation growth
and dried out plants, thus lowering the values of our ecosystem services
indicators. Moreover, our required field measurements for estimating
ecosystem services could not be carried out correctly within dense
thicket, this may have left-skewed our collected data.

Infiltration rates of soils under vegetation were significantly higher
than those for bare soil (p < 0.05) (Supplementary Materials, Fig. S.6).
However, there was a high variability of infiltration rates for vegetation
types between plots. The above confirms that infiltration is strongly
affected by other factors such as geology and topography (Dunne et al.,
1991; Fox et al., 1997; Thompson et al., 2010) and supports our method
of considering the average infiltration rates per vegetation type from
within the measured plot only. This high variability of the measured
levels of infiltration rates per vegetation type between plots could have
hindered the ability of Sentinel-2 to detect vegetation covers that have
different infiltration rates.

A likely source of error in the field-based estimation of ecosystem
services can be found in the small sample size of the allometric equa-
tions used for the estimation of climate regulation and presence of

native species. There was a degree of vegetation heterogeneity within
plots that could have affected the mean values of ecosystem services
supply of the plots. An improvement in the accuracy of the ecosystem
service measurements could be achieved in future studies by also con-
sidering the plant distribution within the plots.

5.2. Capturing ecosystem services with RS data

Our RS-based models indicate that variables derived from Sentinel-2
images can help to estimate the provision of the studied ecosystem
services measured in the field, showcasing the opportunity for con-
tinuous monitoring of ecosystem services in large areas. The Sentinel-2
indices that best capture the ecosystem services in the study area were
IRECI, NDI45, NDWI, MTCI and NDVIre2n. These indices characterize
the present vegetation and are based on the red (band 4); red edge
(bands 5, 6, 7 and 8A); near-infrared (band 8) and short wave infrared
wavelengths (band 11). IRECI showed the best correlations for eco-
system services related with the presence of thicket. Using IRECI as the
RS variable for predicting the stratified vegetation cover we obtained
an R2 of 0.81. This outcome is in agreement with the results obtained
from the original methodology using Landsat TM in China, where R2

values of 0.794 (NDVI), 0.805 (MSAVI), 0.692 (DSVI), 0.819 (NDTI)
and 0.828 (MSAVI and NDTI) were obtained (Zhongming et al., 2010).
Even when several RS indices can predict the StrCV well, their level of
accuracy is context specific since the reflectance will change according
to the vegetation types, soil characteristics of the study area.

The ecosystem services that were directly connected to the presence
of green vegetation (StrVC, fresh and green biomass) were best pre-
dicted by the RS-based models since spectral indices indirectly respond
to the reflectance of green vegetation on the ground. On the other hand,
ecosystem services that related to vegetation more indirectly such as
regulation of water flows and climate regulation showed a lower ac-
curacy and more variability in the prediction. Soil under greener ve-
getation does not necessarily have higher infiltration rates, obstructing
the estimation of infiltration through Sentinel-2 indices. High variation
in the results could be caused by differences in soil types, soil depths
and topography as well as vegetation species, growth and health. Our
best model selected to predict regulation of water flows used NDWI,

Table 10
Comparison of provision of erosion prevention, provision of forage and regulation of water flows for each paired plot calculated using RS-based models. The
differences between the baseline (non-intervened) and the intervened plots are shown. Red and green cells indicate a higher and lower supply of ecosystem services
provision respectively at intervention sites in comparison with the baseline management. StrVC: Stratified vegetation cover; VC: vegetation cover; NA: Not ap-
plicable. *Refers to planting dates of spekboom and oil producing plants.

Intervention
(management
difference)

Baseline
management (non-
intervened)

Intervention
lifespan*
(months)

Baseline
erosion
prevention

Difference in
erosion
prevention

Baseline
provision of
forage

Difference in
provision of
forage

Baseline
regulation of
water flows

Difference in
regulation of
water flows

(StrVC %) (StrVC %) (kg m−2) (kg m−2) (cm h−1) (cm h−1)

Livestock exclusion Presence livestock
& Not revegetated

360 0.58 1.62 3.6 12.3 1.01 0.36

Spekboom
revegetated

110 0.85 2.03 6.88 12.27 1.61 0.37
110 0.08 0.17 1.84 1.13 1.03 0.12

Spekboom revegetated Presence livestock
& Not revegetated

87 0.31 −0.15 14.75 −7.48 2.2 −0.27
52 0.12 0.1 1.81 −0.43 1.22 −0.12
48 0.45 −0.1 5.14 −2.83 1.39 −0.13

Abandoned fields &
livestock exclusion

70 1.1 0.11 9.98 1.31 2.17 0.07
24 0.89 0.18 6.74 4.01 1.67 0.07

Livestock exclusion &
Spekboom
revegetated

Abandoned
livestock & Not
revegetated

15 1.32 0.3 9 0.8 1.04 0.03
107 0.62 2.04 3.11 16.31 1.21 0.61

Rosemary Abandoned fields &
livestock exclusion

10 0.91 0.17 1.85 −0.2 NA NA

Pastures 14 8.48 −3.35 34.48 −2.89 NA NA
15 0.84 0.74 0.66 3.82 NA NA

Lavandin Abandoned fields &
livestock exclusion

2 1.23 −0.74 4.09 −4.09 NA NA

Pastures 20 4.98 0.17 26.37 −7.42 NA NA
19 0.85 0.17 2.91 −0.82 NA NA
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which has being used in the past to capture and map vegetation water
content (Chen et al., 2005; Gao, 1996; Jackson et al., 2004).

By using a combination of vegetation indices (NDI45 and NDWI)
and slope as predicting variables, our model predicted green biomass
availability from herbaceous and shrubs cover with a R2 of 0.84 and a
standardized RMSE = 0.1. One challenge was to extract provision of
forage within landscapes where not all species were edible but still
affected the values of the Sentinel-2 vegetation indices (essential oil
plants and trees). In agreement with Martínez-Harms et al. (2016), the
integration of slope improved the performance of the RS-models for
provision of forage, regulation of water flows, biomass and climate
regulation of rosemary and the presence of native species. As shown in
Table 9, slope information explained 16 to 36% of the variance not
captured by Sentinel-2 indices for climate regulation and biomass of
rosemary, provision of forage, regulation of water flows and presence of
native trees, so considerably enhancing those models. Our results are in
line with R2 obtained in previous studies for the estimation of total
aboveground biomass and aboveground carbon storages (Martínez-
Harms et al., 2016); grass biomass (Sibanda et al., 2015) and shrubs and
herbaceous biomass obtaining (Glenn et al., 2016).

It was more difficult to find RS models that could predict climate
regulation biomass for essential oil production since the herbaceous
cover of weeds and cover crops in between the oil crop rows had a
stronger impact on the vegetation indices than the essential oil plants.
However, we were able to estimate these ecosystem services as an in-
dication of the crop performance. MTCI has been used to estimate gross
primary production in wheat with a R2 of 0.66 (Wu et al., 2009), similar
to our model for rosemary, whereas in combination with slope we ob-
tained an R2 of 0.71. Regarding the lavandin models, to our knowledge
there are no other studies that have used the NDVIre2n for above-
ground biomass or carbon estimation.

Geolocation uncertainties caused by inaccurate GPS measurements
and satellite images positional inaccuracy, and band resampling, cannot
be entirely avoided and have potentially negative implications for the
ecosystem service models. However, careful field sampling design, in
which plots represent the surrounding areas, using multiple pixels to
describe a field plot, and using GPS instruments with a high precision,
could help to minimize these errors (Lunetta and Lyon, 2004). The
spatial resolution of Sentinel-2 images allow to produce ecosystem
services maps with a resolution 10 m. However, the current geolocation
uncertainty could lead to a mismatch between field and RS locations as
such affecting the accuracy of the map.

5.3. Comparison of ecosystem services supplied by different interventions

We found that interventions that included livestock exclusion pre-
sented a more consistent positive effect on ecosystem services than
revegetation management alone, agreeing with field observations. Also,
when the baseline included livestock exclusion, the initial levels and the
increase of ecosystem supply after spekboom revegetation were higher.
The ecosystem services supply found in plots intervened with a com-
bination of livestock exclusion and revegetation increased with their
intervention timespan. On the other hand, we believe that the effect of
time was less perceptible in those plots intervened with revegetation
alone because the presence of livestock would have a much greater and
faster impact on the changes of ecosystem services supply.

The variability in ecosystem services supply among the seven
spekboom revegetated pairs of plots can be explained by previous
studies that attribute the success of spekboom restoration to a combi-
nation of several factors such as soil geology, soil depth, level of initial
land degradation, topography, planting methods, rainfall and frost
events after the intervention, microclimates, and association with other
species (Duker et al., 2015; Mills et al., 2007; Vyver, 2011). In addition,
we found that many revegetated areas were not located inside the
thicket biome but in the transition area with the Nama-Karoo shrub
land, that could have hampered the growth of spekboom mainly byTa
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climatic factors, most importantly winter temperatures (Becker et al.,
2015; Duker et al., 2015). Regardless of the above, we found that only
plots with livestock exclusion, in combination or not with revegetation,
showed a positive difference with the baseline management for the
studied ecosystem service supply.

It is important to consider the margin of error of the selected
models, and interpret the results carefully especially when the differ-
ences in ecosystem services provision are very small. For example, in
the case of the negative values in the difference of spekboom vegetation
cover (%) would suggest very small to no effect rather than a negative
impact of the intervention. Significant positive differences on eco-
system services supply after restoration actions in semiarid landscapes
such as this study area occur slowly, suggesting that the protection of
the still existing local vegetation is of crucial importance for ensuring
future provision of ecosystem services. In addition, protection implies
lower cost than restoration (Possingham et al., 2015).

Results for ecosystem services related to essential oil production are
less conclusive in terms of finding clear differences between different
baseline management, with the exception of estimations of carbon
stocks, where abandoned agricultural fields as the baseline manage-
ment have a higher amount of aboveground carbon compared to es-
sential oil production fields. We recommend considering local man-
agement information such as planting dates, presence of cover crops,
weed management, incidence of pests or diseases and the presence/type
of irrigation system in each field to better understand the reasons be-
hind the changes of interventions related to essential oil production. We
expect that differences in ecosystem service supply in agricultural fields
would be more plot-specific related to management of both the baseline
and intervened sites. In agricultural production, management decisions
are made daily, and these small changes could drastically affect the
provision of ecosystem services. Therefore, conclusions on the effect of
these interventions are not absolute since it depends on how they are
implemented. Changes in vegetation cover are expected to be faster in
oil production fields than in natural vegetation where substantial
changes could need decades to occur.

The upscaling of ecosystem service supplies could be accomplished
by using accurate land cover maps of the study area and data of the
interfered sites. However, the developed models should be only applied
in areas with similar topography and similar vegetation types. For ex-
ample, in this study, models were developed for thicket and we do not
recommended their use in fynbos vegetation types unless further field
calibration is done. Also, our models did not consider slopes steeper
than 18 degrees. Steep slopes generally produce shadow in satellite
images, especially in the south and west facing hills (depending on the
position of the sun and the time of satellite observation). The shaded
areas in the image could lead to errors in the capture of vegetation
reflectance and therefore the RS-based ecosystem service estimation
would be incorrect. After spatially upscaling the ecosystem services
supply of intervened and non-intervened areas, the temporal upscaling
could provide insights about when the ecosystem services are provided
(Carpenter et al., 2012; de Groot et al., 2010; Serna-Chavez et al.,
2014).

6. Conclusions

This study aimed to empirically quantify ecosystem services through
Sentinel-2 indices, complemented with soil and terrain data, to improve
our understanding of the effects of restoration interventions on eco-
system services. The Sentinel-2 indices that best captured the assessed
ecosystem services in the study area are based on bands 4 (red); 5, 6, 7,
and 8A (red edge); 8 (near-infrared) and 11 (short wave infrared). The
inclusion of slope information improved the RS-based ecosystem service
models for provision of forage, regulation of water flows, presence of
native trees, and aboveground biomass and carbon stocks of rosemary.
The best performing RS based models are based on green vegetation
indicators, such as stratified vegetation cover, fresh and green biomass.

In contrast, weaker models of ecosystem services are obtained when
links between ecosystem services indicators and green vegetation cover
are indirect, such as water flow management, climate control, and na-
tive trees.

In addition to the effect of different restoration interventions, fac-
tors such as initial state of land degradation, planting methods, weather
conditions during sensitive vegetation growth stages, soil character-
istics, local topography and specific management also affect the degree
and speeds of recovery of degraded landscapes. Therefore, the correct
inference on whether a restoration is successful or not needs the con-
sideration of these mentioned factors. Nevertheless, livestock exclusion
appeared to have a consistent positive role on the levels of supply of the
studied ecosystem services.

The presented approach to evaluate the effects of restoration in-
terventions using RS complemented with soil and terrain spatial data,
can be extended to wider range of ecosystem services in different
contexts and objectives across different landscapes. The approach to
quantify ecosystem services using Sentinel-2 vegetation indices is a first
step to improve the monitoring and evaluation of restoration inter-
ventions. However, for our approach to be useful for long-term mon-
itoring of interventions, the established relationship between ecosystem
services and remote sensing indices need additional validation over
time.

CRediT authorship contribution statement

Trinidad del Río-Mena: Conceptualization, Methodology, Formal
analysis, Investigation, Data curation, Writing - original draft,
Visualization. Louise Willemen: Conceptualization, Methodology,
Supervision, Writing - review & editing, Visualization. Ghirmay
Tesfamariam: Formal analysis, Investigation, Data curation. Otto
Beukes: Writing - review & editing. Andy Nelson: Methodology,
Supervision, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

We are grateful to members of Living Lands in the Baviaanskloof
Hartland Bawarea Conservancy, South Africa for support in providing
network and logistic facilitation, providing crucial background data,
assistance for fieldwork facilitation (especially from Elwin Malgas,
Luyanda Luthuli, Melloson Allen, and the interns Jurian Schepers and
Amanda Alfonso-Herrera), providing working facilities and the friendly
and enabling environment. We extend our appreciation to Daniel
Fourie, production manager of the Baviaanskloof Development
Company (Devco) for his great support in providing valuable in-
formation, facilities and logistics to carry out our study on essential oil
production. Finally, we would like to thank all the farmers involved for
their cooperation, friendliness, accessibility and knowledge sharing
during the field work.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ecolind.2020.106182.

References

K. Aho asbio: A Collection of Statistical Tools for Biologists Version 1 1-5 2019 https://
cran.r-project.org/web/packages/asbio/index.html.

H. Akaike A New Look at the Statistical Model Identification 1974 Automat. Contr IEEE

T. del Río-Mena, et al. Ecological Indicators 113 (2020) 106182

12

https://doi.org/10.1016/j.ecolind.2020.106182
https://doi.org/10.1016/j.ecolind.2020.106182


Trans 10.1109/TAC.1974.1100705.
Alexander, S., Aronson, J., Whaley, O., Lamb, D., 2016. The relationship between eco-

logical restoration and the ecosystem services concept. Ecol. Soc. https://doi.org/10.
5751/ES-08288-210134.

Andrew, M.E., Wulder, M., Nelson, T., 2014. Potential contributions of remote sensing to
ecosystem service assessments. Prog. Phys. Geogr. 38, 328–353. https://doi.org/10.
1177/0309133314528942.

Baloloy, A.B., Blanco, A.C., Candido, C.G., Argamosa, R.J.L., Dumalag, B.L.C., Dimapilis,
J.L.C., Paringit, E.C., 2018. Estimation of mangrove forest aboveground biomass
using multispectral bands, vegetation indices and biophysical variables derived from
optical satellite imageries: Rapideye, Planetscope and Sentinel-2. ISPRS Ann.
Photogramm. Remote Sens. Spat Inf. Sci. 4. https://doi.org/10.5194/isprs-annals-IV-
3-29-2018.

Barral, M.P., Rey Benayas, J.M., Meli, P., Maceira, N.O., 2015. Quantifying the impacts of
ecological restoration on biodiversity and ecosystem services in agroecosystems: A
global meta-analysis. Agric. Ecosyst. Environ. 202, 223–231. https://doi.org/10.
1016/j.agee.2015.01.009.

Bartón, K., 2018. MuMIn: Multi-Model Inference. R Packag. version 1.40.4. https//CRAN.
R-project.org/. https://doi.org/10.1111/j.1420-9101.2010.02210.x.

Batjes, N.H., 2004. SOTER-based soil parameter estimates. for Southern Africa.
Baylis, K., Honey-Rosés, J., Börner, J., Corbera, E., Ezzine-de-Blas, D., Ferraro, P.J.,

Lapeyre, R., Persson, U.M., Pfaff, A., Wunder, S., 2016. Mainstreaming Impact
Evaluation in Nature Conservation. Conserv. Lett. https://doi.org/10.1111/conl.
12180.

Becker, C.H., Coetsee, C., Cowling, R.M., Potts, A.J., 2015. The local landscape boundary
between the Albany subtropical thicket and Nama-Karoo shrubland is not influenced
by edaphic factors. South African J. Bot. https://doi.org/10.1016/j.sajb.2014.12.
003.

Berger, M., Moreno, J., Johannessen, J.A., Levelt, P.F., Hanssen, R.F., 2012. ESA’s sentinel
missions in support of Earth system science. Remote Sens. Environ. https://doi.org/
10.1016/j.rse.2011.07.023.

Breebaart, L., Bhikraj, R., O’connor, T.G., 2002. Dietary overlap between Boer goats and
indigenous browsers in a South African savanna. African J. Range Forage Sci. https://
doi.org/10.2989/10220110209485770.

Brodu, N., 2018. Super-resolving multiresolution images with band-independant geo-
metry of multispectral pixels.

Burkhard, B., Kroll, F., Nedkov, S., Müller, F., 2012. Mapping ecosystem service supply,
demand and budgets. Ecol. Ind. 21, 17–29. https://doi.org/10.1016/j.ecolind.2011.
06.019.

Carpenter, S.R., Folke, C., Norström, A., Olsson, O., Schultz, L., Agarwal, B., Balvanera, P.,
Campbell, B., Castilla, J.C., Cramer, W., DeFries, R., Eyzaguirre, P., Hughes, T.P.,
Polasky, S., Sanusi, Z., Scholes, R., Spierenburg, M., 2012. Program on ecosystem
change and society: An international research strategy for integrated social-ecological
systems. Curr. Opin. Environ. Sustain. https://doi.org/10.1016/j.cosust.2012.01.
001.

Castillo, J.A.A., Apan, A.A., Maraseni, T.N., Salmo, S.G., 2017. Estimation and mapping of
above-ground biomass of mangrove forests and their replacement land uses in the
Philippines using Sentinel imagery. ISPRS J. Photogramm. Remote Sens. https://doi.
org/10.1016/j.isprsjprs.2017.10.016.

Chartzoulakis, K., Bertaki, M., 2015. Sustainable water management in agriculture under
climate change. Agric. Sci. Proc. Agric. https://doi.org/10.1016/j.aaspro.2015.03.
011.

Chen, D., Huang, J., Jackson, T.J., 2005. Vegetation water content estimation for corn
and soybeans using spectral indices derived from MODIS near- and short-wave in-
frared bands. Remote Sens. Environ. 98, 225–236. https://doi.org/10.1016/j.rse.
2005.07.008.

Choudhary, K., Boori, M.S., Kupriyanov, A., 2018. Spatial modelling for natural and
environmental vulnerability through remote sensing and GIS in Astrakhan, Russia.
Egypt. J. Remote Sens. Sp. Sci. 21, 139–147. https://doi.org/10.1016/J.EJRS.2017.
05.003.

Clerc, C., MPC-Team, 2017. Sentinel-2 Data Quality Report. Ref. S2-PDGS-MPC-DQR S2
MPC.

Clevers, J.G.P.W., Gitelson, A.A., 2013. Remote estimation of crop and grass chlorophyll
and nitrogen content using red-edge bands on sentinel-2 and-3. Int. J. Appl. Earth
Obs. Geoinf. https://doi.org/10.1016/j.jag.2012.10.008.

Clewell, A., Aronson, J., Winterhalder, K., 2004. The SER International Primer on
Ecological Restoration, Restoration Ecology. https://doi.org/S34.

Colloff, M.J., Pullen, K.R., Cunningham, S.A., 2010. Restoration of an ecosystem function
to revegetation communities: the role of invertebrate macropores in enhancing soil
water infiltration. Restor. Ecol. https://doi.org/10.1111/j.1526-100X.2010.00667.x.

Cord, A.F., Brauman, K.A., Chaplin-Kramer, R., Huth, A., Ziv, G., Seppelt, R., 2017.
Priorities to advance monitoring of ecosystem services using earth observation. Evol.
Trends Ecol. https://doi.org/10.1016/j.tree.2017.03.003.

Costanza, R., de Groot, R., Braat, L., Kubiszewski, I., Fioramonti, L., Sutton, P., Farber, S.,
Grasso, M., 2017. Twenty years of ecosystem services: How far have we come and
how far do we still need to go? Serv. Ecosyst. https://doi.org/10.1016/j.ecoser.2017.
09.008.

Crane, W., 2006. Biodiversity conservation and land rights in South Africa: Whither the
farm dwellers? Geoforum. https://doi.org/10.1016/j.geoforum.2006.07.002.

Daily, G.C., Kareiva, P., Stephen, P., Ricketts, T.H., Tallis, H., 2011. Mainstreaming
natural capital into decisions. Nat. Cap. Theory Pract. Mapp. Ecosyst. Serv. 3–14.
https://doi.org/10.1093/acprof: oso/9780199588992.001.0001.

De Araujo Barbosa, C.C., Atkinson, P.M., Dearing, J.A., 2015. Remote sensing of eco-
system services: A systematic review. Ecol. Ind. 52, 430–443. https://doi.org/10.
1016/j.ecolind.2015.01.007.

De Groot, R.S., Alkemade, R., Braat, L., Hein, L., Willemen, L., 2010. Challenges in

integrating the concept of ecosystem services and values in landscape planning,
management and decision making. Ecol. Complex. 7, 260–272. https://doi.org/10.
1016/j.ecocom.2009.10.006.

De Jong, S.M., Jetten, V.G., 2007. Estimating spatial patterns of rainfall interception from
remotely sensed vegetation indices and spectral mixture analysis. Int. J. Geogr. Inf.
Sci. 21, 529–545. https://doi.org/10.1080/13658810601064884.

DeClerck, F.A.J., Jones, S.K., Attwood, S., Bossio, D., Girvetz, E., Chaplin-Kramer, B.,
Enfors, E., Fremier, A.K., Gordon, L.J., Kizito, F., Lopez Noriega, I., Matthews, N.,
McCartney, M., Meacham, M., Noble, A., Quintero, M., Remans, R., Soppe, R.,
Willemen, L., Wood, S.L.R., Zhang, W., 2016. Agricultural ecosystems and their
services: the vanguard of sustainability? Curr. Opin. Environ. Sustain. https://doi.
org/10.1016/j.cosust.2016.11.016.

Dennison, P.E., Roberts, D.A., Peterson, S.H., Rechel, J., 2005. Use of Normalized
Difference Water Index for monitoring live fuel moisture. Int. J. Remote Sens. https://
doi.org/10.1080/0143116042000273998.

Díaz, S., Demissew, S., Carabias, J., Joly, C., Lonsdale, M., Ash, N., Larigauderie, A.,
Adhikari, J.R., Arico, S., Báldi, A., Bartuska, A., Baste, I.A., Bilgin, A., Brondizio, E.,
Chan, K.M.A., Figueroa, V.E., Duraiappah, A., Fischer, M., Hill, R., Koetz, T., Leadley,
P., Lyver, P., Mace, G.M., Martin-Lopez, B., Okumura, M., Pacheco, D., Pascual, U.,
Pérez, E.S., Reyers, B., Roth, E., Saito, O., Scholes, R.J., Sharma, N., Tallis, H.,
Thaman, R., Watson, R., Yahara, T., Hamid, Z.A., Akosim, C., Al-Hafedh, Y.,
Allahverdiyev, R., Amankwah, E., Asah, T.S., Asfaw, Z., Bartus, G., Brooks, A.L.,
Caillaux, J., Dalle, G., Darnaedi, D., Driver, A., Erpul, G., Escobar-Eyzaguirre, P.,
Failler, P., Fouda, A.M.M., Fu, B., Gundimeda, H., Hashimoto, S., Homer, F., Lavorel,
S., Lichtenstein, G., Mala, W.A., Mandivenyi, W., Matczak, P., Mbizvo, C., Mehrdadi,
M., Metzger, J.P., Mikissa, J.B., Moller, H., Mooney, H.A., Mumby, P., Nagendra, H.,
Nesshover, C., Oteng-Yeboah, A.A., Pataki, G., Roué, M., Rubis, J., Schultz, M., Smith,
P., Sumaila, R., Takeuchi, K., Thomas, S., Verma, M., Yeo-Chang, Y., Zlatanova, D.,
2015. The IPBES Conceptual Framework - connecting nature and people. Curr. Opin.
Environ. Sustain. https://doi.org/10.1016/j.cosust.2014.11.002.

Duker, R., Cowling, R.M., du Preez, D.R., Potts, A.J., 2015. Frost, Portulacaria afra Jacq.,
and the boundary between the Albany Subtropical Thicket and Nama-Karoo biomes.
South Afr. J. Bot. https://doi.org/10.1016/j.sajb.2015.05.004.

Dunne, T., Zhang, W., Aubry, B.F., 1991. Effects of rainfall, vegetation, and micro-
topography on infiltration and runoff. Water Resour. Res. 27, 2271–2285. https://
doi.org/10.1029/91WR01585.

Efron, B., Gong, G., 1983. A leisurely look at the bootstrap, the jackknife, and cross-
validation. Am. Stat. https://doi.org/10.1080/00031305.1983.10483087.

ESA Sentinel 2 Toolbox | STEP 2018 Developed for ESA by CS in partnership with
Brockmann Consult CS ROMANIA, Telespazio Vega Deutschland, INRA and UCL
https://step.esa.int/main/toolboxes/sentinel-2-toolbox/.

Esri, 2017. ArcMap 10.5.1, ESRI. Environmental Systems Resource Institute, Redlands,
California.

Fernández-Manso, A., Fernández-Manso, O., Quintano, C., 2016. SENTINEL-2A red-edge
spectral indices suitability for discriminating burn severity. Int. J. Appl. Earth Obs.
Geoinf. https://doi.org/10.1016/j.jag.2016.03.005.

Flombaum, P., Sala, O.E., 2007. A non-destructive and rapid method to estimate biomass
and aboveground net primary production in arid environments. J. Arid Environ. 69,
352–358. https://doi.org/10.1016/j.jaridenv.2006.09.008.

Fox, D.M., Bryan, R.B., Price, A.G., 1997. The influence of slope angle on final infiltration
rate for interrill, conditions. Geoderma. https://doi.org/10.1016/S0016-7061(97)
00075-X.

Frampton, W.J., Dash, J., Watmough, G., Milton, E.J., 2013. Evaluating the capabilities of
Sentinel-2 for quantitative estimation of biophysical variables in vegetation. ISPRS J.
Photogramm. Remote Sens. https://doi.org/10.1016/j.isprsjprs.2013.04.007.

Fu, B.J., Zhao, W.W., Chen, L.D., Zhang, Q.J., Lü, Y.H., Gulinck, H., Poesen, J., 2005.
Assessment of soil erosion at large watershed scale using RUSLE and GIS: A case study
in the Loess Plateau of China. L. Degrad. Dev. 16. https://doi.org/10.1002/ldr.646.

Gao, B.C., 1996. NDWI - A normalized difference water index for remote sensing of ve-
getation liquid water from space. Remote Sens. Environ. https://doi.org/10.1016/
S0034-4257(96)00067-3.

Geophysical Institute of the University of Alaska Fairbanks, 2018. Alaska Satellite Facility
(ASF) Data Portal.

Gholizadeh, A., Žižala, D., Saberioon, M., Borůvka, L., 2018. Soil organic carbon and
texture retrieving and mapping using proximal, airborne and Sentinel-2 spectral
imaging. Environ. Remote Sens. https://doi.org/10.1016/j.rse.2018.09.015.

Giller, K.E., Witter, E., Corbeels, M., Tittonell, P., 2009. Conservation agriculture and
smallholder farming in Africa: The heretics’ view. F. Crop. Res. https://doi.org/10.
1016/j.fcr.2009.06.017.

Glenn, N.F., Neuenschwander, A., Vierling, L.A., Spaete, L., Li, A., Shinneman, D.J.,
Pilliod, D.S., Arkle, R.S., McIlroy, S.K., 2016. Landsat 8 and ICESat-2: Performance
and potential synergies for quantifying dryland ecosystem vegetation cover and
biomass. Remote Sens. Environ. 185, 233–242. https://doi.org/10.1016/j.rse.2016.
02.039.

Hair, J.F., Ringle, C.M., Sarstedt, M., 2011. PLS-SEM: Indeed a Silver Bullet. J. Mark.
Theory Pract. https://doi.org/10.2753/MTP1069-6679190202.

Havstad, Kris M., Herrick, J.E., Schlesinger, W.H., 2000. In: Rangeland Desertification.
Springer Netherlands, Dordrecht, pp. 77–87. https://doi.org/10.1007/978-94-015-
9602-2_7.

Heenan, A., Gorospe, K., Williams, I., Levine, A., Maurin, P., Nadon, M., Oliver, T.,
Rooney, J., Timmers, M., Wongbusarakum, S., Brainard, R., 2016. Ecosystem mon-
itoring for ecosystem-based management: Using a polycentric approach to balance
information trade-offs. J. Appl. Ecol. https://doi.org/10.1111/1365-2664.12633.

Houghton, R.A., 2007. Balancing the global carbon budget. Annu. Rev. Earth Planet. Sci.
35, 313–347. https://doi.org/10.1146/annurev.earth.35.031306.140057.

Services. Scholes, R., Montanarella, L., A. Brainich, N. Barger, B. ten Brink, M. Cantele, B.

T. del Río-Mena, et al. Ecological Indicators 113 (2020) 106182

13

https://doi.org/10.5751/ES-08288-210134
https://doi.org/10.5751/ES-08288-210134
https://doi.org/10.1177/0309133314528942
https://doi.org/10.1177/0309133314528942
https://doi.org/10.5194/isprs-annals-IV-3-29-2018
https://doi.org/10.5194/isprs-annals-IV-3-29-2018
https://doi.org/10.1016/j.agee.2015.01.009
https://doi.org/10.1016/j.agee.2015.01.009
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0040
https://doi.org/10.1016/j.sajb.2014.12.003
https://doi.org/10.1016/j.sajb.2014.12.003
https://doi.org/10.1016/j.rse.2011.07.023
https://doi.org/10.1016/j.rse.2011.07.023
https://doi.org/10.2989/10220110209485770
https://doi.org/10.2989/10220110209485770
https://doi.org/10.1016/j.ecolind.2011.06.019
https://doi.org/10.1016/j.ecolind.2011.06.019
https://doi.org/10.1016/j.cosust.2012.01.001
https://doi.org/10.1016/j.cosust.2012.01.001
https://doi.org/10.1016/j.isprsjprs.2017.10.016
https://doi.org/10.1016/j.isprsjprs.2017.10.016
https://doi.org/10.1016/j.aaspro.2015.03.011
https://doi.org/10.1016/j.aaspro.2015.03.011
https://doi.org/10.1016/j.rse.2005.07.008
https://doi.org/10.1016/j.rse.2005.07.008
https://doi.org/10.1016/J.EJRS.2017.05.003
https://doi.org/10.1016/J.EJRS.2017.05.003
https://doi.org/10.1016/j.jag.2012.10.008
https://doi.org/10.1111/j.1526-100X.2010.00667.x
https://doi.org/10.1016/j.tree.2017.03.003
https://doi.org/10.1016/j.ecoser.2017.09.008
https://doi.org/10.1016/j.ecoser.2017.09.008
https://doi.org/10.1016/j.geoforum.2006.07.002
https://doi.org/10.1093/acprof: oso/9780199588992.001.0001
https://doi.org/10.1016/j.ecolind.2015.01.007
https://doi.org/10.1016/j.ecolind.2015.01.007
https://doi.org/10.1016/j.ecocom.2009.10.006
https://doi.org/10.1016/j.ecocom.2009.10.006
https://doi.org/10.1080/13658810601064884
https://doi.org/10.1016/j.cosust.2016.11.016
https://doi.org/10.1016/j.cosust.2016.11.016
https://doi.org/10.1080/0143116042000273998
https://doi.org/10.1080/0143116042000273998
https://doi.org/10.1016/j.cosust.2014.11.002
https://doi.org/10.1016/j.sajb.2015.05.004
https://doi.org/10.1029/91WR01585
https://doi.org/10.1029/91WR01585
https://doi.org/10.1080/00031305.1983.10483087
https://doi.org/10.1016/j.jag.2016.03.005
https://doi.org/10.1016/j.jaridenv.2006.09.008
https://doi.org/10.1016/S0016-7061(97)00075-X
https://doi.org/10.1016/S0016-7061(97)00075-X
https://doi.org/10.1002/ldr.646
https://doi.org/10.1016/j.rse.2018.09.015
https://doi.org/10.1016/j.fcr.2009.06.017
https://doi.org/10.1016/j.fcr.2009.06.017
https://doi.org/10.1016/j.rse.2016.02.039
https://doi.org/10.1016/j.rse.2016.02.039
https://doi.org/10.2753/MTP1069-6679190202
https://doi.org/10.1007/978-94-015-9602-2_7
https://doi.org/10.1007/978-94-015-9602-2_7
https://doi.org/10.1111/1365-2664.12633
https://doi.org/10.1146/annurev.earth.35.031306.140057


Erasmus, J. Fisher, T. Gardner, T. G. Holland, F. Kohler, J. S. Kotiaho, G. Von Maltitz,
G. Nangendo, R. Pandit, J. Parrotta, M. D. Potts, S. Prince, M. Sankaran, L. Wille,
IPBES Secreteriat Summary for policymakers of the assessment report on land de-
gradation and restoration of the Intergovernmental SciencePolicy Platform on
Biodiversity and Ecosystem 2018 Bonn, Germany 44p.

Jackson, T.J., Chen, D., Cosh, M., Li, F., Anderson, M., Walthall, C., Doriaswamy, P.,
Hunt, E.R., 2004. Vegetation water content mapping using Landsat data derived
normalized difference water index for corn and soybeans. Remote Sens. Environ.
475–482. https://doi.org/10.1016/j.rse.2003.10.021.

Jansen, H.C., 2008. Water for Food and Ecosystems in the Baviaanskloof Mega Reserve
Land and water resources assessment in the Baviaanskloof, Eastern Cape Province,
South Africa. (No. 1812). Wageningen.

Jarvis, A., Reuter, H.I., Nelson, & G., E., 2008. Hole-filled SRTM for the globe version 4.
Available from CGIAR-CSI SRTM 90 m database. https://doi.org/http://srtm.csi.
cgiar.org.

Johnson, A.I., 1963. A field method for measurement of infiltration: USGS water-supply
paper 1544-F. Geol. Surv. Water-Supply Pap. 1544-F, 27.

Kerley, G.I., Landman, M., Wilson, S.L., Boshoff, A.F., 2006. Mammalian herbivores as
drivers of thicket. Port Elizabeth.

Kerley, G.I.H., Knight, M.H., de Kock, M., 1995. Desertification of subtropical thicket in
the Eastern Cape, South Africa: Are there alternatives? Environ. Monit. Assess.
https://doi.org/10.1007/BF00546890.

Kock, N., Lynn, G.S., 2012. Lateral Collinearity and Misleading Results in Variance-Based
SEM : An Illustration and Recommendations. J. Assoc. Inf. Syst. https://doi.org/10.
1002/chem.201001280.

Kuhn, M., 2019. caret Package: Classification and Regression Training. Version 6.0-84.
http://topepo.github.io/caret/index.html.

Lal, R., 2001. Soil degradation by erosion. L. Degrad. Dev. https://doi.org/10.1002/ldr.
472.

Lechmere-Oertel, R.G., Cowling, R.M., Kerley, G.I.H., 2005a. Landscape dysfunction and
reduced spatial heterogeneity in soil resources and fertility in semi-arid succulent
thicket, South Africa. Austral Ecol. 30, 615–624. https://doi.org/10.1111/j.1442-
9993.2005.01495.x.

Lechmere-Oertel, R.G., Kerley, G.I.H., Cowling, R.M., 2005b. Patterns and implications of
transformation in semi-arid succulent thicket, South Africa. J. Arid Environ. 62,
459–474. https://doi.org/10.1016/j.jaridenv.2004.11.016.

Lechmere-Oertel, R.G., Kerley, G.I.H., Mills, A.J., Cowling, R.M., 2008. Litter dynamics
across browsing-induced fenceline contrasts in succulent thicket, South Africa. South
African J. Bot. https://doi.org/10.1016/j.sajb.2008.04.002.

Lands, Living, 2018. Nine years on the landscape. The current state. of Living Lands.
Lunetta, R.S., Lyon, J.G., 2004. Remote Sensing and GIS Accuracy Assessment (Mapping

Science). Environ. Protect.
Magnussen, S., Reed, D., 2004. Knowledge reference for national forest assessments -

modeling for estimation and monitoring. Food Agric. Org. http://www.fao.org/
forestry/17111/en/.

Mandanici, E., Bitelli, G., 2016. Preliminary comparison of sentinel-2 and landsat 8
imagery for a combined use. Remote Sens. https://doi.org/10.3390/rs8121014.

M.J. Martínez-Harms S. Quijas A.M. Merenlender P. Balvanera Enhancing ecosystem
services maps combining field and environmental data 2016 Serv Ecosyst 10.1016/j.
ecoser.2016.09.007.

McDonald, T., Gann, G.D., Jonson, J., Dixon, K.W., 2016. International standards for the
practice of ecological restoration–including principles and key concepts.

Meroni, M., Schucknecht, A., Fasbender, D., Rembold, F., Fava, F., Mauclaire, M., Goffner,
D., Di Lucchio, L.M., Leonardi, U., 2017. Remote sensing monitoring of land re-
storation interventions in semi-arid environments with a before–after control-impact
statistical design. Int. J. Appl. Earth Obs. Geoinf. 59, 42–52. https://doi.org/10.
1016/j.jag.2017.02.016.

Mills, A., Connor, T.O., Skowno, A., Bosenberg, D.W., Donaldson, J., Lechmere-oertel, R.,
Sigwela, A., 2003. Farming for carbon credits: implications for land use decisions in
South African rangelands. Changes.

Mills, A.J., Cowling, R.M., 2006. Rate of carbon sequestration at two thicket restoration
sites in the Eastern Cape, South Africa. Restor. Ecol. 14, 38–49. https://doi.org/10.
1111/j.1526-100X.2006.00103.x.

Mills, A.J., O’Connor, T.G., Donaldson, J.S., Fey, M.V., Skowno, A.L., Sigwela, A.M.,
Lechmere-Oertel, R.G., Bosenberg, J.D., 2005. Ecosystem carbon storage under dif-
ferent land uses in three semi-arid shrublands and a mesic grassland in South Africa.
South African J. Plant Soil 22, 183–190. https://doi.org/10.1080/02571862.2005.
10634705.

Mills, A.J., Robson, A., 2017. Survivorship of spekboom (Portulacaria afra) planted within
the subtropical thicket restoration programme. S. Afr. J. Sci. 113, 3–5.

Mills, A.J., Turpie, J.K., Cowling, R.M., Marais, C., Kerley, G.I.H., Lechmere-Oertel, R.G.,
Sigwela, A.M., Powell, M., 2007. Assessing costs, benefits, and feasibility of restoring
natural capital in Subtropical Thicket in South Africa. Restoring Nat. Cap. Sci. Bus.
Pract. The Sci Pract. Ecol. Restor. Ser. 2, 179–187.

Molden, D., 2013. Water For Food Water For Life: A Comprehensive Assessment Of Water
Management In Agriculture. Routledge https://doi.org/10.4324/9781849773799.

A.I. Moreno-Calles A. Casas Agroforestry systems: Restoration of semiarid zones in the
Tehuacán Valley, central Mexico 2010 Restor Ecol 10.3368/er.28.3.361.

Mueller-Wilm, U., Devignot, O., Pessiot, L., 2019. Sen2Cor Configuration and User
Manual. European Space Agency (ESA) V2.8, 59.

Mueller, M., Geist, J., 2016. Conceptual guidelines for the implementation of the eco-
system approach in biodiversity monitoring. Ecosphere. https://doi.org/10.1002/
ecs2.1305.

C. Nilsson A.L. Aradottir D. Hagen G. Halldórsson K. Høegh R.J. Mitchell K. Raulund-
Rasmussen K. Svavarsdóttir A. Tolvanen S.D. Wilson Evaluating the process of eco-
logical restoration 2016 Soc Ecol 10.5751/ES-08289-210141.

Nizeyimana, E., 2016. Remote Sensing and GIS Integration, in: Encyclopedia of
Environmental Management. https://doi.org/10.1081/e-eem-120001835.

Ntshotsho, P., Esler, K.J., Reyers, B., 2015. Identifying challenges to building an evidence
base for restoration practice. Sustain. https://doi.org/10.3390/su71215788.

Nunes, A., Oliveira, G., Mexia, T., Valdecantos, A., Zucca, C., Costantini, E.A.C., Abraham,
E.M., Kyriazopoulos, A.P., Salah, A., Prasse, R., Correia, O., Milliken, S., Kotzen, B.,
Branquinho, C., 2016. Ecological restoration across the Mediterranean Basin as
viewed by practitioners. Total Environ. Sci. https://doi.org/10.1016/j.scitotenv.
2016.05.136.

O’Brien, R.M., 2007. A caution regarding rules of thumb for variance inflation factors.
Quant. Qual. https://doi.org/10.1007/s11135-006-9018-6.

OECD, 2016. Development Co-operation Report 2016: The Sustainable Development
Goals as business opportunities. OECD Publishing Paris https://doi.org/10.1787/dcr-
2014-en.

Onyando, J.O., Kisoyan, P., Chemelil, M.C., 2005. Estimation of potential soil erosion for
river Perkerra catchment in Kenya. Water Resour. Manag. 19, 133–143. https://doi.
org/10.1007/s11269-005-2706-5.

Pandit, S., Tsuyuki, S., Dube, T., 2018. Estimating above-ground biomass in sub-tropical
buffer zone community forests, Nepal, using Sentinel 2 data. Remote Sens. 10.
https://doi.org/10.3390/rs10040601.

Peng, Y., Nguy-Robertson, A., Arkebauer, T., Gitelson, A.A., 2017. Assessment of canopy
chlorophyll content retrieval in maize and soybean: Implications of hysteresis on the
development of generic algorithms. Remote Sens. https://doi.org/10.3390/
rs9030226.

Pettorelli, N., Owen, H.J.F., Duncan, C., 2016. How do we want Satellite Remote Sensing
to support biodiversity conservation globally? Evol. Methods Ecol. https://doi.org/
10.1111/2041-210X.12545.

Petz, K., Glenday, J., Alkemade, R., 2014. Land management implications for ecosystem
services in a South African rangeland. Ecol. Ind. 45, 692–703. https://doi.org/10.
1016/j.ecolind.2014.05.023.

Possingham, H.P., Bode, M., Klein, C.J., 2015. Optimal Conservation Outcomes Require
Both Restoration and Protection. PLoS Biol. https://doi.org/10.1371/journal.pbio.
1002052.

Powell, M.J., 2009. Restoration of degraded subtropical thickets in the Baviaanskloof
Megareserve. Africa (Lond). 1–151.

Power, A.G., 2010. Ecosystem services and agriculture: tradeoffs and synergies. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 365, 2959–2971. https://doi.org/10.1098/rstb.2010.
0143.

Powlson, D.S., Gregory, P.J., Whalley, W.R., Quinton, J.N., Hopkins, D.W., Whitmore,
A.P., Hirsch, P.R., Goulding, K.W.T., 2011. Soil management in relation to sustain-
able agriculture and ecosystem services. Food Policy. https://doi.org/10.1016/j.
foodpol.2010.11.025.

Pretty, J., Toulmin, C., Williams, S., 2011. Sustainable intensification in African agri-
culture. J. Agric. Sustain Int. https://doi.org/10.3763/ijas.2010.0583.

R Core Team, 2019a. R: A Language and Environment for Statistical Computing. Vienna,
Austria.

R Core Team, 2019b. The R Project for Statistical Computing.
C. Ramirez-Reyes K.A. Brauman R. Chaplin-Kramer G.L. Galford S.B. Adamo C.B.

Anderson C. Anderson G.R.H. Allington K.J. Bagstad M.T. Coe A.F. Cord L.E. Dee R.K.
Gould M. Jain V.A. Kowal F.E. Müller-Karger J. Norriss P. Potapov J. Qiu J.T. Rieb B.
E. Robinson L.H. Samberg N. Singh S.H. Szeto B. Voigt K. Watson T.M. Wright
Reimagining the potential of Earth observations for ecosystem service assessments
2019 Total Environ Sci 10.1016/j.scitotenv.2019.02.150.

Raymond Hunt, E., Daughtry, C.S.T., Eitel, J.U.H., Long, D.S., 2011. Remote sensing leaf
chlorophyll content using a visible band index. Agron. J. https://doi.org/10.2134/
agronj2010.0395.

Reed, J., Van Vianen, J., Deakin, E.L., Barlow, J., Sunderland, T., 2016. Integrated
landscape approaches to managing social and environmental issues in the tropics:
learning from the past to guide the future. Glob. Chang. Biol. https://doi.org/10.
1111/gcb.13284.

Rutherford, M.C., Powrie, L.W., Husted, L.B., 2014. Herbivore-driven land degradation:
Consequences for plant diversity and soil in arid subtropical thicket in South-Eastern
Africa. L. Degrad. Dev. https://doi.org/10.1002/ldr.2181.

Schramski, S., 2017. Temporal dimensions of human environmental research: Adaptive
capacity in rural South Africa. Mgbakoigba J. African Stud.

Serna-Chavez, H.M., Schulp, C.J.E., Van Bodegom, P.M., Bouten, W., Verburg, P.H.,
Davidson, M.D., 2014. A quantitative framework for assessing spatial flows of eco-
system services. Ecol. Ind. 39, 24–33. https://doi.org/10.1016/j.ecolind.2013.11.
024.

Serrano, J., Shahidian, S., da Silva, J.M., 2019. Evaluation of normalized difference water
index as a tool for monitoring pasture seasonal and inter-annual variability in a
Mediterranean agro-silvo-pastoral system. Water (Switzerland). https://doi.org/10.
3390/w11010062.

Sheather, S.J., 2006. Modern Approach to Regression with R. Design. https://doi.org/10.
1016/j.peva.2007.06.006.

Sibanda, M., Mutanga, O., Rouget, M., 2015. Examining the potential of Sentinel-2 MSI
spectral resolution in quantifying above ground biomass across different fertilizer
treatments. ISPRS J. Photogramm. Remote Sens. 110, 55–65. https://doi.org/10.
1016/j.isprsjprs.2015.10.005.

Sigwela, A.M., Kerley, G.I.H., Mills, A.J., Cowling, R.M., 2009. The impact of browsing-
induced degradation on the reproduction of subtropical thicket canopy shrubs and
trees. South African J. Bot. https://doi.org/10.1016/j.sajb.2008.12.001.

Singh, N.J., Danell, K., Edenius, L., Ericsson, G., 2014. Tackling the motivation to
monitor: Success and sustainability of a participatory monitoring program. Ecol. Soc.
https://doi.org/10.5751/ES-06665-190407.

Stagakis, S., Markos, N., Sykioti, O., Kyparissis, A., 2010. Monitoring canopy biophysical

T. del Río-Mena, et al. Ecological Indicators 113 (2020) 106182

14

https://doi.org/10.1016/j.rse.2003.10.021
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0285
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0285
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0290
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0290
https://doi.org/10.1007/BF00546890
https://doi.org/10.1002/chem.201001280
https://doi.org/10.1002/chem.201001280
https://doi.org/10.1002/ldr.472
https://doi.org/10.1002/ldr.472
https://doi.org/10.1111/j.1442-9993.2005.01495.x
https://doi.org/10.1111/j.1442-9993.2005.01495.x
https://doi.org/10.1016/j.jaridenv.2004.11.016
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0330
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0335
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0335
http://www.fao.org/forestry/17111/en/
http://www.fao.org/forestry/17111/en/
https://doi.org/10.3390/rs8121014
https://doi.org/10.1016/j.jag.2017.02.016
https://doi.org/10.1016/j.jag.2017.02.016
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0365
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0365
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0365
https://doi.org/10.1111/j.1526-100X.2006.00103.x
https://doi.org/10.1111/j.1526-100X.2006.00103.x
https://doi.org/10.1080/02571862.2005.10634705
https://doi.org/10.1080/02571862.2005.10634705
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0380
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0380
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0385
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0385
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0385
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0385
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0390
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0390
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0400
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0400
https://doi.org/10.1002/ecs2.1305
https://doi.org/10.1002/ecs2.1305
https://doi.org/10.3390/su71215788
https://doi.org/10.1016/j.scitotenv.2016.05.136
https://doi.org/10.1016/j.scitotenv.2016.05.136
https://doi.org/10.1007/s11135-006-9018-6
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0435
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0435
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0435
https://doi.org/10.1007/s11269-005-2706-5
https://doi.org/10.1007/s11269-005-2706-5
https://doi.org/10.3390/rs10040601
https://doi.org/10.3390/rs9030226
https://doi.org/10.3390/rs9030226
https://doi.org/10.1111/2041-210X.12545
https://doi.org/10.1111/2041-210X.12545
https://doi.org/10.1016/j.ecolind.2014.05.023
https://doi.org/10.1016/j.ecolind.2014.05.023
https://doi.org/10.1371/journal.pbio.1002052
https://doi.org/10.1371/journal.pbio.1002052
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0470
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0470
https://doi.org/10.1098/rstb.2010.0143
https://doi.org/10.1098/rstb.2010.0143
https://doi.org/10.1016/j.foodpol.2010.11.025
https://doi.org/10.1016/j.foodpol.2010.11.025
https://doi.org/10.3763/ijas.2010.0583
https://doi.org/10.2134/agronj2010.0395
https://doi.org/10.2134/agronj2010.0395
https://doi.org/10.1111/gcb.13284
https://doi.org/10.1111/gcb.13284
https://doi.org/10.1002/ldr.2181
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0520
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0520
https://doi.org/10.1016/j.ecolind.2013.11.024
https://doi.org/10.1016/j.ecolind.2013.11.024
https://doi.org/10.1016/j.peva.2007.06.006
https://doi.org/10.1016/j.peva.2007.06.006
https://doi.org/10.1016/j.isprsjprs.2015.10.005
https://doi.org/10.1016/j.isprsjprs.2015.10.005


and biochemical parameters in ecosystem scale using satellite hyperspectral imagery:
An application on a Phlomis fruticosa Mediterranean ecosystem using multiangular
CHRIS/PROBA observations. Remote Sens. Environ. https://doi.org/10.1016/j.rse.
2009.12.006.

Stuart-Hill, G.C., 1992. Effects of elephants and goats on the Kaffrarian succulent thicket
of the eastern cape. J. Appl. Ecol. South Africa. https://doi.org/10.2307/2404479.

Thompson, S.E., Harman, C.J., Heine, P., Katul, G.G., 2010. Vegetation-infiltration re-
lationships across climatic and soil type gradients. J. Geophys. Res. Biogeosciences.
https://doi.org/10.1029/2009jg001134.

Twele, A., Kappas, M., Lauer, J., Erasmi, S., 2006. The effect of stratified topographic
correction on land cover classification in tropical mountainous regions.

UNEP-WCMC and IUCN, 2016. Protected Planet Report 2016. How Protected Areas
contribute to achieving Global Targets for Biodiversity, Cambridge UK and Gland,
Switzerland.

Usha, K., Singh, B., 2013. Potential applications of remote sensing in horticulture-A re-
view. Sci. Hortic. (Amsterdam). https://doi.org/10.1016/j.scienta.2013.01.008.

van der Vyver, M.L., 2011. Restoring the Biodiversity of Canopy Species within Degraded
Spekboom Thicket 78.

Van der Vyver, M.L., Cowling, R.M., Mills, A.J., Difford, M., 2013. Spontaneous return of
biodiversity in restored subtropical thicket: Portulacaria afra as an ecosystem en-
gineer. Restor. Ecol. 21, 736–744. https://doi.org/10.1111/rec.12000.

Van Luijk, G., Cowling, R.M., Riksen, M.J.P.M., Glenday, J., 2013. Hydrological im-
plications of desertification: Degradation of South African semi-arid subtropical
thicket. J. Arid Environ. 91, 14–21. https://doi.org/10.1016/j.jaridenv.2012.10.022.

Van Oudenhoven, A.P.E., Petz, K., Alkemade, R., Hein, L., De Groot, R.S., 2012.
Framework for systematic indicator selection to assess effects of land management on
ecosystem services. Ecol. Ind. 21, 110–122. https://doi.org/10.1016/j.ecolind.2012.
01.012.

Vargas, L., Willemen, L., Hein, L., 2019. Assessing ecosystem capacity to supply eco-
system services over time using remote sensing and the ecosystem accounting ap-
proach. Environ. Manage. 63, 1–15.

Vermeulen, S.J., Aggarwal, P.K., Ainslie, A., Angelone, C., Campbell, B.M., Challinor,
A.J., Hansen, J.W., Ingram, J.S.I., Jarvis, A., Kristjanson, P., Lau, C., Nelson, G.C.,
Thornton, P.K., Wollenberg, E., 2012. Options for support to agriculture and food
security under climate change. Environ. Sci. Policy 15, 136–144. https://doi.org/10.
1016/j.envsci.2011.09.003.

Viña, A., Gitelson, A.A., 2005. New developments in the remote estimation of the fraction
of absorbed photosynthetically active radiation in crops. Geophys. Res. Lett. https://
doi.org/10.1029/2005GL023647.

Vlok, J.H.J., Euston-Brown, D.I.W., Cowling, R.M., 2003. Acocks’ Valley Bushveld 50
years on: New perspectives on the delimitation, characterisation and origin of sub-
tropical thicket vegetation. South African J. Bot. https://doi.org/10.1016/S0254-
6299(15)30358-6.

Vrieling, A., de Jong, S.M., Sterk, G., Rodrigues, S.C., 2008. Timing of erosion and sa-
tellite data: A multi-resolution approach to soil erosion risk mapping. Int. J. Appl.
Earth Obs. Geoinf. 10, 267–281. https://doi.org/10.1016/j.jag.2007.10.009.

Wang, Z., Bastin, G.N., Liu, L., Caccetta, P.A., Peng, D., 2015. Estimating woody above-
ground biomass in an arid zone of central Australia using Landsat imagery. J. Appl.
Remote Sens. 9, 096036. https://doi.org/10.1117/1.JRS.9.096036.

WBCSD, 2012. Biodiversity and ecosystem services scaling up business solutions.
Company case studies that help achieve global biodiversity targets. Conches-Geneva,
Switzerland.

Wood, E., Tappan, G., Hadj, A., 2010. Use of remote sensing and GIS for improved natural
resources management: case study from different agroecological zones of West Africa.
Int. J. Remote Sens. 31, 6115–6141. https://doi.org/10.1080/01431160903376415.

Wu, C., Niu, Z., Tang, Q., Huang, W., Rivard, B., Feng, J., 2009. Remote estimation of
gross primary production in wheat using chlorophyll-related vegetation indices. For.
Meteorol Agric. https://doi.org/10.1016/j.agrformet.2008.12.007.

Zheng, H., Chen, F., Ouyang, Z., Tu, N., Xu, W., Wang, X., Miao, H., Li, X., Tian, Y., 2008.
Impacts of reforestation approaches on runoff control in the hilly red soil region of
Southern China. J. Hydrol. 356, 174–184. https://doi.org/10.1016/j.jhydrol.2008.
04.007.

Zheng, Y., Wu, B., Zhang, M., 2017. Estimating the above ground biomass of winter wheat
using the Sentinel-2 data. Yaogan Xuebao/J. Remote Sens. 21, 318–328. https://doi.
org/10.11834/jrs.20176269.

Zhongming, W., Lees, B.G., Feng, J., Wanning, L., Haijing, S., 2010. Stratified vegetation
cover index: A new way to assess vegetation impact on soil erosion. Catena 83,
87–93. https://doi.org/10.1016/j.catena.2010.07.006.

Zucca, C., Wu, W., Dessena, L., Mulas, M., 2015. Assessing the Effectiveness of Land
Restoration Interventions in Dry Lands by Multitemporal Remote Sensing - A Case
Study in Ouled DLIM (Marrakech, Morocco). L. Degrad. Dev. https://doi.org/10.
1002/ldr.2307.

T. del Río-Mena, et al. Ecological Indicators 113 (2020) 106182

15

https://doi.org/10.1016/j.rse.2009.12.006
https://doi.org/10.1016/j.rse.2009.12.006
https://doi.org/10.2307/2404479
https://doi.org/10.1029/2009jg001134
https://doi.org/10.1016/j.scienta.2013.01.008
https://doi.org/10.1111/rec.12000
https://doi.org/10.1016/j.jaridenv.2012.10.022
https://doi.org/10.1016/j.ecolind.2012.01.012
https://doi.org/10.1016/j.ecolind.2012.01.012
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0605
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0605
http://refhub.elsevier.com/S1470-160X(20)30119-9/h0605
https://doi.org/10.1016/j.envsci.2011.09.003
https://doi.org/10.1016/j.envsci.2011.09.003
https://doi.org/10.1016/S0254-6299(15)30358-6
https://doi.org/10.1016/S0254-6299(15)30358-6
https://doi.org/10.1016/j.jag.2007.10.009
https://doi.org/10.1117/1.JRS.9.096036
https://doi.org/10.1080/01431160903376415
https://doi.org/10.1016/j.agrformet.2008.12.007
https://doi.org/10.1016/j.jhydrol.2008.04.007
https://doi.org/10.1016/j.jhydrol.2008.04.007
https://doi.org/10.11834/jrs.20176269
https://doi.org/10.11834/jrs.20176269
https://doi.org/10.1016/j.catena.2010.07.006

	Remote sensing for mapping ecosystem services to support evaluation of ecological restoration interventions in an arid landscape
	Introduction
	Study area and restorations activities
	Study area description and background
	Interventions objectives and related ecosystem services

	Methods
	Field-based ecosystem services quantification
	Experimental field data collection design
	Quantification of erosion prevention
	Quantification of climate regulation
	Quantification of regulation of water flows
	Quantification of provision of forage
	Quantification of biomass for essential oil production
	Quantification of presence of native trees

	Calibration of the RS-based ecosystem service models
	RS and GIS data acquisition
	Fitting RS and GIS variables to ecosystem service field measurements

	Comparison of ecosystem services supplied by different interventions

	Results
	Field-based ecosystem service quantification
	Fitting RS and GIS variables to ecosystem service field measurements
	Comparison of ecosystem services supplied by different interventions

	Discussion
	Field measurements
	Capturing ecosystem services with RS data
	Comparison of ecosystem services supplied by different interventions

	Conclusions
	CRediT authorship contribution statement
	mk:H1_28
	Acknowledgments
	Supplementary data
	References




