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A B S T R A C T

Combined natural and engineered water and waste water systems (cNES) are nature-based solutions that utilise
naturally occurring processes to remove impurities from water and therefore contribute to the ecosystem service
of water quality enhancement. We hypothesise that these systems may also have a potential to deliver ecosystem
services other than their primary purpose of water purification and we use spatially-explicit modelling tools to
determine these benefits. We focused on three different types of cNES: bank filtration (BF), managed aquifer
recharge/soil aquifer treatment (MAR/SAT), and constructed wetlands (CW), and combined the ecosystem
services cascade, DESSIN and CICES conceptual frameworks with multiple InVEST 3.4.4 models to investigate
the spatial distribution of intermediate ecosystem services within the sites as well as in the surrounding land-
scape. We also determined the role of habitats present within the sites in wider landscape’s connectivity to the
nearest Natura 2000 areas using the Circuitscape 4.0 model, assessed the public perception of the aesthetic value
of two of the cNES technologies, i.e. CW and MAR/SAT, via an online survey, and linked the determined eco-
system services to their likely beneficiaries. Our results indicated that the sites characterised with semi-natural
ecosystems had a good potential for ecosystem services provision and that the selected cNES technologies were
favourably received by the public as compared to their engineered equivalents. We concluded that determination
of ecosystem services potential from nature-based solutions, such as cNES technologies, should be done in
consideration of various contextual factors including the type of habitats/ecosystems present within the pro-
posed solutions, the location within the landscape as well as properties and ecosystem services potential of the
areas surrounding the sites, all of which can be facilitated by deployment of spatially-explicit ecosystem service
models at early stages of the planning process.

1. Introduction

Ecosystem services have been broadly defined as the benefits hu-
mans derive from nature (Millennium Ecosystem Assessment, 2005).
Although initially natural or semi-natural environments have been
considered as the main source of these benefits, today it is recognised
that non-pristine environments can also supply them (Honey-Rosés
et al., 2014). An example of ecosystem services derived from anthro-
pogenically altered environments or nature-based solutions, defined as
“actions which are inspired by, supported by or copied from nature”
(European Union, 2015), are the biogeochemical processes used in
engineered water and wastewater treatment systems that use microbial
ecosystems to remove biosolids and biochemicals, such as excess N and
P, from effluent (Graham and Smith, 2004). In this context, ecosystem

services are seen as an opportunity to lower the economic cost of water
and wastewater treatment (Geber and Björklund, 2001), and their as-
sessments are confined within social rather than both natural and social
capitals as defined by Costanza et al. (2014).

Benefits resulting from improvement of water quality can be con-
sidered as primary ecosystem services from water and wastewater
treatment technologies (Masi et al., 2016). The advent of ecological
engineering, whereby engineered and natural treatment solutions are
combined together into one system has initiated a potential for sec-
ondary ecosystem services that are not directly connected to water
quality enhancement. Such combined natural and engineered systems
(cNESs) include constructed wetlands (CW), riverbank filtration (RBF)
and managed aquifer recharge/soil aquifer treatment (MAR/SAT).
River bank filtration has been proven to be an inexpensive way of
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treatment of raw surface water (Tufenkji et al., 2002) for drinking
water purposes. RBF utilises naturally occurring processes of adsorp-
tion, reduction, physicochemical filtration, and biodegradation within
the unsaturated or saturated alluvial valley aquifer whilst water in-
filtrates from the riverbed to the pumping well located at a distance
away. Similar processes are utilised in the managed aquifer recharge/
soil aquifer treatment (MAR/SAT) technology that is used for recycling
storm water or treated sewage effluent for non-potable and indirect
potable reuse in urban and rural areas (Dillon et al., 2010). Managed
aquifer recharge is conducted via “planned use of injection wells, and
infiltration basins and galleries for rainwater, storm water, reclaimed
water, mains water and water from other aquifers that is subsequently
recovered for all types of uses” and often requires that water is pre-
treated before it is allowed to infiltrate as well as undergoes post-
treatment before it can be used. Constructed wetlands, on the other
hand, use the emergent vegetation and filtering substrate’s capacity to
remove pollutants and nutrients from multiple types of wastewater
(Almuktar et al., 2018; Arden and Ma, 2018; Wang et al., 2017).

Although each of these cNES technologies have been acclaimed for
their role in delivering of the primary ecosystem services, their poten-
tial for the supply of secondary ecosystem services has not been fully
explored and has been limited to constructed wetlands in terms of their
recreational, educational, and habitat-creation potential (Ghermandi
and Fichtman, 2015; Masi et al., 2016; Semeraro et al., 2015). These
ecosystem services are associated not only with the water area of the
constructed wetland, but also adjacent natural and semi-natural land
use that is under administration for a given site and their surroundings.

In this paper, we hypothesise that combined natural and engineered
solutions to water and wastewater treatment can provide additional
benefits in terms of secondary ecosystem services supply and related
societal values. The novelty of our approach consists in a) consideration
of a broad range of cNES technologies and ESs in the assessments; b)
basing the assessments of ES for cNES on spatially-explicit modelling
tools as well as online surveys; c) determining the ecosystem services
potential of a given site based on comparisons with their surrounding
landscape, and d) linking intermediary to final ecosystem services for a
given site, and by doing so perform a rare study were both the bio-
physical and human well-being sides of the ecosystem services cascade
are addressed. We envisage that the presented approach should be
adopted at early planning stages for placement and design of new cNES
sites that would ensure their full ecosystem services potential is fully
utilised, which is increasingly important in the rapidly urbanising
world.

2. Materials and methods

2.1. Methodological approach

In this work we follow the ecosystem services cascade framework
(Potschin-Young et al., 2018) that intuitively conceptualises the
pathway of ecosystem services generation starting from the ecosystem
itself and ending at the tangible benefits derived from it, including their
potential economic value. The cascade is representative of the ‘impact
evaluation’ part of the recently developed DESSIN approach (Anzaldua
et al., 2018) designed to quantify water-related ecosystem services
within the DPSIR (Drivers-Pressures-State-Impact-Response) framework
that focuses on identification of environmental drivers and effects
within a given study area, and in our opinion is better suited for
comprehensive considerations of environmental impacts as a result of
an intervention (i.e. land use or management change) within a given
study area. Our approach, however, puts an emphasis on ecosystem
services potential of specific cNES technologies for water/waste water
treatment without consideration of alternative scenarios, and therefore
we adopt the simpler conceptual approach, maintaining the key aspects
of both frameworks (Fig. 1). We maintained the nomenclature of eco-
system services used in the DESSIN framework, i.e. we refer to the

intermediate ecosystem services (IESs) as ecosystem services that are
provided but not necessarily utilised or appreciated by humans and
final ecosystem services (FESs) as ecosystem services that are provided
and directly utilised or appreciated and therefore can undergo eco-
nomic evaluation. We also adopted the common international classifi-
cation of ecosystem services (CICES) typology (Haines-Young and
Potschin, 2013) to determine types of ecosystem services that can be
derived from our case study areas.

Our assessment starts with the description of the biophysical
structure and processes of our ecosystems, which is done via para-
meterisation of the models with relevant descriptors for the assessment
of each ecosystem service under study. The models themselves re-
present the processes or ecosystem functions occurring within the
ecosystems and their outputs determine the potential of each study area
to deliver intermediate ecosystem services. Next, groups of beneficiaries
for the intermediate ecosystem services specific to each case study area
are identified using the final ecosystem goods and services (FEGS-CS)
classification developed by Landers and Nahlik (2013a,b), and potential
economic value of key ecosystem services is discussed.

We chose to base our assessment on spatially-explicit models to
quantify ecosystem services as these are capable of capturing multi-
scale effects of ecosystem processes driving ecosystem services supply
(Zulian et al., 2018) and provide information suitable for spatial
planning and policy development (Maes et al., 2012). We therefore
expanded the size of the study areas considered beyond the adminis-
trative boundaries of the sites, to which we refer to as the core case
study area, with an attempt to capture any off-site effects that can be
mitigated by each site. We chose to use watersheds as the wider case
study areas as these would allow for capturing ecosystem services re-
lated to water flow in the landscape. Another benefit of such assess-
ments is the ability to compare the amounts of ESS generated at each
considered site to their wider-landscape setting, and by doing so, de-
termine the role each cNES technology in ecosystem services provision
in their local context.

For the ease of interpretation of the spatial outputs, we compared
the mean amount of ESSs generated at each site to the mean value of
ESSs generated at each land cover patch in the wider landscape as well
as within the site, by calculation of the site/LULC-patch ratio, being an
adaptation of the methodology for analysis of changes in ecosystem
services presented in Zawadzka et al. (2017).

We also included the assessment of the aesthetic value of CW and
MAR/SAT technologies via an online survey aiming at capturing re-
spondents’ perception of these technologies as compared to their en-
gineered equivalents. In this case, biophysical structure of the cNES was
represented by photographs of exemplars of given technologies.

2.2. Study areas

We determined the ecosystem services from three case study areas
representing riverbank filtration (RBF), managed aquifer recharge/soil
aquifer treatment (MAR/SAT) and constructed wetlands (CW) cNES for
water and waste water treatment. The selection of the sites was de-
termined by willingness of partners of AquaNES project to participate in
the assessment and overall potential of the sites to supply ecosystem
services determined from descriptions of all sites available at the be-
ginning of the project. Locations of case study areas are shown in Fig. 2.

2.2.1. Riverbank filtration – Poznan/Mosina, Poland
The bank filtration site is located on the Krajkowska Island located

on the right bank of the Warta River, in Wielkopolska Voivodship in
Poland 30 km south-east from Poznan. The site is managed by the Water
Company Aquanet SA, scientific research is overviewed by researchers
from the Adam Mickiewicz University in the city of Poznan. The site
comprises 28 riverbank filtration wells located in the floodplain
70–80m away from the river bank and the extracted water at the rate of
44,750m3/day is supplied to the city of Poznan. The entire water
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capture system includes also a 7 km long series of 56 wells on the higher
river terrace located at the distance of 480–1000m from the river, four
MAR basins located in the floodplain and one drainage well located 5m
below the river bed – all of which together supply 60,000–70,000m3 of
water per day, with maximum capacity of 150,000m3/day.

Land cover on the Krajkowska Island includes a stretch of managed
grass near the wells, as well as woodland and semi-natural grassland in
the central area of the Island. A road formed from concrete slabs pro-
vides access to the wells along the river, and there is a pumping station
on the eastern side of the site. The entire island is a water protection
zone and as a result public access is forbidden.

The wider case study area is 502 km2 in size and covers a variety of
land covers. It also encompasses several Natura 2000 sites as well as
national nature protection areas, and the core study area is located
within the boundaries of these sites.

2.2.2. MAR/SAT – Basel/Lange Erlen – Switzerland
The Lange Erlen MAR/SAT site is located at the outskirts of the City

of Basel, in the Basel-Stadt canton in Switzerland and it is used for the
purpose of treating Rhine River water as part of the potable water
treatment process. The site operator is Industrielle Werke Basel, and the
scientific activities are carried out by Fachhochschule Nordwestschweiz
Hochschule für Life Sciences. The Lange Erlen site comprises 23 re-
charge areas 1.2–10 ha in size that are covered mainly by woody ve-
getation and are located on either sides of the Wiese River that is a
right-hand tributary of the Rhine. The recharge areas are not accessible
to the public, however, adjacent park areas are open for recreation.

The wider case study area delimited as a watershed from DEM
analysis extends largely to Baden-Württemberg German state and is
157 km2 in size.

2.2.3. Constructed wetlands – Reinbach/Erftverband – Germany
The Erftverband site is located near the City of Reinbach in the state

of North Rhine Westphalia in Germany. The constructed wetland is
planned to be built over the duration of the project and is 4500m2 in
size. Its purpose is dual – during dry weather it is going to provide
advanced treatment of waste water treatment plant effluent, and during
wet weather it will treat the effluent from combined sewer overflows.
The secondary purpose of the wetland is to slow down the peak runoff
and flood protection. The constructed wetland is going to be planted
with common reed (Phragmites australis) and use retention soil filter for
additional subsurface treatment of wastewater. Due to mounding and
separation from the ground with a sealing membrane, the wetland is
hydrologically disconnected from the wider landscape. The effluent
from the wetland is discharged to the Rotterbach River.

The main stakeholders are the Erftverband company who is the
operator of the WWTP as well as the inhabitants of the Reinbach city
and people potentially affected by the flooding.

The wider case study area is a watershed 302 km2 in size encom-
passing a variety of land uses and extends onto the German state of
Rhineland-Palatinate.

2.3. Methods

2.3.1. Quantitative assessment of ecosystem services from cNES
Quantitative ecosystem assessments were carried out in three

modes. Firstly, relevant models from the suite of InVEST 3.4.4 (Tallis
and Polasky, 2009) tools were deployed to quantify the amounts of
ecosystem services generated from each case study site and their sur-
rounding landscape. Five InVEST 3.4.4. models were run: pollination
(POLL), carbon storage and sequestration (C), seasonal water yield
(SWY), nutrient delivery ratio (NDR) and sediment delivery ratio (SDR).
The models use land use/land cover (LULC) maps as the primary driver
of ecosystem services, and due to local character of the selected case
study site, we chose to use large scale maps capturing necessary detail
of the land cover on sites as well as their surroundings. The legends of
original vector maps were simplified and the maps were converted to a
raster format required by the InVEST models at 5m spatial resolution
that allowed for depiction of small LULC patches as well as main linear
features such as roads and rivers. The InVEST models also required
additional spatial datasets representing the topography, soils and cli-
mate (Table 1), and these were selected to maintain consistency be-
tween assessments made for site located across different countries.
Specific details on further parameterisation of these models are given in
Supplementary Materials 1.

We also assessed the role that each site plays in terms of habitat
connectivity for species of flying mammals and birds found within
Natura 2000 areas present in the study area catchments in the case of
CW and MAR/SAR, and the Natura 2000 site within which the RBF site
is located. Our intention was to assess local dispersal rather than mi-
gratory movement, which would require consideration of far larger
study areas than it was practically feasible. We used the Circuitscape
4.0 model (McRae et al., 2008) that describes species movement across
the landscape through electrical current theory and requires assigning
resistance values to LULC classes in order to determine the ease of
movement across the landscape. In order to do so, we identified habitat
preferences of each species, including their response to human threats,
and assigned a value of 1, 25, 50, 75 or 100 (where 1 means high
preference and 100 – avoidance) to each LULC class present in the
wider study areas based on the information on the species in the IUCN
Red List (IUCN, 2018). We then calculated an average score for each
LULC class to produce a single resistance map submitted to the model.
The model also requires specification of nodes, i.e. points between
which connectivity is assessed, and we chose 50 randomly placed points
located at the outer edges of the Natura 2000 network patches (Fig. 3).
This was done in a random fashion as we wished to determine

Fig. 1. Theoretical approach to ESS assessment as-
sumed this study incorporating both the ecosystem
services cascade and DESSIN frameworks. The green
rectangle indicates the scope of the assessment car-
ried out in this study. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article.)
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connectivity rather than habitat, and information on particular nesting
sites was not available. Lists of species present and resistivity values
assigned to each LULC class are shown in Supplementary Materials 2.

The outputs of the spatially-explicit models, both the InVEST 3.4.4
and Circuitscape, were analysed in two manners. Firstly, the pixel-
based spatial outputs of the models were summarised with the mean
function within each individual LULC patch in the wider study area, for
the cNES site and its immediate surroundings, with the purpose of
contextual assessment of the levels of ecosystem service supplied by the
site. Carbon stock potential in biomass (CBIOM) was determined from
the output of the InVEST 3.4.4 Carbon Storage and Sequestration model
and the total carbon stock (CTOT), including the carbon stocks in
biomass and soils, was determined as the sum of CBIOM and carbon
storage in soils derived from the SoilGrids (Hengl et al., 2017) dataset.

We split the carbon stocks output into the two pools to make account of
the fact that whilst carbon stocks in soil are difficult to amend, carbon
stocks in biomass will depend on factors such as land cover and age and
type of vegetation, and can be altered subject to appropriate manage-
ment and planning. Pollination outputs (POLL) are shown as the mean
value of pollinator supply and abundance layers returned by the InVEST
3.4.4. Pollinators model. We decided to show two outputs for the In-
VEST 3.4.4 Seasonal Water Yield model – quick flow and base flow – as
both can depict important and at times contrasting ecosystem services,
either of generation of flood risk or hydropower potential, and re-
plenishing of ground waters. As for the InVEST 3.4.4 Nutrient Delivery
Ratio model, we analysed the N and P export layers together with the N
and P retention layers. The latter, although not part of the standard
outputs, were derived as a difference from nutrient load layer and

Fig. 2. Core and wider study areas for the three case study sites undergoing ecosystem services assessment. RBF – riverbank filtration, MAR/SAT – Managed aquifer
recharge/soil aquifer treatment, CW – constructed wetland.
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nutrient export layer. We argue that even in the case of the net positive
nutrient export, it is also important to consider the part of nutrients that
are retained within the landscape. For similar reasons both sediment
export and retention outputs of the InVEST 3.4.4. Sediment Delivery
Ratio model are shown. The habitat connectivity output depicting the
cumulative current between habitat nodes from the Circuitscape model
has also been summarised over individual LULC patches and displayed
together with the InVEST models. It has to be noted that we only run
the carbon, pollinator and connectivity models for the CW (Erftver-
band) site, as the constructed wetland should be treated as an isolated
system from the water and nutrient cycling as well as sediment reten-
tion perspective due to its sealing from the ground and surrounding
landscape by an impermeable membrane and elevated banks pre-
venting water and mass transport into and away from the CW by nat-
ural processes represented by the corresponding InVEST models.

The spatial layers subsequently formed a basis for numerical as-
sessments whereby the amounts of services derived from each cNES site
are tabularised and expressed in units per hectare and per entire site,
where appropriate.

The third mode of assessment was done for the purpose of identi-
fying people’s perception on the aesthetic value of two out of three
cNES technologies – CW and MAR/SAT – as compared to their en-
gineered equivalents: sediment tank (ST) and potabilisation plant (PP)
using a series of nine questions with 5-point Likert Scale response
format ranging from ‘strongly disagree’ to ‘strongly agree’
(Supplementary Materials 3). This was done via an online survey de-
signed in Qualtrics deployed to UK residents ensuring that the sample
was representative of British demographics through stratification. The
results were analysed using paired t-test and the Cramer’s V statistic
(Zawadzka et al., 2015) that can be used to compare categorical re-
sponses at the scale of 0–1, where 1 indicates a maximum agreement.

2.3.2. Identification of beneficiaries
Beneficiaries for the intermediate ecosystem services were de-

termined during the qualitative assessment using the FEGS-CS classifi-
cation of beneficiaries (Landers and Nahlik, 2013b) to ensure IESs and
their beneficiaries are systematically matched. Subsequently, presence
of the potential beneficiaries specific to each case study site was eval-
uated. Identification of both potential and actual beneficiaries was es-
sential for upscaling of our results that otherwise would be very case-
specific and allowed for recognition of full ecosystem services potential
of a given technology that may not be revealed in the case-specific
assessment.

3. Results

3.1. Intermediate ecosystem services from cNES technologies

In this section the ecosystem services potential that can be attrib-
uted specifically to each case study area is discussed. The results of
spatially explicit InVEST models are shown in Figs. 4–6, and habitat
connectivity maps are displayed in Fig. 7. Concise summary of mod-
elled amounts of ecosystem services from each site is available in
Supplementary Materials 5.

3.1.1. Carbon storage
RBF case study site, due to its location in the floodplain, can store

considerable amounts of carbon in the rich alluvial soils, amounting to
667 tC ha−1 or 37, 484 t per the entire site. The MAR/SAT site can store
274 tC ha−1 of carbon or 16,576 t per site in the soil, and the carbon
storage underneath the constructed wetland was not assessed as due to
the construction process the upper layers of the soil would have been
removed.

Vegetation present on the RBF site can contribute a fair store of
carbon which amounts to 15 tC ha−1 or 848 t per site, whereas the
MAR/SAT site could potentially store 85 tC ha−1 or 5,145 t per site. TheTa
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reed beds planted in the CW could store 32 tC ha−1, assuming total
aboveground biomass in common reed of 17 tC ha−1 and belowground
biomass of 80 tC ha−1 (Tripathee and Schäfer, 2015), and the carbon
content usually amounting to 45–50% of the weight of oven-dry bio-
mass (Schlesinger, 1991). All other assumptions with regards to the
parameterisation of the InVEST carbon model followed published va-
lues and is discussed in detail in Supplementary Materials 1.

Spatial assessment of the total carbon stocks revealed that the RBF
site blends in with the surrounding landscape very well and only carbon
stored in biomass may appear lower than in the adjacent land cover
classes. The contextual character of this site has to be considered here
as the entire area belongs to areas of nature protection and has a fairly
natural character – the carbon stock in biomass on site that is managed
for operational use may therefore be slightly lower than in the sur-
rounding landscape. In the case of the other case study sites –MAR/SAT
and CW, carbon stocks are comparable or higher. This is due to the fact
that the MAR/SAT site is largely covered by woodland that is a much
better carbon pool than arable land, grassland or urban land. The CW,
on the other hand, is located within intensive arable land and can

contribute higher carbon storage capacity in biomass than arable land.

3.1.2. Pollination
The InVEST 3.4.4 Pollinators model assesses the suitability of land

cover in a given area to support the presence of user-defined pollinators
in the landscape based on the availability of nesting and foraging
grounds as well as mean foraging distance the species can typically
cover. In this study we chose to use six species of bumble bees (Bombus
sp.) (Table S1.7) as key pollinators of wild flowers and commercial
crops (Carvell et al., 2017) and assumed springtime and early summer
conditions for availability of floral resources. The spatial interpretation
of the output maps, that were generated by averaging the pollinator
supply and abundance output maps for all six pollinator species, leads
to a conclusion that each site can provide supporting grounds for these
pollinators. The RBF site has comparable pollinator capacity to adjacent
semi-natural grasslands and the MAR/SAT site stands out from its
mainly agricultural and urbanised matrix. The model parameterisation
for the CW site assumed that there is little nesting or foraging ground
availability within the area of the reed bed, however, there is some

Fig. 3. Resistance values assigned to each LULC class in the case study areas and habitat nodes used as the inputs to the Circuitscape habitat connectivity model: A –
RBF, B – MAR/SAT, C – CW. Lower values indicate a lower resistance to species movement.
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capacity to support pollinators within the grassed banks of the wetland,
and that capacity appears to exceed the capacity of the surrounding
agricultural land in the modelling output.

3.1.3. Regulation of hydrological cycles
Contributions to the hydrological cycle of each cNES technologies

was assessed with the InVEST 3.4.4 Seasonal water yield model. The
model has the capacity to determine both the amount of surface runoff,
or quick flow (QF), that can potentially enter the stream and the

Fig. 4. Ecosystem services ratio between
the mean value of each IES on site and the
means of surrounding land use patches for
the RBF Poznan/Mosina site. CBIOM –
carbon storage in biomass; CTOT – total
carbon storage (biomass+ soil); POLL –
mean of pollination abundance and supply;
QF – quick flow; BF – base flow; NEXP,
PEXP, SEDEXP – nitrogen, phosphorus and
sediment export NRET, PRET, SRET – ni-
trogen, phosphorus and sediment retention.
Shades of yellow to orange indicate areas
with higher values of modelled amounts
than the average for the site; shades of blue
indicate areas of lower values of modelled
amounts. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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amount of water infiltrating into the aquifer, or the base-flow (BF),
allowing for capturing of a more balanced view of the water cycle
within the study area. Spatial assessment of the RBF site reveals that it
can contribute relatively high amounts of run-off to the neighbouring
Warta River, which can be justified by primarily grassy land cover that
has lower evapotranspiration coefficient than woody vegetation. Due to

the closeness to the river, the generated quick flow cannot be retained
within the landscape and therefore enters the stream. The higher
amount of available quick flow corresponds to the higher capacity of
the site to generate base flow, which appears to be relatively high as
compared to the wider case study area. In absolute terms, the modelled
amount of water entering the stream is 290m3 ha−1 or 16,240m3 per

Fig. 5. Ecosystem services ratio between the
mean value of each IES on site and the
means of surrounding land use patches for
the MAR/SAT Basel/Lange Erlen site.
CBIOM – carbon storage in biomass; CTOT –
total carbon storage (biomass+ soil); POLL
– mean of pollination abundance and
supply; QF – quick flow; BF – base flow;
NEXP, PEXP, SEDEXP – nitrogen, phos-
phorus and sediment export NRET, PRET,
SRET – nitrogen, phosphorus and sediment
retention. Shades of yellow to orange in-
dicate areas with higher values of modelled
amounts than the average for the site;
shades of blue indicate areas of lower values
of modelled amounts. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of
this article.)
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site, and the amounts of generated base flow are 7.7m3 ha−1 and
431.2 m3 per site on a yearly basis. Quick flow generated from the
MAR/SAT recharge areas is low as compared to the wider case study
area, which corresponds well to the primary woody character of the

land cover. As a result, the amount of base flow infiltrating into the
ground is also lower than from the surrounding landscape. It has to be
noted here that these results do not take into account the amount of
water purposefully directed into the ground as part of the water

Fig. 6. Ecosystem services ratio between the
mean value of each IES on site and the
means of surrounding land use patches for
the CW Reinbach/Erftverband site. CBIOM –
carbon storage in biomass; POLL – mean of
pollination abundance and supply. Shades
of yellow to orange indicate areas with
higher values of modelled amounts than the
average for the site; shades of blue indicate
areas of lower values of modelled amounts.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 7. Habitat connectivity within A – the Natura 2000 area within which the RBF case study site is located, B –MAR/SAT, and C – CW case study sites as seen by the
Circuitscape model.
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treatment process, as well as the fact that the modelled high amounts of
base flow from residential areas surrounding the site would normally be
captured by the storm drainage system. Nevertheless, given that the
MAR/SAT site has a natural character, the modelling results can be
representative of the actual amounts of quick flow and base flow gen-
erated, and these amount to 190m3 ha−1 or 11,400m3 per site in terms
of the surface run-off, and 20m3 ha−1 or 1200m3 per site for the
groundwater recharge.

The results of the SWY model indicate that although the amounts of
surface run-off generated from precipitation on the sites greatly exceed
the amount of water infiltrating of to the ground, they allow for re-
cognising the fact that infiltration of water can occur on these sites,
which is not usually the case in anthropogenic environments char-
acterised with considerable soil sealing. As to the amounts of surface
run-off, these could potentially contribute to increased flooding risk –
and their actual role in this respect would need to be studied further in
their local and regional contexts.

3.1.4. Nutrient and sediment balance
Nutrient balance at the RBF and MAR/SAT sites was modelled with

the InVEST 3.4.4 Nutrient Delivery Ratio model. The model analyses
the fate on nutrients within the landscape based on the topography of
the terrain represented by the digital elevation model, the amount of
available water for surface run-off, represented by the quick flow
output of the InVEST Seasonal Water Yield model, and the land cover
capacity to be both a source and sink of nutrients. The main model
output, the nutrient export map specifies how much of N or P at a given
location can reach the nearest stream. The amount of nutrients that
were prevented from entering the stream can also be derived from the
model outputs and here is referred to as nutrient retention.

The spatial analysis for the RBF site reveals that despite relatively
high amounts of surface water run-off, both N and P export from the site
is relatively low. This is likely due to low nutrient loadings assigned to
grass, which covers a substantial area of the site as well as the pro-
tection channel encompassing the site from the south that prevents
nutrients mobilised ex-situ from entering the site. Low nutrient loadings
and the site’s separation from the wider landscape have contributed to
the relatively low amounts of nutrients retained on site as compared to
other land cover classes present in the wider case study area. Table 2
shows, however, that the amounts of nutrients captured on site as
compared to the amounts exported to the river are circa 40-times
higher, indicating a great potential of the site to capture excess nu-
trients.

In the case of the MAR/SAT site, the spatial analysis shows that both
N and P export from the recharge areas is lower than from the sur-
rounding landscape, and that numerous recharge areas do not generate
P export. The recharge areas, however, show higher capacity for nu-
trient retention than the surrounding land cover classes, and therefore
can act as a buffer for neighbouring urban areas for nutrient retention.
This is confirmed by the absolute modelled values of nutrient export
and retention from the site (Table 2), showing that nutrient retention is
300–460 times higher than nutrient export.

The modelled N and P export amounts from the MAR/SAT site,
which is primarily covered by woody vegetation, correspond to the
minimum observed export values from forested plots marked as control

in the Measured Annual Nutrient loads from AGricultural Environments
(MANAGE v5 4-4-18) database (Harmel et al., 2008, 2016; Reckhow
et al., 2007), which for total N ranged from 0 to 12.1 kg/ha (n=12),
with several values below 1 kg/ha, and for total P range between 0.002
and 0.21 kg/ha (n=7), with averages never exceeding 1 kg/ha. The
verification of the RBF results should take into account export coeffi-
cients from both grassy and woody vegetation, and the possible values
can also be found in the MANAGE database. For example, native un-
grazed grasslands export on average 0.1–0.49 kg/ha (n=13) of P, with
minimum values ranging between 0 and 0.07 kg/ha (n= 11). The
average N export coefficients ranged between 0.5 and 1.94 (n= 5) kg/
ha. These observations indicate that modelled N and P export amounts
for both sites are possible, if placed on a lower end of the ranges,
however, this could be justified by the sites’ flat topography not con-
ducive to excess nutrient export. Sediment balance

Sediment export is modelled by the InVEST 3.4.4 Sediment delivery
ratio model based on the USLE equation that can determine erosion
rates from an area based on the properties of rainfall, soil susceptibility
to erosion, topography and land cover impact on the likelihood of
dislocation of soil particles (Wischmeier and Smith, 1978). Sediment
retention, on the other hand, determines the role of land cover present
within the study area to retain sediments by comparison of the amount
of sediment delivered by the current study area to the same study is
covered with bare soil only. The model takes also into account the
connectivity of the landscape, making assumptions of how much sedi-
ment may be dislocated from one location to another.

The spatially-explicit results from the SDR model show that the RBF
site generates and retains low amounts of sediment as compared to the
wider landscape, which, as in the case of nutrient modelling, can be
explained partly by the unique topographic setting of the site whereby
the protective channel prevents external sources of sediment from en-
tering to the site. The type of land cover and very low slopes also
contribute to low sediment loads that can be generated from the site,
corresponding to high capacity to retain any excess sediment. Modelled
values summarised for the site reveal that, on yearly basis, very little
sediment is generated from the site, and that the amount of sediment
retained there is circa 40 times higher.

The spatial analysis of the results obtained from the MAR/SAT site
reveals that in its geographical setting dominated by flat slopes, the site
and the surrounding landscape generate very little sediment that could
eventually enter surface water bodies. As a result, some of the recharge
areas as well as surrounding land cover patches that would normally
have sediment retention potential do not retain sediment, the reason for
which being lack of sediment dislocated from areas located upslope
from those locations. The absolute values of sediment export and re-
tention on the site are shown in Table 3 and reveal similar pattern as in
the case of the RBF site, of sediment retention capacity being circa 50
times higher than sediment export from the site.

The MANAGE database used to verify the NDR model results can
also be used to verify the results of the SDR model. Average annual soil
loss observations for control forested plots ranged between 12 and
111 kg/ha (n=11), and for native grasslands 27–482 kg/ha (n=12),
which places the results for the MAR/SAT site within the observed
ranges. Given these measurements, the result for the RBF site appears to
be an underestimation, which could have resulted from the presence of

Table 2
Modelled amounts of nitrogen and phosphorus exported from and retained
within the riverbank filtration (RBF) and managed aquifer recharge/soil aquifer
recharge (MAR/SAT) sites.

N export N retention P export P retention

Site kg/ha kg/site kg/ha kg/site kg/ha kg/site kg/ha kg/site

RBF 0.630 35 24 1345 0.013 0.726 0.530 29
MAR/SAT 0.187 11 86 5144 0.007 0.436 2.330 140

Table 3
Modelled amounts of sediment exported and retained within the riverbank
filtration (RBF) and managed aquifer recharge/soil aquifer recharge (MAR/
SAT) sites.

Sediment export Sediment retention

Site t/ha t/site t/ha t/site

RBF 0.006 0.353 0.266 15
MAR/SAT 0.018 1.054 0.933 56
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a protective channel capturing sediments from upslope areas before
they enter the site.

3.1.5. Habitat connectivity
The analysis of the results for the contribution of each site to habitat

connectivity across the wider landscape obtained from the Circuitscape
model reveals that the RBF site has the highest capacity to provide a
stepping stone for modelled species. Both MAR/SAT and CW sites ap-
pear to have more marginal roles in that respect. These results should
be treated with caution as the outcomes of the model can depend on
multiple factors including the type of species for which assessment is
made and their habitat requirements, habitats present on site as well as
in the areas surrounding the site, providing potential ecological corri-
dors, and the location of nodes, i.e. the species source points for which
the model assesses connectivity. In this study, the emphasis was put on
species that are present within the Natura 2000 sites located within the
wider case study areas, oftentimes characterised with specific habitat
requirements pertaining to the Natura 2000 sites themselves, and
therefore difficult to find elsewhere. This could be the reason for the
RBF site to appear most connected, which can be explained by the fact
that this site is located within a Natura 2000 site, and contains habitats
favoured by multiple species, as seen from low resistance values
(Fig. 3). In the case of the MAR/SAT, the resistance values are low,
however, the site is located away from Natura 2000 sites and is sepa-
rated from them by urban areas that prevent species movements to and
from the site. In the case of the CW, it is surrounded by agricultural land
with medium resistance values, is characterised with high resistance to
species movement, and is located away from the Natura 2000 sites,
which amounted to its overall low role in habitat connectivity. Should
the assessment be based on more common species that are used to
anthropogenic influences, the result of the model could have been much
different.

3.1.6. Aesthetic quality
Aesthetic value of CW and MAR/SAR cNES technologies was as-

sessed from the responses received to the online survey aiming at
comparison of these technologies to their engineered equivalents (se-
diment tank for CW and potabilisation plant for MAR/SAR). The survey
received the total of 760 responses.

A series of paired t-tests (Tables S4.1–S4.2 Supplementary Materials
4) were run to determine preference of the engineered or natural
treatment option on a number of dimensions which are presented
below. It can be seen that on all dimensions, there was greater pre-
ference for the constructed wetland (CW) than for the engineered
equivalent primary sediment tank (ST). It was also shown that there
was greater preference on all dimensions for MAR/SAT over the pot-
abilisation plant (PP). These results were confirmed by low values of
Cramer’s V statistic that ranged between 0.07–0.09 and 0.16–0.21 for
each question for the CW-ST and MAR/SAT-PP indicating a marked
difference in people’s perception of these paired technologies. The
distribution of the responses revealed that indeed they were largely
positive for the cNES technologies (Fig. 8A–D).

3.2. Final ecosystems services from cNES technologies

In this section, main ecosystem services beneficiaries for the pre-
viously identified intermediate ecosystem services are determined
(Table 4), full list of potential beneficiaries is given in Table S5.3 in
Supplementary Materials 5. Each cNES technology played a certain role
in terms of carbon storage, and as such may contribute to the regulation
of global climate and therefore may benefit all humanity. The sites are
also facilitators for pollinator supply, which can have a role in terms of
pollinating crops, either commercial, such as apples in orchards found
within the wider case study areas of the CW and RBF cNES technolo-
gies, plantations of blueberries and black currants (RBF), or recrea-
tional in allotments (CW, MAR/SAT) and private gardens (RBF). Due to

the media attention that the issue of maintaining populations of polli-
nators has been receiving, the general public or ‘people who care’ can
also be included in the group of beneficiaries. Pollinators also play a
role in maintenance of wildflower populations which can contribute to
the aesthetic value of the wider landscape, which can be especially
important for the RBF site, surrounded by semi-natural grasslands. Si-
milarly, the role of the sites in habitat connectivity can be appreciated
by people who care, as well as people who appreciate outdoors biodi-
versity as part of recreation, artistic inspiration, or as a medium for
education. Strengthening of ecological corridors can also be appre-
ciated by administrative bodies of nature protection areas as well as
businesses that depend on the presence of particular species that can
attract visitors to the area.

The beneficiaries of sediment and nutrient retention include people
who use water bodies for recreation, such as swimming, bathing,
fishing or boating or hiking in their proximity; as well as water treat-
ment plants benefitting from better quality of surface water. Sediment
retention can also contribute to reduced siltation of water bodies, which
can have tangible benefits for users of surface waters for irrigation,
commercial fresh-water fish catchers, or energy generators requiring
pure water for their cooling systems.

Generation of quick flow that would enter water bodies, in non-
excessive amounts, can contribute to the maintenance of the sufficient
water levels that in turn could promote commercial use for transpor-
tation purposes, irrigation, electricity generation (hydropower and
cooling), as well as recreation, inspiration and drinking water produc-
tion. On the other hand, excess surface run-off may contribute to in-
creased flood risk and cause damages to home owners and industry.

Water retention, however, can contribute to aquifer recharge and
water storage that can be subsequently extracted for drinking and in-
dustrial purposes as well as contribute to the maintenance of adequate
groundwater levels for plant growth utilised in agriculture and forestry.

Good aesthetic value of the cNES technologies can be important for
people living nearby, visiting the area for recreational purposes or in
any other way benefiting from pleasing landscapes.

Our study identified potential groups of beneficiaries of modelled
intermediate ecosystem services whose importance in the context of
each study area may vary. We did not attempt economic valuation of
identified FESs; instead, we discuss relevant examples from literature to
give a notion of monetary value of ESs assessed here. Pollination by
wild bees has been shown to improve the quality, shelf life and com-
mercial value of strawberries (Klatt et al., 2013), and apples (Garratt
et al., 2014), as well as increase yield of oil seed rape (Stanley et al.,
2013), among others. The economic value of this service can be as-
sessed based on the prices and dependence ratio for crops directly used
for human consumption (Gallai et al., 2009), the cost of alternative
pollination sources, such as managed bees, and the value of production
resulting from bee pollination (Winfree et al., 2011), or by willingness
to pay methods. Using the latter method, Breeze et al. (2015) estimated
the value of pollination in the UK in the context of local produce supply
and wildflower pollination to be £25.5–£12.6 per person. The value of
insect pollinators to agricultural production on an oceanic island of
Terceira (Azores), was approximated at €170,291 for the entire island
using data on producer prices and assuming crop dependency ratio of
10.5% (Picanço et al., 2017). Sediment retention services and resulting
reduced siltation of surface waters can be monetised by assessing costs
associated with change in water withdrawal due to sedimentation in
watersheds, as well as avoided costs of flood damage (Alam, 2018). For
example, the national costs associated with flood damage and flood risk
management due to soil erosion in England and Wales were estimated
at £168 million (Graves et al., 2015). The economic value of water
retention due to forested land can be estimated from costs of technical
substitutes such as dam construction that would store the equivalent
amounts of water, and the value of one hectare of woodland was esti-
mated at 43US$ (2007) in a watershed located in Iran (Mashayekhi
et al., 2010). Flood protection ecosystem service could also be valuated
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from avoided cost of damage to buildings, infrastructure, crop failure,
production stoppage and costs of emergency services and others (Barth
and Döll, 2016) and such cost could amount up to £1.4 billion in the UK
(Graves et al., 2015). Reduced export of nutrients to surface water
bodies could be evaluated based on replacement costs of constructed
wetlands (La Notte et al., 2015) as well as avoided losses to fish pro-
duction due to avoided eutrophication as a result of nutrient buffering
capacity natural wetlands (Simonit and Perrings, 2011). Carbon storage
in carbon pools could be evaluated based on the abated social cost of
carbon which measures the present value of future economic damages
cause by an additional ton of carbon emissions (Yang et al., 2018). The
aesthetic value and habitat connectivity services could be indirectly
monetised with the use of economic benefits associated with recrea-
tional activities, such as for example travel costs (Ezebilo, 2016) to the
areas affected by the sites.

4. Discussion

In this study, we deployed spatially explicit ecosystem services
models in order to map and quantify the ecosystem services potential of
three cNES technologies: riverbank filtration, managed aquifer re-
charge/soil aquifer treatment, and constructed wetlands with the
overall aim of determining their contribution to societal well-being
beyond that of potable water and wastewater purification, and by doing
so, we have demonstrated the multifunctional character of these tech-
nologies. The choice of the InVEST modelling tools was dictated by
their ability to not only allocate the ecosystem services supply potential
in spatial domain, but also incorporate the spatial context into the
modelling process. The latter feature of the models is particularly

important for ecosystem services depending on flows of ecological
functions, or landscape processes, underpinning the ecosystem’s capa-
city to supply services (Kreiling et al., 2018; López-Pintor et al., 2018),
highlighting the importance of the situational context of the study area.
For example, the capacity of a given study area to retain sediments or
nutrients will not only depend on the retention capacity of land cover
present in this area, but also the amount of material entering the site
determined by retention capacity of land cover located upslope of that
study area, steepness of slopes, and amount of available water to carry
the material downhill. Moreover, the SDR and NDR models attempt at
quantification of the amounts of sediments or nutrients dislocated from
a given area and entering surface water bodies, highlighting the im-
portance of the land surface properties downslope from the site. Con-
versely, the amount of water yield generated at the site and entering
water bodies will depend on the topography of the wider study area and
water retention capacity due to soil type, evapotranspiration and
amount of precipitation, all of which are taken into account in the SWY
model. The landscape context is also important for the quantification of
pollination and habitat connectivity services. The former is modelled by
the InVEST Pollinators model incorporating not only suitability of ha-
bitats, represented by the LULC map, to host pollinators, but also the
pollinators’ ability to cover distances and the spatial arrangement of
LULC patches providing support for pollinators. We chose to use the
Circuitscape model for habitat connectivity estimation due to its ability
to reflect the flows of species movement throughout the landscape
(Grafius et al., 2017). From the modelled services, only carbon storage
can be treated as independent from ex-situ processes.

The estimated carbon stock in biomass reflects the expected pub-
lished values of carbon storage found in literature for various land uses,

Fig. 8. Responses to the online surveys regarding comparisons between cNES and their engineered equivalents. A – distribution of the responses for the CW/ST pair,
and B – for the MAR/SAT PP pair of technologies responses in the negative (red and yellow), neutral (grey) and positive categories (green) indicating that people’s
perception was mostly positive for the cNES categories and mostly negative for their engineered equivalents. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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and therefore actual amounts may differ somewhat from the modelled
values due to differences in species composition, age of woody vege-
tation as well as duration of land use, management practices and local
climate. It is also important to recognise that we did not account for
possible greenhouse gas emissions from frequently inundated sites, and
especially constructed wetlands, which under specific conditions may
contribute significant emissions to the atmosphere (Maucieri et al.,
2017). Although the carbon stocks in soil were estimated from the
global SoilGrids dataset, which is a predictive dataset with overall 61%
accuracy (Hengl et al., 2017), we consider the estimates as accurate for
relative comparisons of soil carbon between the sites and their wider
landscape. The predicted amounts of sediment export on both RBF and
MAR/SAT sites were low and were set within the typical values of soil
erosion estimated by various authors for England and Wales (Graves
et al., 2015) for land cover classes dominant on both sites – woodland
or grassland. The modelled values are interpretable in average annual
terms, and actual soil losses from the sites may vary with the year-to-
year changes in the state of vegetation or weather conditions (Guerra
et al., 2014). In terms of nutrient export, the NDR model has been
shown to perform well in terms of relative magnitudes of N and P ex-
port from catchments rather than absolute amounts (Redhead et al.,
2018) and therefore spatially explicit maps of nutrient export derived
for each wider study area can be reliably used to interpret the relative
contributions of each site to the overall nutrient loss from the land-
scape. The SWY model has only been recently developed and therefore
no studies from similar geographic areas to this study exist in literature.
Nevertheless, the performance of the SWY model was found to be sa-
tisfactory in case studies located in Rwanda (Bagstad et al., 2018) and
Australia (Wang et al., 2018) with a recommendation that fine resolu-
tion of the input spatial data, as is the case in this study, corresponded
with higher reliability of the modelling outputs. The results of the
pollination model indicated that all sites can promote wild pollinator
abundance in the landscape, however, the InVEST model has been
shown to be particularly sensitive to parameters describing the avail-
ability of nesting grounds and the mean foraging distance covered by
the pollinators (Groff et al., 2016), and therefore specific local condi-
tions that were not captured during the study may alter the significance
of the case study areas in pollinator supply.

In this work we have refrained from conducting full economic va-
luation of ecosystem services from cNES technologies as our modelled
results are only indicative of the possible amounts of ecosystem services
derived from the sites, did not undergo rigorous ground-truthing with
measured data, and depend on the environmental contexts of each site.
Nevertheless, should an economic valuation be required for a given
decision context, Boithias et al. (2016) offer a compendium of guide-
lines that could be followed to achieve an accurate estimation of the
monetary value of ecosystem services in a given socio-economic context
with consideration of main sources of uncertainty including the number
of ecosystem services and their benefits considered, valuation methods
used, and uncertainty around the valuation metrics applied. For ex-
ample, aspects such as costs of N and P treatment, costs of health and
environmental damages per unit of the nutrient as well as the value of
land cover resulting from water purification for drinking purposes
could be considered to determine the value of nutrient retention.
However, economic valuation should not be limited to a single IES, and
rather embrace multiple IESs and all associated benefits to avoid un-
derestimations in the assessment.

This study has practical implications for planning decisions and
landscape design at a number of different levels. Firstly, the presented
methodology for spatially explicit ecosystem services and ecological
connectivity assessments could be implemented at a landscape level to
determine optimal location for prospective cNES sites that would bring
the most of societal benefits. It could also help inform the decision on
what particular cNES technology, or the design of this technology (e.g.
nature and configuration of constructed wetlands) is best placed to
deliver ecological and societal benefits. Secondly, this study highlights

the importance of the land cover present within each site for ecosystem
services generation and therefore creates space for ecological/en-
vironmental engineering interventions. For example, the cNES sites
could form a link for biodiversity and pollination by introducing native
meadow plant species to areas covered by grass, forming a key link in
green infrastructure development, particularly in more densely popu-
lated areas (e.g. urban systems). Dense vegetation present within ap-
propriately placed cNES sites could also act as a buffer between agri-
cultural fields and surface water bodies, reducing the amount of excess
nutrients or sediments entering into the streams.

5. Conclusions

The presented modelling study of ecosystem services derived from
three types of cNES technologies for water and waste water treatment
revealed their multifunctional potential in terms of secondary eco-
system services supply, i.e. ecosystem services above that of water
purification due to natural processes inherent to the natural compo-
nents of the treatment methods. These services are derived from natural
and semi-natural land cover classes present within the sites formed as a
result of extensive use and presence of protection zones restricting in-
tensive use of the sites. From the three investigated cNES technologies,
the riverbank filtration (RBF) and managed aquifer recharge/soil
aquifer treatment (MAR/SAT) proved to play a role in all seven eco-
system services assessed here: carbon storage, pollination, water re-
tention, sediment retention, nutrient retention and habitat connectivity
for biodiversity. The constructed wetland (CW) had a role in carbon
storage and pollination services. These results are highly sensitive to the
local conditions of the sites as well as their wider landscape context,
such as the type of land cover and its spatial configuration on-site and
off-site, management practices on-site affecting the state of vegetation,
the spatial extent of the site and the natural/semi-natural land cover on-
site, as well as topography of the wider study area and climate. Due to
these considerations, the results of this study cannot be generalised to
overall guidance concerning ecosystem potential of these cNES tech-
nologies. For the same reasons, any comparisons between the eco-
system services potential of the studied sites were avoided, as the same
technology in different environmental settings can have different po-
tential to deliver ecosystem services. Our study also indicated that
people’s perception of the aesthetic value of the CW and MAR/SAT
technologies as compared to their engineered equivalents can be largely
positive, subject to the sensitivities around the type of land cover on the
site. In conclusion, cNES technologies for water and wastewater treat-
ment can make important contributions to ecosystem services supply
subject to widespread implementation in appropriate environmental
settings and land cover management promoting ecological functioning
of ecosystems present on the sites.

Data underlying this study can be accessed the Cranfield University
repository at https://doi.org/10.17862/cranfield.rd.7994120.v1.
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