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ABSTRACT

Ecosystem services provide substantial benefits to people, but the underlying ecosystems are under unprece-
dented pressure, compromising service delivery. Therefore, ecosystem services need to be integrated into con-
servation and management processes to secure their benefits for current and future generations. A key first step is
a robust method to map ecosystem services for spatial planning. We aimed to develop and apply a broadly
applicable, flexible and spatially accurate method for comprehensive ecosystem services mapping using
Ecological Infrastructure, abbreviated to PROPSER. We evaluated the demand, flow, and capacity of three
ecosystem services (sports events, recreation, and coastal protection) along the South African coast using causal
relationships, including ecological condition of the EI, and approximated EI performance as a measure of its
importance to society. This resulted in a high-resolution map of EI performance per service and a cumulative map
of multiple-service performance created by integrating the three single-service maps. Altogether, there were
5127 El sites, with EI close to urban nodes being most important. Post-hoc tests confirmed the spatial accuracy of
the output maps, and the sensitivity of PROPSER to the variables and components of the indicator models.
PROSPER is a comprehensive and innovative method for mapping ecosystem services that is flexible and can be
widely applied. The outputs from this study have been taken up in a national spatial planning process, with
several other applications discussed. We identify seven ways in which PROSPER can be advanced, and encourage

further testing and application of our approach.

1. Introduction

People depend on intact nature to supply fundamental needs like
food, water and raw materials, to provide disaster-risk reduction, and to
enhance mental and physical health and well-being (Costanza et al.,
1997). Yet, global declines in biodiversity and accelerating ecosystem
degradation compromise ecosystem functions and, concomitantly, the
delivery of these valuable ecosystem services, most felt by developing
countries and the rural poor (Cardinale et al., 2012; Harris and Defeo,
2022). To halt and reverse this trend, ecosystem services need to be
identified and integrated into spatial assessment and planning processes
to secure them for the long term as part of fulfilling international
commitments, e.g., targets in the Kunming-Montreal Global Biodiversity
Framework (CBD, 2022), and the Sustainable Development Goals (Wood
et al., 2018). Although several methods and tools exist to spatially
represent ecosystem services in landscapes and seascapes (Burkhard and
Maes, 2017), a new approach to mapping ecosystem services for spatial
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assessment and planning is needed that considers all aspects of
ecosystem services, and is specifically suited to place-based conservation
and management actions.

Ecosystem services are part of a complex social-ecological system
(Potschin and Haines-Young, 2011) that can be understood and defined
differently. In this paper, we adopt the cascade model as the con-
ceptualisation of the pathway of ecosystem service creation in the
environment through to transfer of benefits and values in the social and
economic system (Haines-Young and Potschin, 2010). The demand for
an ecosystem service originates in the social system as “the need for
specific ecosystem service by society, stakeholder groups or individuals”
(Syrbe et al., 2017). Ecosystem service flow connects the environment
and the social and economic system through “the amount of ecosystem
service that is actually mobilised in a specific area and time” (Syrbe
et al., 2017). The capacity for service delivery is the “ability of an
ecosystem to generate a service under current ecosystem condition and
uses, at the highest yield or use level that does not negatively affect the
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future supply of the same or other ecosystem services from that
ecosystem” (Hein et al., 2016). Because each of these three aspects
(demand, flow, and capacity) provide insights into different dimensions
of a particular service in a specific context, mapping ecosystem services
comprehensively requires the inclusion of all aspects (Villamagna et al.,
2013; Burkhard et al., 2014). Further, the ecological condition of the
ecosystem directly influences ecosystem service capacity (Villamagna
et al., 2013; Maes et al., 2018), with higher levels of physical and bio-
logical diversity, presence of specific species or functional group char-
acteristics, or habitat presence and extent in many cases being
associated with higher levels of ecosystem service capacity (Smith et al.,
2017). Therefore, particularly in a systematic conservation planning
context, the ecological condition of the underlying ecosystems should
also be accounted for (Braat and De Groot, 2012; Villamagna et al.,
2013) and can provide complementary information for identifying areas
where ecosystem restoration should be targeted to enhance capacity and
flow. Overall, a comprehensive method for mapping ecosystem services
should integrate the ecosystem service aspects of demand, flow and
capacity, and also account for the ecological condition of the underlying
ecosystem.

In the cascade model, ecosystem services arise in the environment
from the underlying biophysical structures or processes (Haines-Young
and Potschin, 2010). In agreement with Harris and Defeo (2022), we
conceptualise these biophysical structures or processes as Ecological
Infrastructure (EI). In most cases, EI establishes that ecosystems (e.g.,
dunes) enable the flow of valuable ecosystem services (e.g., coastal
protection), similar to built infrastructure (e.g., roads) providing ser-
vices (transport). Various definitions of EI exist, but specifically for
integration in spatial planning, it is: ‘Natural and naturally functioning
ecological systems or networks of ecological systems that deliver mul-
tiple services to humans and enable biodiversity persistence’ (Perschke
et al., 2023). Framing ecosystem services through EI shifts the focus
from the sometimes intangible ecosystem service to manageable sites in
the landscape (Harris and Defeo, 2022). This shift in perspective em-
phasises that ecosystem service provision depends on healthy ecosys-
tems, promoting conservation measures and fostering investment-based
thinking, which aligns neatly with place-based conservation and man-
agement (Perschke et al., 2023). Therefore, EI could prove to be a very
useful framework for mapping ecosystem services for assessment and
planning purposes, particularly if combined with the three service as-
pects (i.e., capacity, flow, and demand) and ecological condition, which
could collectively provide a measure of EI performance (i.e., the
importance of the ecological system for society) as suggested in Perschke
et al. (2023). Knowing where EI is located across the landscape or
seascape, the level of its performance, and which metrics need to in-
crease to enhance performance could provide very powerful tools for
securing and maintaining ecosystem services by guiding strategic con-
servation and management actions.

Our aim was to develop a broadly applicable method to map
ecosystem services using EI as the framework, with the specific purpose
of spatial assessment (e.g., spatially explicit EI performance evaluation)
and planning (e.g., spatial prioritisation for place-based conservation,
management and restoration) that is flexible and spatially accurate. We
call this method PROSPER: comPRehensive ecOsystem Services maP-
ping using Ecological infRastructure. We used three ecosystem services:
nature-based recreational outdoor activities (hereafter recreation),
nature-based sports events (hereafter sports), and coastal protection
from flooding and erosion (hereafter protection) to develop and test
PROSPER at a national scale along the South African coast, which is the
interface between the terrestrial, estuarine and marine realms. Specif-
ically, we: identify EI that delivers each of these three services;
comprehensively evaluate the demand, flow and capacity of the
ecosystem services at each EI site based on causal relationships; deter-
mine the relative performance of the EI sites; and perform a sensitivity
test and validate the models using a theoretical, qualitative approach to
assess the accuracy of PROSPER.
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2. Methods
2.1. Study area

The study area was the South African seashore, which extends from
the outer bound of the surf zone to the scrub/thicket break of the dune
system, including estuarine ecosystem types (Harris et al., 2019a) along
the 3113-km coastline (Harris et al., 2011) (Fig. 1). This area had to be
expanded in a few places to accommodate services that extended slightly
beyond the seashore (see Section 2.2). The seashore comprises 90
different ecosystem types, including various types of rocky shores,
boulder shores, sandy shores, mixed shores, seashore vegetation, and
estuaries (Harris et al., 2019a). Kelp forests, coral reefs, mangroves, salt
marshes, reeds and sedges, and seagrass beds are also present (Harris
et al.,, 2019a). This diverse ecological setting supports rich biodiversity
with a high degree of endemism (Griffiths and Robinson, 2016). It also
forms EI that provides a plethora of ecosystem services. These services
provide many benefits to South Africans (Harris et al., 2019b) and make
substantial contributions to the economy, e.g., through tourism (Lewis
et al., 2012; Rogerson and Rogerson, 2020) and fishing (Blamey and
Bolton, 2018).

2.2. Mapping ecological Infrastructure for spatial assessment and
planning

Our aim included developing a method that could be broadly
applied, both geographically and in terms of the ecosystem services
included. Therefore, we used a cross-realm environment (i.e., the
seashore zone (Fig. 1) that includes land, estuaries and the sea, and
chose three different ecosystem services from two different ecosystem
service categories: ‘“cultural” and “regulating and maintenance”
(Haines-Young and Potschin, 2018) to develop and test PROSPER. The
cultural services were recreation and sports, and the regulating and
maintenance service was protection. PROSPER comprises two main
steps (Fig. 2): first, identify the specific EI sites for each service (i.e.,
where does the service take place; see the remainder of Section 2.2); and
second, quantify EI performance using models based on causal re-
lationships (i.e., how much flow, capacity and demand is there per
service per site; Section 2.3). If needed, the performance of multiple
ecosystem services can be evaluated as well (Section 2.4). An overview
of the methods is presented below, and the technical details are avail-
able in Sections 1 and 2 of the Supplementary Material.

To identify specific sites of EI, in ArcGIS® 10.4 (ESRI), we extracted
all polygons from the national Coastal Ecosystem Map (Harris et al.,
2019a) where the respective services were present. The presence of
recreation was identified when there was at least one geotagged
photograph uploaded to Flickr (SmugMug Inc and Flickr Inc, 2020)
between 2009 and 2018. Flickr was chosen over other social-media
platforms like Instagram or Twitter because, in the South African
context, it provides the highest correlation with official statistics
regarding national park popularity (Tenkanen et al., 2017). In addition,
Flickr photographs showed better matches for tourist preferences for
less-charismatic biodiversity (e.g., small-bodied mammals and reptiles,
in contrast to large-bodied, iconic species like rhinos and lions) (Haus-
mann et al., 2018), which was considered valuable for identifying places
of more general nature-based recreational use rather than places that are
popular because of their outstanding biodiversity. In addition, Flickr
data are often used to estimate recreational activity and are relatively
easy to access (Toivonen et al., 2019). Geolocations of the photographs
were extracted following Keeler et al. (2015) in Python 3.4 (Van Rossum
and Drake, 2009) using the package “flickrapi” (Stuvel, 2018). The
presence of sports was identified based on the race courses from events
(swimming, surfing, canoeing and triathlon) in 2018, compiled from a
systematic web search. In some cases, the race courses extended beyond
the seashore, necessitating a slight expansion of the study area to
accommodate these events. The presence of protection was considered
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Fig. 1. (a) The South African seashore zone (in red), which comprises the 90 seashore ecosystem types (dunes, shores, estuaries) as identified and mapped by Harris
et al. (2019a). (b) A magnified section of the South African coast, which shows the seashore ecosystem types in Fish Hoek, Western Cape, in different colours. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

to be ecosystem polygons within 1 km of vulnerable coastal commu-
nities, where vulnerability is in terms of sea-level rise and impacts from
large waves. Vulnerable coastal communities were identified as those
positioned within 1 km of the shore, and less than 40 m above mean seal
level (based on suggestions for coastal set-back lines in South Africa
(Theron, 2016), and using spatial information on coastal development
from Harris (2010).

Following the definition of EI that we adopted for this study
(Perschke et al., 2023), all selected sites had to be naturally functioning.
This approach helped to make PROSPER directly applicable to spatial
assessment and planning because it is explicitly linked to the naturally
functioning ecosystems in which the services are being delivered (i.e., it
deliberately excludes artificial systems, like crop monocultures).
Consequently, place-based conservation and management, including
restoration, of EI sites can help to secure and maintain the benefits from
ecosystem services. Therefore, all areas identified as “not natural” in the
2014 national land cover, e.g., buildings, mined areas (Skowno et al.,
2019; Harris, 2010), were removed. Further, areas considered to be
permanently modified (i.e., no natural habitat remaining) in the maps of
ecological condition from the National Biodiversity Assessment 2018
(Skowno et al., 2019a) were also removed. These areas were: land — not
natural (Skowno et al., 2019); estuaries — critically modified (Van Nie-
kerk et al., 2019b); and marine — collapsed (Sink et al., 2019). Second,
percolation theory states that at least 60% of the area needs to be intact
to avoid interrupting essential ecological processes (Svancara et al.,
2009). Therefore, applying a conservative approach, sites were removed
where >50% of the original extent of the underlying ecosystem type was
permanently modified. Specifically, sites were removed in the following
cases: terrestrial — where > 50% of the landcover was classified as “not
natural” (Skowno et al., 2019); marine — where > 50% of a 50-m buffer
seaward of the dune base contained development (Harris, 2010);

estuaries — where habitat loss was classified as *Very High’ (Van Niekerk
etal., 2019a). This initial filter for ecological condition resulted in a map
of naturally functioning EI for each ecosystem service that could be used
to quantify ecosystem service flow, capacity and demand.

2.3. Measuring ecological Infrastructure performance

Part of our aim was to develop a flexible method. Flexibility is
important because modelling ecosystem services is highly context and
scale-dependent (Crossman et al., 2013), making an adaptable method
very useful. It was addressed in PROSPER by using simple, additive in-
dicator models of demand, flow, and capacity for each service based on
causal relationships (Fig. 2). These models are flexible because they can
comprise different variables (and components) depending on different
contexts, data availability, and service complexity and can be easily
adjusted and adapted as needed (Lavorel et al., 2017). This modelling
approach is used in other tools for mapping ecosystem services, e.g., the
“Integrated Valuation of Ecosystem Services and Tradeoffs” tool
(InVEST) (Sharp et al., 2018), and is useful at a national scale where data
are often limited (Lavorel et al., 2017). Each indicator model consisted
of several variables and, if needed, components of a variable (Fig. 2).
Model building was informed by similar approaches in the scientific
literature, expert knowledge, and data availability. Most of the variables
and components were aggregated in an additive way to derive the in-
dicator, assuming linear causal relationships. Owing to limited data,
these causal relationships were deduced from a compiled understanding
of ecosystem service dependencies and are not the result of statistical
inference. Consequently, the formulated mathematical relationships
were kept as simple as possible, and the resulting indicators need to be
understood more as relative, comparative measures of the three service
aspects rather than precise, quantitative measures. Note that sports
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Fig. 2. Overview of PROSPER. In step 1, maps of Ecological Infrastructure (EI) are created for each ecosystem service, e.g., nature-based recreational outdoor
activities (recreation); nature-based sports events (sports); and coastal protection from flooding and erosion (protection). In step 2, models based on causal re-
lationships are built from components, variables and indicators to evaluate the performance of the mapped EI per service. In an optional step 3, single-performance
values are combined to measure multiple-service performance per EI site. Note that the ‘x2’ indicates that the indicator is doubled when calculating EI performance
because it represents two of the three possible aspects (demand, flow, and capacity; see Supplementary Material for details).

demand and flow were measured by one indicator, likewise for protec-
tion flow and capacity, because it is assumed that for both services the
flow is equal to the demand and capacity, respectively (Fig. 2). For the
technical details behind the capacity, flow and demand models, see
Section 1 and 3 in the Supplementary Material.

The ecological condition of an ecosystem affects its capacity for
service delivery, and thus should be considered in an ecosystem service
assessment (Villamagna et al., 2013; Hein et al., 2016). In PROSPER, in
addition to the initial condition filter, we included a pressure variable
consisting of one or more pressures to the indicator models for EI ca-
pacity, weighted by pressure intensity. To be more specific, the indicator
for capacity integrated ecosystem type and service-specific pressures
based on the assumption that only specific functions of the underlying
ecological system need to be in place for service flow (Singh et al., 2017;
Singh et al., 2020). The pressures with the highest impact on service-
specific EI functioning were selected based on national reviews of
their impacts on seashore ecosystems (Harris et al., 2015; Harris et al.,
2022b; van Niekerk et al., 2013). In the case of the protection service,
several pressures were identified, and a cumulative impact score was
calculated, similar to Singh et al. (2017). The relevant pressures were
included in the capacity model as a factor because it was assumed that,
in the case of the three selected services, the EI capacity could not be
high if the pressure is high and important ecological functions are
consequently compromised. For example, if water quality is poor, a
sports event will be cancelled (Singh, 2019) or a beach closed (SABC
News, 2022), leading to the immediate collapse of the capacity for ser-
vice delivery by the EI site.

EI performance is an integrated measure of demand, flow and ca-
pacity, making it a useful tool for conservation practitioners as a mea-
sure in ecosystem service assessments and as a guideline in conservation
prioritisation processes (Perschke et al., 2023). The normalised demand,
flow and capacity indicator values per EI site were multiplied to deter-
mine the performance per service of each EI site x (Equation (1)). This
was done to ensure that only EI sites with high demand, flow and ca-
pacity could reach high single-service performance. The premise of the
approach is that EI with high flow and demand delivers the most benefits
to society and is, therefore, most important. Where these EI sites also
have a high capacity, they can be assumed to be naturally functioning,
and service use can consequently be considered sustainable (Villamagna
et al., 2013). The single-service performance was normalised to a 0-1
range by dividing by the maximum value per ecosystem service type.
Jenks (natural breaks) in the distribution of the data were used to
classify the single-service performance quantities into five classes. Jenks
(natural breaks) were used because the distribution of the data of all
indicators was skewed with a long upper tail.

Single Service Performance (SP)g, = Flowg, x Demandg, x Capacityg,
@

Where EI, = Ecological Infrastructure at site x.

2.4. Measuring multiple service performance

El sites that performed well for multiple services were also identified
(Fig. 2). First, the single-service performance values of the three
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ecosystem services per EI site x were summed (Equation (2)). Thereby, a
cumulative map of multiple-service performance was created (Schroter
and Remme, 2016; similarly done by Willaarts et al., 2012). Further-
more, the sum was multiplied by the number of services (Equation (2)).
This was done to give a higher weight to EI sites providing multiple
services with low to moderate single-service performance than EI sites
with only a single albeit high-performing service. Again, Jenks (Natural
Breaks) in the data distribution was used to classify the multiple-service
performance quantities in five classes.

(SPS/J()VI EI, + SPReermtiUn EI, + SPP)‘()KE(‘I!()M El\)

Multiple Service Performanceg

3

Where EI, = Ecological Infrastructure at site x, SP = service perfor-
mance, and Servicesg;,, = the number of services at EI site x.

2.5. Sensitivity testing and validation of spatial accuracy

Part of our aim was to develop a spatially accurate method to ensure
correct spatial representation of EI for assessment and planning.
Therefore, a one-at-a-time sensitivity analysis (Hamby, 1994) of the
models was conducted to test model sensitivity in R 3.6.1 (R Core Team,
2020). Ideally, model results should be validated by using a quantitative
statistical approach and/or groundtruthing. However, this was not
possible in our case because the models are not statistical models but
determine only one score per EI site, and ground truthing was also not
possible given that we were working at a national scale (with limited
resources). Therefore, we performed a qualitative validation of satial
accuracy of the results by identifying spatial patterns and checking
whether there were plausible explanations for these patterns in the
available scientific and grey literature and from expert information.
Where there was a mismatch, explanations were sought as to why the
models were not accurately capturing the spatial patterns that would be
expected so that this could be improved in the future.

3. Results

3.1. Mapped ecological Infrastructure and its performance for single
ecosystem services

3.1.1. Recreation

There were 1086 EI sites that provided recreation services. Many of
these sites had very low service flow (55.8%) and generally medium,
low, and very low demand (84.07%) (Fig. 3a). The demand for recrea-
tion ranged mainly from very low to medium because population den-
sities close to the recreation EI sites were generally low (mean: 0.10; SD:
0.13) and the trips to the associated coastal districts medium (mean:
0.39; SD: 0.37). Very low flow resulted from very low counts of Flickr
photo-user days across all EI sites (local mean: 0.35 days; SD: 2.14 days;
national mean: 1.64 days; SD: 3.96 days; international mean: 5.08 days;
SD: 18.04 days) except in popular cities like Durban and Cape Town and
coastal National Parks where the flow indicator was high. Capacity
varied widely among EI sites, with few very low (16.67%) and very high
values (14.09%) (Fig. 3a,b). This indicator generally comprised medium
values of appeal (mean: 0.33; SD: 0.40) and capability (mean: 0.46; SD:
0.35), and high values of recovery from disturbance (mean: 0.81; SD:
0.13), accessibility (mean: 0.72; SD: 0.28), and water quality (mean: 0.78;
SD: 0.29). Given the very low flow, very low to medium demand, and
variable capacity, most of the EI sites (95.9%) had very low or low
performance for recreation (Fig. 3b). The few EI sites providing

X
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recreation with medium, high or very high performance were mainly in
Cape Town, Durban, Sedgefield, and Wilderness East (Fig. 3b).

3.1.2. Sports

There were 198 EI sites that provided the sports service for 155
sports events. Demand and flow were generally low to very low
(81.31%; Fig. 3c,d) because sports events tended to occur on only a few
days a year (mean: 3.40 days; SD: 4.32 days) at the EI sites, with rela-
tively few participants (mean: 517.46 participants; SD: 1034.14 partic-
ipants) and limited media attention (mean: 0.08; SD: 0.17) except for EI

(2)

Servicesg,

sites near Durban or Gqgeberha. In contrast, the capacity of the EI sites to
deliver the sports service varied widely, with a similar distribution
among all five classes: very low (19.19%); low (16.16%); medium
(15.66%); high (26.77%); very high (21.71%) (Fig. 3c). This was based
on generally medium values of appeal (mean: 0.43; SD: 0.41) and
capability (mean: 0.46; SD: 0.34) and high values of recovery from
disturbance (mean: 0.81; SD: 0.13), accessibility (mean: 0.72; SD: 0.28),
and water quality (mean: 0.78; SD: 0.29) per EI site. Overall, EI sites
providing sports seldom had high demand and flow in combination with
high capacity indicators (Fig. 3c). Consequently, the values of the sports
performance of the EI sites were mainly low or very low (92.42%)
(Fig. 3c,d). Almost all (14 of 15) EI sites providing sports with medium,
high, and very high values of sports performance were in the urban
centres of Ggeberha and Durban (Fig. 3d).

3.1.3. Protection

Of the three services, protection was most widely distributed around
the South African coast, with 4973 EI sites providing protection to 588
coastal communities. Demand for coastal protection was mainly low or
very low (74.84%) (Fig. 3e). In contrast, flow and capacity were
generally medium, high or very high (63.93%) with typically little
overall disturbance (mean: 0.79; SD: 0.25; note that the higher the value
the less the disturbance). Where overall disturbance was higher (in or
close to urban centres), the flow and capacity indicator was lower. The
combination of demand, flow and capacity led to mostly low or very low
values of protection performance (83.55%; mean: 0.01; SD: 0.01)
(Fig. 3e,f). Exceptions were El sites in or near cities like Cape Town, East
London and Durban, small coastal towns like Port Nolloth, Paternoster
and Jeffreys Bay, and rural communities like Mbotyi (Fig. 3f). All those
places had very high demand for coastal protection because they are
either densely populated and low-lying (urban centres) or would suffer a
high degree of financial distress after flooding or erosion events (rural
areas). The EI sites protecting them had medium, high, or very high
performance, depending on the capacity of the EI site (Fig. 3f). EI sites
with very high protection performance were mainly high capacity EI
sites (e.g., EI sites with underlying ecosystem types that are less sensitive
to human pressures like rocky shores) in or close to coastal towns or
urban centres that had medium to very high demand for coastal pro-
tection (Fig. 3f).

3.2. Ecological Infrastructure performance for multiple ecosystem services

The general spatial distribution of the 5127 EI sites showed that the
presence of the three services was coupled with human presence in the
coastal zone because the overall number of EI sites rose in more densely
populated areas (Fig. 4). Many coastal EI sites delivered only one
ecosystem service (78.31%) (mainly protection) and thus most EI sites
had a very low value of multiple-service performance (89.78%) (Fig. 4).
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EI that was positioned nearby or within the urban centres of Cape Town,
Gqeberha, East London, and Durban often had a medium, high and very-
high value of multiple-service performance (Fig. 4). In addition, there
were some EI sites that had a medium or high value of multiple-service
performance in small coastal towns like Jeffreys Bay, or conservation
areas like the West Coast National Park (Fig. 4). A very high value of
multiple-service performance was reached only by the stretch of sandy
shore at Durban beachfront (Fig. 4).

3.3. Sensitivity testing and validation of spatial accuracy

None of the variables or components were redundant in PROSPER
because the data points were never positioned directly on the diagonal
when a component was left out of the calculations (see Supplementary
Fig. A3 in Section 6). In addition, none of the variables seemed to
dominate the models: if this were the case, there would have been
patterns in the data that did not follow the monotonic trends observed.
Interestingly, the three variables: participation, frequency and attention
and the components of attention, i.e., news articles, Facebook page fol-
lowers and Facebook event participants, of the sports demand and flow
model seem to have a similar effect on the indicator value (Fig. A3 bl-
b6). Therefore, the indicator value could also be approximated by
each of the variables alone, and each of the components could also be
replaced by the other. However, this may not always be the case, and
thus, to keep the model broadly applicable across many different con-
texts, the models were not simplified further. In addition, it comes with
the benefit that fluctuations and uncertainties are averaged. The theo-
retical validation of the spatial accuracy of the results showed that the
maps of EI broadly matched what is known or expected on the ground
(see Supplementary Table A 17 in Section 6). The only outstanding
discrepancy was that some popular sites for recreation by local users
along the coast (e.g., Monwabisi beach and Boulders Beach in Cape
Town, and Langebaan Lagoon in the West Coast National Park) had no
local photo-user days. An explanation could be that, despite a good

correlation between visitation rates and Flickr photograph counts, the
actual use of Flickr in South Africa is generally low (Tenkanen et al.,
2017). This means Flickr is much more useful in areas with high visitor
numbers, but less useful in less visited areas. Another explanation that
could amplify the effect of low photograph numbers at popular beaches
could be that South African users do not share photographs of places on
Flickr that are well-known to them (an explanation also used by Wood
et al. (2013)). This results in less accurate maps of the recreation service,
especially at least visited EI sites. Apart from this, the EI maps repre-
sented ecosystem services with sufficient accuracy to be useful inputs to
spatial assessment and planning processes.

4. Discussion
4.1. PROSPER: A new method for mapping ecosystem services

In this paper, we demonstrated proof of concept of PROSPER; a
method for mapping ecosystem services comprehensively by integrating
information on demand, flow, capacity and ecological condition, and
using EI as the framework. There were four attributes that we sought to
achieve in PROSPER: broad applicability; suitability for spatial assess-
ment and planning; flexibility; and spatial accuracy. PROSPER was
developed and applied in a cross-realm environment using different
types of ecosystem services, and so it should be relevant in multiple
realms and transferrable to other services. Using EI as the framework for
mapping ecosystem services helped to make PROSPER directly appli-
cable to spatial assessment and planning by linking it directly with
naturally functioning ecosystems that need to be maintained or restored,
which speaks to spatial conservation and management. In addition, the
EI performance measure is a simple, integrated measure drawing from
different aspects of an ecosystem service that can guide conservation
prioritisation processes towards areas of high importance for society in a
comprehensive way. The use of simple additive indicator models based
on causal relationships allow for the necessary flexibility of measuring
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EI demand, flow and capacity in different contexts and for different
ecosystem services. The flexibility in model development also means
that the indicators can be built using locally relevant and available data,
which further contributes to the broad applicability of the method.
Finally, the model validation demonstrated that the models resulted in a
spatially accurate representation of ecosystem services, except for flow
of local recreation for which Flickr photograph counts do not seem to be
the best measure (at least in South Africa). This could be addressed by
integrating information from various photograph-sharing platforms into
one overall and more comprehensive measure (Tenkanen et al., 2017;
Hausmann et al., 2018), in case further resources for obtaining data are
available (Toivonen et al., 2019). In short, all four attributes were
addressed in PROSPER, thus contributing a method that has great po-
tential in a number of applications (see Section 4.2).

Similar tools to PROSPER exist that also use composite and deter-
ministic modelling approaches. For example: 1) InVEST, which was
designed to inform natural resource management at multiple scales
(Sharp et al., 2018); 2) the “Artificial Intelligence for Ecosystem Ser-
vices” (ARIES) tool, which aims to create dynamic models of ecosystem
service sources, sinks and uses using artificial intelligence to inform
management (Bagstad et al., 2011); and 3) the “Ecosystem Service
Mapping Tool”, mainly applied for European ecosystem service mapping
and decision making (Zulian et al., 2013). The availability of data, study
context and aim, and modeller’s assumptions and understanding of the
modelled concepts (for example, the supply used in ESTIMAP and ca-
pacity used in this paper are based on different definitions) lead to dif-
ferences among the mentioned tools (Seppelt et al., 2011; Schulp et al.,
2014; Boerema et al., 2017).

Four attributes set PROSPER apart based primarily on its aim to be
comprehensive and to serve place-based conservation and management.
The first attribute is the use of EI as the framework for mapping, which
deliberately excludes “not natural” systems. Second, PROSPER includes
ecological condition by including service-specific pressures in the ca-
pacity model, thus accounting for the established understanding that the
ecological condition directly influences the capacity for service delivery
(Hein et al., 2016; Erhard et al., 2017; Maes et al., 2018). Third, the
inclusion of pressures into the capacity model holds the potential of
accounting for antagonistic effects of service use, which to some degree
indirectly integrates trade-offs among services (i.e., securing one does
decrease the benefit of the other ecosystem service; Turkelboom et al.,
2016), which is an important aspect when mapping multiple services
(Boulton et al., 2016). For example, “trampling” is a side-effect of many
recreational activities. At the same time, “trampling” was considered a
pressure to the capacity of sandy or mixed shores to deliver coastal
protection, as it destabilises dunes leading to erosion. Thus, where both
services (recreation and protection) flow, protection capacity and,
therefore, performance should be reduced. Nevertheless, this assump-
tion was not tested in this study and needs further investigation. Fourth,
PROSPER included a performance evaluation - the first of its kind - that
integrated all ecosystem service aspects: demand, flow, and capacity.
This single measure of relative importance of the EI site can easily be
integrated into planning processes (Perschke et al., 2023). PROSPER was
developed primarily to support spatial assessment and planning for
place-based conservation and management and thus may be most useful
in this context. It may have application in other contexts, and potential
users will need to choose an approach that best suits their objectives.
Like all models, users should acknowledge the limitations of PROSPER
when interpreting their results. As noted above, the outputs should be
considered as relative comparisons rather than precise measures, given
the simplicity of the models and inherent uncertainties in the model
parameterisation and input data.

4.2. Applications of PROSPER

The outputs from this study are South Africa’s first national maps of
EI for the coastal zone. These maps have already been incorporated into
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arecently published systematic conservation plan for coastal and marine
biodiversity in South Africa (Harris et al., 2022a) that is being used for
national marine spatial planning and other related processes. The plan
identifies sites for enhanced management and restoration (Harris et al.,
2022a). This kind of application is the primary purpose of PROSPER.
Ecosystem restoration is a global and national prioritiy, as reflected in
the Kunming-Montreal Global Biodiversity Framework (CBD, 2022),
and among the top ten priority actions for the South African coast
(Harris et al., 2022b). More than half of the 4973 EI sites for coastal
protection in this study have a medium to very high capacity for coastal
protection. This emphasises the notable potential of investing in those
coastal EI features, e.g. coastal dunes, through restoration activities as a
cost-effective option for climate-change adaptation (Temmerman et al.,
2013). In addition, restoring dunes has numerous complementary ben-
efits because they are highly multifunctional EI (i.e., delivering many
services) (Harris and Defeo, 2022), adding further incentive to investing
in restoring and protecting these particularly sensitive ecosystems.

In a management context, highlighting areas with high or very high
multiple-service performance can be helpful because the co-delivery of
different services might strengthen cooperation among stakeholder
groups when considering, for example, priorities for ecosystem resto-
ration (Turkelboom et al., 2016). However, caution is needed when
working with only multiple-service performance, which is analogous to
maps of biodiversity hotspots (Schroter and Remme, 2016). Our mea-
sure for multiple-service performance can overemphasise areas where EI
performance for one or more services is low or even absent, in the same
way that not all species are present in biodiversity hotspots. In our re-
sults this could be seen for the Durban beachfront, where recreation and
sports were high, but coastal protection performance was very low. This
is especially true if the mapped services do not appear in bundles (i.e.,
ecosystem services repeatedly occur together across space or time; Saidi
and Spray, 2018) and have no synergistic effects (i.e., one ecosystem
service increases the benefits from another; Turkelboom et al., 2016), or
even act antagonistically. Furthermore, a different set of ecosystem
services, might have resulted in a very different selection of areas with
high multiple-service performance. One should therefore be cautious in
using the multiple-service performance maps in decision-making and be
very clear about the limitations. Therefore, in certain cases it might be
more helpful to focus on several maps of single-service performance
instead of the single map of multiple-service performance.

Whether measured per service or cumulatively, sites with high EI
performance may not always be appropriate to include in conservation
areas because they tend to be linked to places with higher levels of de-
mand, which in many cases links to areas with higher population density
(Syrbe and Grunewald (2017)). Nevertheless, such sites are still
important for sustainable management so that the nature-based activ-
ities people engage in (i.e., services they are accessing) can be main-
tained and continue to provide the same benefits and values over time, e.
g., Holness et al. (2022). In these areas, management actions should
focus on maintaining flow at a level that is below site-specific capacity to
ensure sustained delivery of ecosystem services. The models for these
aspects could thus serve as indicators for management to keep flow at
sustainable levels.

4.3. Future work

We identified seven ways in which PROSPER could be further
advanced in different scale and data contexts. First, it may be necessary
to split the underlying polygons representing ecosystem types into
smaller functional units specific to the ecosystem service to avoid
overestimating the EI extent, particularly if the ecosystem map is
delineated at a coarse resolution. This is likely to be most relevant when
working at local scales when higher spatial accuracy is required. Second,
the structure of the indicator models could be refined with expert input
and Bayesian belief networks — a probabilistic approach that is highly
transparent in terms of model accuracy (Landuyt et al., 2013) and
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already successfully applied, e.g., in the ARIES models (Bagstad et al.,
2011). This would be beneficial for decision-making, especially at a
more local level. Third, in some cases, the maps of ecological condition
used to extract only naturally functioning EI may need to be replaced
with an initial service-specific cumulative threat assessment (e.g., Singh
et al. (2017)). In our case, for example, some EI sites with very low
values of coastal protection capacity were potentially falsely included as
“naturally functioning”, e.g., urban beachfront in Durban, as a result of
known limitations of the map of ecological condition at the land-sea
interface (Harris et al., 2022b). Fourth, the capacity models consider
pressures on EI sites to be linear, which is unlikely to be true. Maximum
sustainable service flow is hypothesised to be achieved at different levels
of EI integrity depending on the ecosystem service (Cimon-Morin et al.,
2013) and most probably reaches a threshold (Defeo et al., 2021).
Therefore, thresholds for pressures influencing EI should be investi-
gated, including, if applicable, the service itself as a pressure (Ortiz and
Geneletti, 2018), and incorporated into the composite, deterministic
models. Fifth, temporal variability could be integrated into the models
to reflect changes in the biophysical and socio-economic environments
(Renard et al.,, 2015). Sixth, mapping additional EI (e.g., Holness
(2017)) could further advance PROSPER. Additional EI includes all
ecological systems that are essential for sustainable service delivery,
which could lead to creating an EI network rather than mapping single
sites of EL. For example, if an intertidal sandy beach was the EI, the
additional EI would be the adjacent dunes and surf zone that function
together as a single geomorphic unit called the littoral active zone
(Harris and Defeo, 2022). Finally, PROSPER needs to be tested at, and
adapted to, different scales. Similar to InVEST (Tallis and Polasky,
2009), a tiered approach that uses more data and parameters at more
local scales could be a useful way to improve spatial accuracy at a higher
resolution.

4.4. Conclusion

In the current biodiversity and climate crisis, it is necessary to
develop and implement practical, relatively simple and functional
methods to prioritise conservation areas effectively in various contexts.
This is foundational to the actions needed to secure adequate repre-
sentation and persistence of biodiversity and the health and well-being
of current and future generations. Our method, PROSPER, combines an
EI framework with an evaluation of all three ecosystem service aspects:
demand, flow, and capacity, and integrates human pressures on EI. This
innovative approach makes PROSPER particularly useful for spatial
assessment and planning processes. We demonstrated proof of concept
at a national scale for different services, the outputs of which are already
informing place-based actions to secure coastal and marine biodiversity
in South Africa. Additional applications include guiding restoration
activities and supporting sustainable management. In short, PROSPER is
a useful new method for integrating ecosystem services into conserva-
tion and management actions, and because of its flexibility, it has the
potential to be adapted to different contexts worldwide and be broadly
applied. We encourage further use, testing and refinement of this
method as we collectively work towards innovation to ensure the long-
term persistence of the benefits from healthy ecosystems.

Data availability

See Supplementary. The EI maps are also available for download at:
10.6084/m9.figshare.22340401.v2.

Funding

CoastWise, a project of the MeerWissen initiative, funded by the
German Federal Ministry for Economic Cooperation and Development
(BMZ) and implemented by the Deutsche Gesellschaft fiir Internationale
Zusammenarbeit (GIZ) GmbH provided funding for MJP and LRH. MJP

Ecosystem Services 62 (2023) 101536

was also supported by a Post Graduate Research Scholarship from
Nelson Mandela University, and a Pew Charitable Trusts fellowship
(Grant number 29357) held by KJS. Contributions by ATL were funded
by the National Research Foundation (NRF) South African Research
Chair Initiative (Grant number 98574). KS acknowledges the ACEP Deep
Connection project funded through the National Research Foundation
(Grant number 129216).

CRediT authorship contribution statement

Myriam J. Perschke: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Validation,
Visualization, Writing — original draft, Writing — review & editing. Linda
R. Harris: Conceptualization, Funding acquisition, Methodology, Proj-
ect administration, Supervision, Validation, Visualization, Writing —
review & editing. Kerry J. Sink: Funding acquisition, Project adminis-
tration, Supervision, Validation, Writing — review & editing. Amanda T.
Lombard: Funding acquisition, Project administration, Supervision,
Validation, 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 influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecoser.2023.101536.

References

Bagstad KJ, Villa F, Johnson GW, Voigt B (2011) ARIES (Artificial Intelligence for
Ecosystem Services): A guide to models and data, version 1.0.

Blamey, L.K., Bolton, J.J., 2018. The economic value of South African kelp forests and
temperate reefs: past, present and future. J. Mar. Syst. 188, 172-181. https://doi.
org/10.1016/j.jmarsys.2017.06.003.

Boerema, A., Rebelo, A.J., Bodi, M.B., et al., 2017. Are ecosystem services adequately
quantified? J. Appl. Ecol. 54, 358-370. https://doi.org/10.1111/1365-2664.12696.

Boulton, A.J., Ekebom, J., Gislason, G.M., 2016. Integrating ecosystem services into
conservation strategies for freshwater and marine habitats: a review. Aquat.
Conserv. Mar. Freshw. Ecosyst. 26, 963-985. https://doi.org/10.1002/aqc.2703.

Braat, L.C., De Groot, R., 2012. The ecosystem services agenda: bridging the worlds of
natural science and economics, conservation and development, and public and
private policy. Ecosyst. Serv. 1, 4-15. https://doi.org/10.1016/j.
ecoser.2012.07.011.

Burkhard, B., Kandziora, M., Hou, Y., Miiller, F., 2014. Ecosystem service potentials,
flows and demands - concepts for spatial localisation, indication and quantification.
Landsc. Online 34, 1-32. https://doi.org/10.3097/1.0.201434.

Burkhard, B., Maes, J. (Eds.), 2017. Mapping Ecosystem Services. Pensoft Publishers,
Sofia, Bulgaria.

Cardinale, B.J., Duffy, E., Gonzalez, A., et al., 2012. Biodiversity enhances ecosystem
reliability. Nature 486, 59-67. https://doi.org/10.1038/nature11148.

CBD, 2022 Conference of the Parties to the Convention on Biological Diversity - Fifteenth
Meeting: Kunming-Montreal Global biodiversity framework. 7-19 December 2022,
Montreal, Canada. CBD/COP/DEC/15/4. Available at: https://www.cbd.int/doc/
decisions/cop-15/cop-15-dec-04-en.pdf.

Cimon-Morin, J., Darveau, M., Poulin, M., 2013. Fostering synergies between ecosystem
services and biodiversity in conservation planning: a review. Biol. Conserv. 166,
144-154. https://doi.org/10.1016/j.biocon.2013.06.023.

Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K.,
Naeem, S., O’Neill, R.V., Paruelo, J., Raskin, R.G., Sutton, P., van den Belt, M., 1997.
The value of the world’s ecosystem services and natural capital. Nature 387 (6630),
253-260.

Crossman, N.D., Burkhard, B., Nedkov, S., Willemen, L., Petz, K., Palomo, 1., Drakou, E.
G., Martin-Lopez, B., McPhearson, T., Boyanova, K., Alkemade, R., Egoh, B.,
Dunbar, M.B., Maes, J., 2013. A blueprint for mapping and modelling ecosystem
services. Ecosyst. Serv. 4, 4-14.

Defeo, O., McLachlan, A., Armitage, D., Elliott, M., Pittman, J., 2021. Sandy beach
social-ecological systems at risk: regime shifts, collapses, and governance
challenges. Front. Ecol. Environ. 19 (10), 564-573.

Erhard, M., Banko, G., Malak, D.A., Martin, F.S., 2017. Mapping ecosystem types and
conditions. In: Burkhard, B., Maes, J. (Eds.), Mapping Ecosystem Services. Pensoft
Publishers, Sofia, Bulgaria, pp. 75-80.


https://doi.org/10.6084/m9.figshare.22340401.v2
https://doi.org/10.1016/j.ecoser.2023.101536
https://doi.org/10.1016/j.ecoser.2023.101536
https://doi.org/10.1016/j.jmarsys.2017.06.003
https://doi.org/10.1016/j.jmarsys.2017.06.003
https://doi.org/10.1111/1365-2664.12696
https://doi.org/10.1002/aqc.2703
https://doi.org/10.1016/j.ecoser.2012.07.011
https://doi.org/10.1016/j.ecoser.2012.07.011
https://doi.org/10.3097/LO.201434
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0035
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0035
https://doi.org/10.1038/nature11148
https://doi.org/10.1016/j.biocon.2013.06.023
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0055
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0055
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0055
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0055
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0060
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0060
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0060
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0060
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0065
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0065
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0065
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0070
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0070
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0070

M.J. Perschke et al.

Griffiths, C.L., Robinson, T.B., 2016. Use and usefulness of measures of marine
endemicity in South Africa. S. Afr. J. Sci. 112, 1-7. 10.17159/sajs.2016,/20150249.

Haines-Young R, Potschin, M (2018) Common International Classification of Ecosystem
Services (CICES) V5.1 and Guidance on the Application of the Revised Structure.
Nottingham, United Kingdom.

Haines-Young, R., Potschin, M., 2010. The links between biodiversity, ecosystem services
and human well-being. In: Raffaelli, D.G., Frid, C.L.J. (Eds.), Ecosystem Ecology: A
New Synthesis. Cambridge University Press, pp. 110-139.

Hamby, D.M., 1994. A review of techniques for parameter sensitivity. Environ. Monit.
Assess. 32, 135-154.

Harris, L.R., Defeo, O., 2022. Sandy shore ecosystem services, ecological infrastructure,
and bundles: new insights and perspectives. Ecosyst. Serv. 57, 101477. https://doi.
org/10.1016/j.ecoser.2022.101477.

Harris LR, Skowno AL, Sink KJ, et al (2022b). An indicator-based approach for cross-
realm coastal biodiversity assessments. African Journal of Marine Science 44: 239-
253.

Harris, L., Nel, R., Holness, S., Schoeman, D., 2015. Quantifying cumulative threats to
sandy beach ecosystems: A tool to guide ecosystem-based management beyond
coastal reserves. Ocean Coast. Manag. 110, 12-24. https://doi.org/10.1016/j.
ocecoaman.2015.03.003.

Harris, L.R., Nel, R., Schoeman, D., 2011. Mapping beach morphodynamics remotely: a
novel application tested on South African sandy shores. Estuar. Coast. Shelf Sci. 92,
78-89. https://doi.org/10.1016/j.ecss.2010.12.013.

Harris, L.R., Bessinger, M., Dayaram, A., Holness, S., Kirkman, S., Livingstone, T.-C.,
Lombard, A.T., Liick-Vogel, M., Pfaff, M., Sink, K.J., Skowno, A.L., Van Niekerk, L.,
2019a. Advancing land-sea integration for ecologically meaningful coastal
conservation and management. Biol. Conserv. 237, 81-89.

Harris LR, Poole CJ, Van der Bank M, et al (2019b) Chapter 3: Benefits of coastal
biodiversity. In: Harris LR, Sink KJ, Skowno AL, Van Niekerk L (eds) South African
National Biodiversity Assessment 2018: Technical Report. Volume 5: Coast. South
African National Biodiversity Institute, Pretoria, South Africa, pp 27-49.

Harris, L.R., Holness, S.D., Kirkman, S.P., Sink, K.J., Majiedt, P., Driver, A., 2022.

A robust, systematic approach for developing the biodiversity sector’s input for
multi-sector Marine Spatial Planning. Ocean Coast. Manag. 230, 106368.

Harris, L.R., 2010. Mapping coastal pressures in South Africa. Report to SANBI for the
Marine Component of the National Biodiversity Assessment 2011. Port Elizabeth,
South Africa.

Hausmann, A., Toivonen, T., Slotow, R., Tenkanen, H., Moilanen, A., Heikinheimo, V., Di
Minin, E., 2018. Social media data can be used to understand tourists’ preferences
for nature-based experiences in protected areas. Conserv. Lett. 11 (1), e12343.

Hein, L., Bagstad, K., Edens, B., Obst, C., de Jong, R., Lesschen, J.P., Zang, RunGuo, 2016.
Defining ecosystem assets for natural capital accounting. PLoS One 11 (11),
€0164460.

Holness, S.D., Harris, L.R., Chalmers, R., De Vos, D., Goodall, V., Truter, H.,
Oosthuizen, A., Bernard, A.T.F., Cowley, P.D., da Silva, C., Dicken, M., Edwards, L.,
Marchand, G., Martin, P., Murray, T.S., Parkinson, M.C., Pattrick, P., Pichegru, L.,
Pistorius, P., Sauer, W.H.H., Smale, M., Thiebault, A., Lombard, A.T., 2022. Using
systematic conservation planning to align priority areas for biodiversity and nature-
based activities in marine spatial planning: a real-world application in contested
marine space. Biol. Conserv. 271, 109574.

Holness, S., 2017. An Integrated Spatial Prioritisation for the Greater KNP Buffer. Port
Elizabeth.

Keeler, B.L., Wood, S.A., Polasky, S., Kling, C., Filstrup, C.T., Downing, J.A., 2015.
Recreational demand for clean water: evidence from geotagged photographs by
visitors to lakes. Front. Ecol. Environ. 13 (2), 76-81.

Landuyt, D., Broekx, S., D’hondt, R., Engelen, G., Aertsens, J., Goethals, P.L.M., 2013.
A review of Bayesian belief networks in ecosystem service modelling. Environ.
Model Softw. 46, 1-11.

Lavorel, S., Bayer, A., Bondeau, A., Lautenbach, S., Ruiz-Frau, A., Schulp, N., Seppelt, R.,
Verburg, P., Teeffelen, A.V., Vannier, C., Arneth, A., Cramer, W., Marba, N., 2017.
Pathways to bridge the biophysical realism gap in ecosystem services mapping
approaches. Ecol. Indic. 74, 241-260.

Lewis, S.E.F., Turpie, J.K., Ryan, P.G., 2012. Are African penguins worth saving? The
ecotourism value of the Boulders Beach colony. Afr. J. Mar. Sci. 34, 497-504.
https://doi.org/10.2989,/1814232X.2012.716008.

Maes J, Teller A, Erhard M, et al (2018) Mapping and assessment of ecosystems and their
services: An analytical framework for mapping and assessment of ecosystem
condition in EU. Technical Report. Luxembourg, Luxembourg.

News, S.A.B.C., 2022. eThekwini beaches closed due to high levels of e-coli. In 23 (08).
https://www.sabcnews.com/sabcnews/ethekwini-beaches-closed-due-to-high-
levels-of-e-coli/.

Ortiz, M.S.0., Geneletti, D., 2018. Assessing mismatches in the provision of urban
ecosystem services to support spatial planning: A case study on recreation and food
supply in Havana, Cuba. Sustainability 10, 2165. https://doi.org/10.3390/
sul0072165.

Perschke, M.J., Harris, L.R., Sink, K.J., Lombard, A.T., 2023. Ecological Infrastructure as
a framework for mapping ecosystem services for place-based conservation and
management. J. Nat. Conserv. 73, 126389. https://doi.org/10.1016/j.
jnc.2023.126389.

Potschin, M.B., Haines-Young, R.H., 2011. Ecosystem services: Exploring a geographical
perspective. Prog. Phys. Geogr. 35, 575-594. https://doi.org/10.1177/
0309133311423172.

R Core Team, 2020. R: A language and environment for statistical computing.

Renard, D., Rhemtull, J.M., Bennett, E.M., 2015. Historical dynamics in ecosystem
service bundles. Proc. Natl. Acad. Sci. U. S. A. 112, 13411-13416. https://doi.org/
10.1073/pnas.1502565112.

10

Ecosystem Services 62 (2023) 101536

Rogerson, C.M., Rogerson, J.M., 2020. Coastal Tourism in South Africa: A Geographical
Perspective. In: Rogerson, J.M., Visser, G. (Eds.), New Directions in South African
Tourism Geographies, 1st ed. Springer, Cham, pp. 227-247.

Saidi, N., Spray, C., 2018. Ecosystem services bundles: challenges and opportunities for
implementation and further research. Environ. Res. Lett. 13, 113001. https://doi.
org/10.1088/1748-9326/aae5e0.

Schroter, M., Remme, R.P., 2016. Spatial prioritisation for conserving ecosystem
services: comparing hotspots with heuristic optimisation. Landsc. Ecol. 31, 431-450.
https://doi.org/10.1007/510980-015-0258-5.

Schulp, C.J.E., Burkhard, B., Maes, J., Van Vliet, J., Verburg, P.H., Yue, G.H., 2014.
Uncertainties in ecosystem service maps: a comparison on the European scale. PLoS
One 9 (10), e109643.

Seppelt, R., Dormann, C.F., Eppink, F.V., Lautenbach, S., Schmidt, S., 2011.

A quantitative review of ecosystem service studies: approaches, shortcomings and
the road ahead. J. Appl. Ecol. 48 (3), 630-636.

Sharp, R., Tallis, H.T., Ricketts, T., et al., 2018. InVEST 3.5.0 User’s Guide.

Singh, O., 2019. Durban blamed as sewage spill forces halt to big surfing competition.
Accessed 16 May 2019 In: Times Live. https://www.timeslive.co.za/news/south-a
frica/2019-05-10-durban-blamed-as-sewage-spill-forces-halt-to-big-surfing-competit
ion/.

Singh, G.G., Sinner, J., Ellis, J., Kandlikar, M., Halpern, B.S., Satterfield, T., Chan, K.M.
A., 2017. Mechanisms and risk of cumulative impacts to coastal ecosystem services:
an expert elicitation approach. J. Environ. Manage. 199, 229-241.

Singh, G.G., Eddy, I.M.S., Halpern, B.S., Neslo, R., Satterfield, T., Chan, K.M.A,,
Bianchi, C.N., 2020. Mapping cumulative impacts to coastal ecosystem services in
British Columbia. PLoS One 15 (5), €0220092.

Sink, K.J., Holness, S., Skowno, A., et al., 2019. Chapter 7: Ecosystem Threat Status. In:
Sink K, van der Bank M, Majiedt P, et al. (eds) South African National Biodiversity
Assessment 2018 Technical Report Volume 4: Marine Realm. South African National
Biodiversity Institute, Pretoria, South Africa, pp 249-282.

Skowno AL, Raimondo DC, Driver A, et al (2019) Chapter 3: Pressures and Drivers I -
General. In: Skowno AL, Raimondo DC, Poole CJ, et al. (eds) National Biodiversity
Assessment 2018 Technical Report Volume 1: Terrestrial Realm. South African
National Biodiversity Institute, Pretoria, South Africa, pp 36-58.

Skowno AL, Poole CJ, Raimondo DC, et al (2019a) National Biodiversity Assessment
2018: The status of South Africa’s ecosystems and biodiversity. Synthesis Report.
South African National Biodiversity Institute, an entity of the Department of
Environment, Forestry and Fisheries. Pretoria.

Smith, A.C., Harrison, P.A., Pérez Soba, M., Archaux, F., Blicharska, M., Egoh, B.N.,
Er6s, T., Fabrega Domenech, N., Gyorgy, A.I., Haines-Young, R., Li, S., Lommelen, E.,
Meiresonne, L., Miguel Ayala, L., Mononen, L., Simpson, G., Stange, E.,
Turkelboom, F., Uiterwijk, M., Veerkamp, C.J., Wyllie de Echeverria, V., 2017. How
natural capital delivers ecosystem services: a typology derived from a systematic
review. Ecosyst. Serv. 26, 111-126.

SmugMug Inc, Flickr Inc, 2020. flickr. www.flickr.com. Accessed 19 Feb 2020.

Stuvel SA (2018) flickrapi 2.4.0.

Svancara, L.K., Scott, J.M., Loveland, T.R., Pidgorna, A.B., 2009. Assessing the landscape
context and conversion risk of protected areas using satellite data products. Remote
Sens. Environ. 113, 1357-1369. https://doi.org/10.1016/j.rse.2008.11.015.

Syrbe, R.-U., Grunewald, K., 2017. Ecosystem service supply and demand — the challenge
to balance spatial mismatches. Int. J.Biodivers. Sci. Ecosyst. Serv. Manag. 13,
148-161. https://doi.org/10.1080/21513732.2017.1407362.

Syrbe, R.-U., Schréter, M., Grunewald, K., et al., 2017. What to Map? In: Burkhard, B.,
Maes, J. (Eds.), Mapping Ecosystem Services. Pensoft Publishers, Sofia, Bulgaria,
pp. 149-156.

Tallis, H., Polasky, S., 2009. Mapping and valuing ecosystem services as an approach for
conservation and natural-resource management. Ann. N. Y. Acad. Sci. 1162,
265-283. https://doi.org/10.1111/j.1749-6632.2009.04152.x.

Temmerman, S., Meire, P., Bouma, T.J., Herman, P.M.J., Ysebaert, T., De Vriend, H.J.,
2013. Ecosystem-based coastal defence in the face of global change. Nature 504
(7478), 79-83.

Tenkanen, H., Di Minin, E., Heikinheimo, V., Hausmann, A., Herbst, M., Kajala, L.,
Toivonen, T., 2017. Instagram, Flickr, or Twitter: assessing the usability of social
media data for visitor monitoring in protected areas. Sci. Rep. 7 (1) https://doi.org/
10.1038/541598-017-18007-4.

Theron, A.K., 2016. Methods for Determination of Coastal Development Setback Lines in
South Africa. Stellenbosch University.

Toivonen, T., Heikinheimo, V., Fink, C., Hausmann, A., Hiippala, T., Jarv, O.,
Tenkanen, H., Di Minin, E., 2019. Social media data for conservation science: a
methodological overview. Biol. Conserv. 233, 298-315.

Turkelboom, F., Thoonen, M., Jacobs, S., et al., 2016. Ecosystem Service Trade-offs and
Synergies. In: Potschin M, Jax K (eds) OpenNESS Ecosystem Services Reference
Book. EC FP7 Grant Agreement no. 308428, pp 1-6.

Van Niekerk, L., Adams, J.B., Bate, G.C., Forbes, A.T., Forbes, N.T., Huizinga, P.,
Lamberth, S.J., MacKay, C.F., Petersen, C., Taljaard, S., Weerts, S.P., Whitfield, A.K.,
Wooldridge, T.H., 2013. Country-wide assessment of estuary health: an approach for
integrating pressures and ecosystem response in a data limited environment. Estuar.
Coast. Shelf Sci. 130, 239-251.

Van Niekerk L, Adams AB, Lamberth SJ, et al., 2019a. Chapter 6: Pressures on the
Estuarine Realm. In: Van Niekerk L, Adams JB, Lamberth SJ, et al. (eds) South
African National Biodiversity Assessment 2018: Technical Report. Volume 3:
Estuarine Realm. South African National Biodiversity Institute, Pretoria, South
Africa, pp 76-136.

Van Niekerk L, Taljaard S, Adams JB, et al (2019b) Chapter 7: Condition of South Africa’s
estuarine ecosystems. In: Van Niekerk L, Adams JB, Lamberth SJ, et al. (eds) South
African National Biodiversity Assessment 2018: Technical Report. Volume 3:


http://refhub.elsevier.com/S2212-0416(23)00028-1/h0085
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0085
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0085
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0090
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0090
https://doi.org/10.1016/j.ecoser.2022.101477
https://doi.org/10.1016/j.ecoser.2022.101477
https://doi.org/10.1016/j.ocecoaman.2015.03.003
https://doi.org/10.1016/j.ocecoaman.2015.03.003
https://doi.org/10.1016/j.ecss.2010.12.013
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0110
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0110
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0110
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0110
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0120
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0120
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0120
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0130
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0130
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0130
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0135
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0135
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0135
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0140
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0140
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0140
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0140
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0140
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0140
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0140
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0150
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0150
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0150
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0155
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0155
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0155
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0160
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0160
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0160
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0160
https://doi.org/10.2989/1814232X.2012.716008
https://www.sabcnews.com/sabcnews/ethekwini-beaches-closed-due-to-high-levels-of-e-coli/
https://www.sabcnews.com/sabcnews/ethekwini-beaches-closed-due-to-high-levels-of-e-coli/
https://doi.org/10.3390/su10072165
https://doi.org/10.3390/su10072165
https://doi.org/10.1016/j.jnc.2023.126389
https://doi.org/10.1016/j.jnc.2023.126389
https://doi.org/10.1177/0309133311423172
https://doi.org/10.1177/0309133311423172
https://doi.org/10.1073/pnas.1502565112
https://doi.org/10.1073/pnas.1502565112
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0205
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0205
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0205
https://doi.org/10.1088/1748-9326/aae5e0
https://doi.org/10.1088/1748-9326/aae5e0
https://doi.org/10.1007/s10980-015-0258-5
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0220
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0220
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0220
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0225
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0225
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0225
https://www.timeslive.co.za/news/south-africa/2019-05-10-durban-blamed-as-sewage-spill-forces-halt-to-big-surfing-competition/
https://www.timeslive.co.za/news/south-africa/2019-05-10-durban-blamed-as-sewage-spill-forces-halt-to-big-surfing-competition/
https://www.timeslive.co.za/news/south-africa/2019-05-10-durban-blamed-as-sewage-spill-forces-halt-to-big-surfing-competition/
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0240
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0240
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0240
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0245
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0245
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0245
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0265
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0265
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0265
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0265
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0265
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0265
https://doi.org/10.1016/j.rse.2008.11.015
https://doi.org/10.1080/21513732.2017.1407362
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0290
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0290
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0290
https://doi.org/10.1111/j.1749-6632.2009.04152.x
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0300
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0300
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0300
https://doi.org/10.1038/s41598-017-18007-4
https://doi.org/10.1038/s41598-017-18007-4
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0310
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0310
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0315
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0315
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0315
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0325
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0325
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0325
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0325
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0325

M.J. Perschke et al.

Estuarine Realm. South African National Biodiversity Institute, Pretoria, South
Africa, pp 136-150.

Van Rossum G, Drake FL (2009) Python 3 Reference Manual.

Villamagna, A.M., Angermeier, P.L., Bennett, E.M., 2013. Capacity, pressure, demand,
and flow: A conceptual framework for analysing ecosystem service provision and
delivery. Ecol. Complex 15, 114-121. https://doi.org/10.1016/].
ecocom.2013.07.004.

Willaarts, B.A., Volk, M., Aguilera, P.A., 2012. Assessing the ecosystem services supplied
by freshwater flows in Mediterranean agroecosystems. Agric. Water Manag. 105,
21-31. https://doi.org/10.1016/j.agwat.2011.12.019.

11

Ecosystem Services 62 (2023) 101536

Wood, S.A., Guerry, A.D., Silver, J.M., Lacayo, M., 2013. Using social media to quantify
nature-based tourism and recreation. Sci. Rep. 3, 2976. https://doi.org/10.1038/
srep02976.

Wood, S.L.R., Jones, S.K., Johnson, J.A., Brauman, K.A., Chaplin-Kramer, R., Fremier, A.,
Girvetz, E., Gordon, L.J., Kappel, C.V., Mandle, L., Mulligan, M., O’Farrell, P.,
Smith, W.K., Willemen, L., Zhang, W., DeClerck, F.A., 2018. Distilling the role of
ecosystem services in the Sustainable Development Goals. Ecosyst. Serv. 29, 70-82.

Zulian G, Paracchini ML, Liquete C (2013) ESTIMAP: Ecosystem services mapping at
European scale. Luxembourg, Luxembourg.


https://doi.org/10.1016/j.ecocom.2013.07.004
https://doi.org/10.1016/j.ecocom.2013.07.004
https://doi.org/10.1016/j.agwat.2011.12.019
https://doi.org/10.1038/srep02976
https://doi.org/10.1038/srep02976
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0360
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0360
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0360
http://refhub.elsevier.com/S2212-0416(23)00028-1/h0360

	Using ecological infrastructure to comprehensively map ecosystem service demand, flow and capacity for spatial assessment a ...
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Mapping ecological Infrastructure for spatial assessment and planning
	2.3 Measuring ecological Infrastructure performance
	2.4 Measuring multiple service performance
	2.5 Sensitivity testing and validation of spatial accuracy

	3 Results
	3.1 Mapped ecological Infrastructure and its performance for single ecosystem services
	3.1.1 Recreation
	3.1.2 Sports
	3.1.3 Protection

	3.2 Ecological Infrastructure performance for multiple ecosystem services
	3.3 Sensitivity testing and validation of spatial accuracy

	4 Discussion
	4.1 PROSPER: A new method for mapping ecosystem services
	4.2 Applications of PROSPER
	4.3 Future work
	4.4 Conclusion

	Data availability
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Appendix A Supplementary data
	References


