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The ecosystem services approach is increasingly applied in the context of environmental resources man-
agement and impact assessment. Assessments often involve analysis of alternative scenarios for which
potential changes in ecosystem services are quantified. For such assessments to be effective there is a
requirement to represent changes in ecosystem services supply in a clear and informative manner. Here
we compute Ecosystem Services Ratio (ESR), a simple index that quantifies the relative change in ecosys-
tem service provision under altered conditions given the baseline, and the Modified Ecosystem Services
State Index, which averages the ESR scores obtained for each ecosystem service assessed, to provide an
overall measure of the change. Given that modelling approaches to quantification of ecosystem services
often result in production of maps of ecosystem supply, the proposed metrics can be visualized as maps
in support to decision making processes. We use these indices to investigate potential changes in the
supply of seven modelled ecosystem services resulting from the introduction of a major road develop-
ment — a highway with associated green infrastructure - into a predominantly agricultural landscape in
the UK. We find that the planted woodland, scrubland and grassland can increase the supply of multiple
ecosystem services not accounted for in previous green infrastructure studies, although the magnitude

of change differs with the type of vegetation, initial conditions and timeframes of the assessment.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The concept of ecosystem services, generally defined as the
benefits that humans obtain from nature (Millennium Ecosystem
Assessment, 2005), has introduced a new dimension to the envi-
ronmental discourse, that of natural capital. The concept of natural
capital has stemmed from the realization that there is a finite
capacity of utilization of the natural environment, beyond which
environmental degradation results in the loss of ecosystem ser-
vices essential to human and societal wellbeing. Traditionally,
approaches to development planning have focused on the “grey”
or hard infrastructure with effects on blue (water) and green
infrastructure having been given secondary consideration. The con-
ceptual aspect of natural capital in the ecosystem services approach
opens up the opportunity for not only mitigating the potential
negative environmental impacts but also optimizing the develop-
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ment to maximize the flow of ecosystem services from the affected
area. This offers progress towards integrating “grey-green-blue”
infrastructure on an equal footing, recognizing the constraints and
opportunities for investment aimed at optimizing the outcome of
the development, with net gains in natural capital.

Environmental impact assessments (EIAs), defined as “the eval-
uation of the effects likely to arise from a major project (or other
action) significantly affecting the environment” (Jay et al., 2007)
can provide a mechanism for inclusion of the green and blue
infrastructure into development design as a means for environ-
mental mitigation. The use of EIAs was advocated by the Agenda
21 (UNCED, 1992) document with the aim of promoting sustain-
able development in making integrated energy, environment and
economic policy decisions. Other potential benefits of EIAs include
providing an aid to decision-making and to the formulation of
development actions, as well as a vehicle for stakeholder consulta-
tion and participation (Glasson et al.,2012). Despite the widespread
application of the EIA process multiple issues that prevent the EIA to
fully serve its substantive purpose have been identified. For exam-
ple, (Cashmore et al., 2007) reviewed three case studies where

1470-160X/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


dx.doi.org/10.1016/j.ecolind.2017.03.005
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2017.03.005&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:roncorstanje@cranfield.ac.uk
dx.doi.org/10.1016/j.ecolind.2017.03.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

76 J.E. Zawadzka et al. / Ecological Indicators 78 (2017) 75-84

an EIA was applied with the aim of empirically assessing their
possible short term (less than five years) contributions to sustain-
able development. They found that the role of the EIA’s impact on
the design phase was limited, which could mostly be attributed
to “fine-tuning, rather than influencing the selection of strategic
alternatives” and that the length of documentation provided by the
EIA prevented the report from being the primary source of infor-
mation on which the consent was based. Conversely, Baker et al.
(2013) recognized strengths of the ecosystem services approach as
applied ex-post to several EIA case studies. These included better
integration of particular topics of the assessment via considera-
tion of ecosystem services bundles allowing for identification of
synergies and tradeoffs between ecosystem services at various spa-
tial and temporal scales (Raudsepp-Hearne et al., 2010; Rodriguez
et al., 2006), and the framing of the entire assessment in a more
tangible way for stakeholders and decision makers by treating the
environment as a source of benefits towards social and economic
goals.

The stocks and flows of ecosystem services can be enhanced
by introduction, maintenance or ecological restoration of existing
green infrastructure (GI) in any major infrastructure development.
Gl is often defined as “the network of semi-natural landscape ele-
ments” (Opdam et al., 2015), within the area affected by the new
development. There are multiple examples in literature where
ecosystem services of existing green infrastructure have been ana-
lyzed or quantified, particularly in urban environments in the
context of abating the air and noise pollution associated with urban
development and road transport (Gratani and Varone, 2013; Pugh
et al.,, 2012; Silli et al., 2015). As so far, examples of ecosystem ser-
vices assessments conducted for planned green infrastructure are
few. We are addressing this gap by presenting a case study whereby
the ecosystem services approach was applied to assess the short to
long term ecosystem value of green infrastructure (planted wood-
land, scrubland, and grassland) planned in the design of a major
road development accepted for construction in the UK. The specific
objectives of this paper are therefore to: (1) present a quantita-
tive method for analyzing changes in ecosystem services supply
in the context of the environmental impact of a planned develop-
ment forecast over four milestone years of the development design,
(2) illustrate changes in ecosystem services in a clear, informative
and spatially unambiguous manner, (3) discuss the impact of green
infrastructure introduced with the development on the selected
ecosystem services, and (4) demonstrate the potential implica-
tions of consideration of land use transitions during the ecosystem
services assessment on the development design. We hypothesize
that answering these objectives will identify the potential benefits
of conducting spatially explicit ecosystem services assessments in
selected aspects of development planning and impact assessment,
and emphasize the importance of inclusion of green infrastructure
for environmental mitigation and enhancement purposes.

2. Materials and methods
2.1. Study area

Our case study is a stretch of approximately 20 km of a planned
highway with associated landscaping located north of Norwich in
East Anglia, UK (Fig. 1) and covers the area of 371 ha defined by
the Development Consent Order boundary. The main purpose of
the road is to provide a northern overpass of the city that would
reduce existing congestion of traffic on roads that are unsuitable
for the current traffic levels (The Norfolk County Council, 2014).
The environmental setting of the road includes mostly arable land
dominated by wheat and oil-seed rape cultivation, with addition
of pastures and patches of coniferous and broadleaved forests. The

settlements of Norwich are located to the south of the road at a
distance of approximately 100-3000 m and further scattered set-
tlements are located to the north of the proposed road at a distance
ranging between approximately 100-400 m. The road cuts through
the northern edges of the Norwich Airport located north of the
settlements of Norwich. The soils are sandy or loamy and the aver-
age annual temperature and precipitation are 10.5°C and 652 mm
respectively.

The GI introduced by the development is planned to be com-
posed of native plant species and will cover approximately 176 ha,
constituting 47.5% of the total study area. The most extensive
GI class is grassland (114 ha), followed by woodland (57 ha) and
scrubland (5ha), and these will be planted on existing arable
land (122.5 ha), pastures (29 ha), forests (8 ha) and various other
manmade land use types (16ha). The planned road, covering
approximately 70ha (19% of the study area), will be introduced
on existing arable land (40 ha), other roads (12 ha), pastures (9 ha),
airport (4 ha), forests (2 ha), and other land uses (2 ha). Remaining
new land uses such as lagoons, ponds, and paths will cover 8.5% of
the study area (31 ha), and no directly induced change is expected
on 25% (93 ha) of the area.

2.2. Quantification of ecosystem services supply

Selected ecosystem services (Table 1) were assessed within four
milestone years which corresponded to the milestone design years
used in Environmental Impact Assessment (The Norfolk County
Council, 2014) conducted for the scheme. These included the year
2012, referred to in this study as the baseline year, the opening year
oftheroad (2017), the design year - 15 years of opening (2032), and
the design life of the scheme - 60 years of opening (2077), referred
to as the future conditions or states for which changes in ecosys-
tem services are compared to the baseline. Since our analysis was
performed in the context of the EIA, we adhered to the milestone
years predefined in the EIA, and assessed ecosystem services that
corresponded to the topics of the EIA. Our intention was to perform
a spatially-explicit assessment, and therefore our choice of ecosys-
tem services was limited by the availability of modelling tools that
worked in spatial domain. Additionally, due to the significance
within the study area, we assessed changes in agricultural produc-
tion based on literature-informed yield projections for major crops
cultivated in the area.

The biophysical indicators of selected ecosystem services for
each milestone year were quantified using the Integrated Valu-
ation of Environmental Services and Trade-offs (InVEST) (Tallis
et al., 2013) modelling suite version 2.6.5 developed by the Nat-
ural Capital project. InVEST had been designed to provide tools
for quantitative assessments of distribution of ecosystem services
across landscapes allowing for spatial recognition of differences
in the supply of ecosystems services. This is achieved by using
land use/land cover maps as primary modelling inputs, which are
assumed to be the main drivers of change in ecosystem services.
Estimating the state of ecosystem services in various steps in time
required that the key modelling parameters that are expected
to change over time, such as projected climatic conditions or
increased amounts of biomass due to vegetation growth, were
adjusted accordingly for each milestone year. In particular, car-
bon sequestration modelling was driven by attributing expected
carbon stocks in soil, above-, below-ground and dead biomass for
each land use class present in the study area, and in our case we
made account for the incremental increase in carbon stocks due to
sequestration to soil and in growing biomass over the milestone
years. The sediment retention model calculates avoided soil loss by
land use compared to bare soil and is based on the revised USLE
soil erosion model (Wischmeier and Smith, 1978), whose param-
eters were adjusted accordingly to changing land use, topography
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Fig. 1. Map of the study site representing: A) the current land use/land cover and planned development (the NDR - Northern Norwich Distributor Road), B) a close-up to the
fragment of the study area depicted in Fig. 2, and C) the location of the study area within Britain.

geallzlceteld ecosystems services and methods of assessment used in this study.
Ecosystem service type Ecosystem service
Supporting services Avoided habitat risk
Regulating services Carbon storage and sequestration

Sediment retention
Nitrogen and Phosphorus retention

Provisioning services Arable production

Hydropower production (water yield)

Method of estimation Units Corresponding topics of the
Environmental Statement

Based on the InVEST 2.5.6 Unitless Nature conservation

Habitat Risk Model output

InVEST 2.5.6 Mgha-! Carbon

InVEST 2.5.6 Mgha! Geology and Soils

InVEST 2.5.6 kgha! Road drainage and the
water environment

Literature based estimation Mgha! Community and private
assets

InVEST 2.5.6 mm Road drainage and the

water environment

represented by a 10 m resolution digital elevation model (DEM),
and climatic conditions over time. The water yield model deter-
mines the amount of water running off each grid cell of a DEM
as the precipitation less the fraction of the water that undergoes
evapotranspiration, and was parameterized with different climatic

values and changes to topography over the milestone years. The
nutrient (N and P) retention models estimate the amount of nutri-
ents retained within the landscape based on the modelled amount
of water running off each grid cell together with nutrient loadings
for each land use type and nutrient retention efficiency of each land
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Table 2
Interpretation of the values of the Ecosystem Service Ratio and Modified Ecosystem
Services Status Index.

ESR/MESSI value Legend entry

0 No service

0-0.1 Over 10 times reduction
0.1-0.2 10 to 5 times reduction
0.2-0.5 5 to 2 times reduction
0.5-0.67 2 to 1.5 times reduction
0.67-1.00 Less than 1.5 times reduction
1 No change

1-1.5 Up to 1.5 times increase
1.5-2 1.5 to 2 times increase
2-5 2 to 5 times increase
5-10 5 to 10 times increase
10-100 10 to 100 times increase
>100 Over 100 times increase

use class within the study area, and were adjusted to make account
for different climatic conditions expected in each milestone year.
Finally, the habitat risk model uses land use maps for indication
of locations of landscape features considered as threats for land
uses providing habitats for biodiversity. Distance between these
features as well as scores for exposure to threats — in our case the
new road - and their consequences were used to assess habitat risk,
and in this case these parameters were assumed stable across all
milestone years.

Each InVEST model deployed in this study generated 10 m res-
olution gridded raster maps with the magnitude of the biophysical
indicator for a given service assigned to each grid cell and these
maps were subsequently used to compare the state of ecosystem
services between the baseline and future conditions. Addition-
ally, due to its significance within the study area, the provisioning
service of arable production was estimated from projected yield
changes of wheat, sugar beet and rapeseed oil in the future (Jaggard
et al., 2010), taking the average yield of years 2000-2010 as the
baseline.

2.3. Quantification of changes in ecosystem services supply

Changes in the supply of selected ecosystem services between
the baseline and future conditions were quantified using the
Ecosystem Services Ratio (ESR) index (Eq. (1)). The ESR assesses the
relative change in the supply of a single ecosystem service between
the baseline and future conditions, with 1 indicating no change, val-
ues between 0 and 1 - a decrease in the supply, values over 1 with
no upper limit — an increase in the supply, and 0 - a complete loss
of that service (Table 2).

Esfuture

ESR = ,
Esbaseline

(M
where ESR - ecosystem services ratio; ESg. - the absolute
amount of units of ecosystem service in the future state (i.e. after
implementation of the project) and ESjsjine — the absolute amount
of units of ecosystem service in the baseline state (i.e. before imple-
mentation of the project).

The overall change in the supply of multiple ecosystem services
was assessed with the Modified Ecosystem Services Status Index
(MESSI). MESSI is calculated as a mean of the ESR values for each
ecosystem service compared between the given set of baseline and
future condtions (Eq. (2)) and therefore assumes the same ranges of
possible values as the ESR. MESSI is based on the Ecosystem Services
Status Index (ESSI) (Leh et al., 2013) that quantifies only the portion
of ecosystem services gained or lost with respect to baseline values.

ESR;
n 9

MESSI = 2

(2)

where MESSI - Modified Ecosystem Services Status Index; ESR;
- ecosystem services ratio for service i in a given time step; n -
number of ecosystem services assessed.

It is important to note that the biophysical indicators of ecosys-
tem services used in the calculation of the ESR index should follow
the rule that the higher value of the indicator corresponds to the
more desirable state of the ecosystem service it represents. The
habitat risk model output map did not follow this rule as it quan-
tified a negative state of ecosystem services, and therefore had
to be modified prior to calculation of the ESR. Since the potential
maximum value of habitat risk was known, “avoided habitat risk”
indicator map was generated by subtraction of the modelled habi-
tat risk values from the known potential maximum value resulting
in an indicator whose high values corresponded to areas of low
habitat risk.

2.4. Representation of changes in ecosystem services supply

The impact of any particular development is typically assessed
at the feature level, i.e. a particular design feature such as housing
development, road infrastructure, land use patches, administra-
tive or watershed boundaries, and others (Emmett et al., 2015;
Grafius et al., 2016; Mouchet et al., 2017; Qiu and Turner, 2015),
yet ecosystem service provision is often modelled on a spatial
grid better representing the natural spatial variability of environ-
mental processes. There is therefore a translational step required
that transforms grid based data to a polygon or feature based
assessment. When the purpose is to report the magnitude of the
biophysical indicator of a particular ecosystem service, the typical
approachis to calculate the mean or sum of values from the cellsin a
gridded map that are enclosed within the features of interest. When
changes in the supply of ecosystem services, expressed as the ESR
or MESSI indices, are to be summarized within any type of a spatial
feature, there are two possible approaches that can be undertaken.
One approach is to derive the ESR or MESSI indices for each cell of
the gridded map first, which can be easily done with map algebra
capability of any GIS software, and then calculate the mean within
the spatial features of interest (‘calculate first then scale’ approach).
Another approach is to calculate sums of biophysical indicators for
all time steps within features first, and then use these values to cal-
culate ESR and MESSI indices (‘scale first then calculate’ approach).
Despite originating from the same set of biophysical indicators val-
ues, both approaches are capable of yielding contrasting results,
and this study explores the consequences of using either on the
final outcome of an ecosystem services assessment.

In this study, changes in ecosystem services supply between the
baseline and subsequent future conditions were calculated for the
green infrastructure classes - grassland, scrubland, and woodland
- introduced to the landscape with the design of the planned road,
the planned road itself, and the entire study area encompassing
the land approximately 500 m around the road axis. The assess-
ment was also performed for land use patches reflecting the land
use transition between baseline and future land use. All GIS opera-
tions required for the analysis were performed in ArcGIS 10.3 (ESRI,
2011) environment. The map of land use transitions was formed by
the intersection of land use maps for the baseline and future con-
ditions using the Intersect tool. The Raster Calculator tool was used
to calculate the ESR and MESSI indices on grid-by-grid basis, whilst
the Zonal Statistics as Table tool was used to calculate the sum
of biophysical indicators of each ecosystem service (‘scale first then
calculate’ approach) or the mean of ESR or MESSI (‘calculate first then
scale’ approach) within the future land use classes for each time
step. Thus obtained summaries where exported to a spreadsheet
(Microsoft Excel 2010) whereby the ESR ratios were calculated and
MESSI values averaged from the ESR ratios for ‘scale first then calcu-
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late’ approach, and radar plots depicting changes in the ecosystem
services supply constructed.

3. Results and discussion

3.1. Consequences of using various approaches to up-scaling of
ESR and MESSI values

The ESR and MESSI values obtained from gridded maps of
modelled biophysical indicators of ecosystem services for each
milestone year considered in this study were up-scaled to the
extent of the study area using two approaches (Table 3). It is evi-
dent that the ‘calculate first then scale’ approach returned more
extreme ESR and corresponding MESSI values than the ‘scale first
then calculate’ approach. Although all ecosystem services assessed
in this study were affected, sediment retention was characterized
with particularly high ESR when it was calculated on the grid-
by-grid basis first and subsequently averaged over the study area.
This extreme result was caused by very large differences in mod-
elled sediment retention values in individual pairs of grid cells in
the maps for the baseline and future conditions. As opposed to
upscaling of the modelled ecosystem services values prior to the
calculation of the ESR, this caused very high ESR values assigned to
multiple grid cells of the map and consequently yielded very high
ESR values when averaged over the entire study area.

The differences between the magnitudes of ESR calculated with
the two approaches can be explained by the non-linear charac-
ter of the ESR values derived on the grid-by-grid cell basis, and
the fact that this non-linearity was reduced by upscaling the mod-
elled values to the entire study area in the ‘scale first then calculate’
approach before calculation of the ESR. Non-linearity is common
for natural phenomena (Corstanje et al., 2008; Corstanje and Lark,
2008), and may cause particularly large discrepancies in the ESR
values calculated with the two differing approaches for ecosystems
services showing high heterogeneity of modelled biophysical indi-
cator values across space (water yield, and nitrogen, phosphorus
and sediment retention). As seen in our example, these discrep-
ancies may be substantial, and not only drive the magnitude of
MESS], but also may lead to contrasting conclusions with regards
to changes in ecosystem services supply due to land use change
such as in the case of water yield and nutrient retention services
presented here. When used in spatial planning context, this may
consequently lead to decisions that fail to optimize the supply of
ecosystem services as a result of a development. When the purpose
of the assessment is to estimate changes in ecosystem services over
land use types or areas of interest whose size exceeds the grid size
of the modelling outputs, we recommend using the ‘scale first then
calculate’ approach for calculation of the ESR as it is less sensitive
to the non-linear effects in the data and produces more realistic
values. The ‘calculate first’ approach, however, could potentially be
used to identify patterns of changes in ecosystem services within
individual land use patches from gridded maps representing ESR or
MESSI and determine areas with particularly high gains or losses of
services unless the patterns depicted are very complex.

The differences resulting from the approach to calculation of
the ESR can be propagated into maps showing overall changes in
ecosystem services supply across milestone years. Here we present
three sets of maps of a fragment of the study area for which the
MESSI index was derived from ESR values calculated for all ecosys-
tem services assessed in this study using three different approaches
(Fig. 2). The first set of maps depicts MESSI calculated for each grid
cell of the map separately, resulting in a highly complex picture
of overall changes in the supply of ecosystem services taking into
account changes between the neighboring grid cells in the map.
This grid-cell to grid-cell heterogeneity is reduced by upscaling

of the gridded maps to future land use classes, which was done
with the ‘calculate first’ and the ‘scale first’ approaches. Maps pro-
duced with either approach vary in terms of the depicted levels of
change in ecosystem services supply for reasons discussed earlier in
this section. These maps demonstrate an advantage of representing
the outcomes of an ecosystem services assessment within spatial
summary units that are at a higher resolution than the study area
but lower than the resolution of the gridded ecosystem services
model outputs. This reduces the complexity of the gridded maps
to spatially meaningful features and allows for the identification of
portions of the study area that are particularly beneficial or detri-
mental in terms of ecosystem services supply, even if the overall
assessment has not highlighted any issues. This could be of particu-
lar importance at a planning stage of a development where changes
to the design could be applied and investment in green infrastruc-
ture made to mitigate negative effects of the development.

3.2. Implications of the new highway design on ecosystem
services supply

The overall effect of the new major road development with asso-
ciated green infrastructure on the supply of ecosystem services
assessed in this study is projected to be neutral or moderately
positive across all milestone years as seen from the MESSI met-
ric calculated for the entire study area (Table 3, ‘scale first then
calculate’ approach). The supply of individual ecosystem services,
however, is likely to vary depending on the type of service and time
of assessment. In the first milestone year, the supply of all ecosys-
tem services but sediment retention and water yield is likely to
decline, with nitrogen retention maintaining a stable state. In the
second milestone year, nitrogen retention is likely to achieve a posi-
tive state, and the amount of sequestered carbon is likely to achieve
a state comparable to the baseline, whilst sediment retention and
water yield supply are projected to continue at an increased level. In
the final milestone year, all ecosystem services apart from arable
production and avoided habitat risk are likely to be in a positive
state of change.

Our results suggest that it is important to consider the time lag
between the occurrence of land use change and the time of ecosys-
tem services assessment as four ecosystem services assessed here
exhibited differences in magnitude of change with time. In par-
ticular, carbon sequestration and nutrient retention services were
affected by a reduction of supply in the first milestone year fol-
lowed by a gradual increase in the supply over time as compared
to the baseline. For carbon sequestration this is likely caused by
disturbance of soil carbon and removal of biomass that was there
before planting of new vegetation (Thuille and Schulze, 2006), fol-
lowed by gradual accumulation of carbon in the new land use. In
the case of nutrient retention, which was modelled without taking
into account any bio-chemical interactions other than vegetation
filtration capacity and nutrient loadings in each land use that were
kept constant for both nutrients across the milestone years, dif-
ferences in magnitudes are likely due to different magnitudes in
nutrient loadings in the initial and subsequent land use as well
as the amount of available water in the landscape. Water yield
displayed the highest increase as compared to the baseline with
a decreasing trend of changes induced by the decreasing avail-
ability of rainwater run-off due to the interactions between the
introduced sealed surface of the road, rainfall levels, and increased
evapotranspiration from the area. The remaining ecosystem ser-
vices assessed here did not display varied levels of change across
time. Arable production within the boundaries of the study area
was projected to be in a stable declined state resulting from less
land being available for agricultural use. Avoided habitat risk was
modelled under the assumption of constant risk imposed by the
road onto the existing and new habitats and therefore did not
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Table 3

ESR and MESSI values calculated for the entire study area using the ‘calculate first then scale’ approach where the ESR index was calculated on grid cell basis and then
summarized over the study area, and the ‘scale first and then calculate’ approach where the biophysical values of ecosystem services indicators were first summarized within
the study area followed by calculation of the ESR. ES - ecosystem service, AP - arable production, AH - avoided habitat risk, CS - carbon sequestration, NR - nitrogen retention,
PR - phosphorus retention, SR - sediment retention, WY - water yield.

ES ‘Calculate first’ approach ‘Scale first” approach

Milestone year

2017 2032 2077 2017 2032 2077
AH 0.51 0.51 0.51 0.84 0.84 0.84
AP 0.15 0.15 0.15 0.23 0.23 0.23
CS 0.90 0.99 1.23 0.89 0.98 1.22
NR 8.23 9.47 9.60 0.99 1.08 1.15
PR 6.70 7.76 8.27 0.84 0.92 1.00
SR 198,232.56 197,908.72 197,908.72 1.68 1.67 1.67
WY 152.97 166.76 176.36 2.62 2.18 1.94
MESSI 28,343.15 28,299.19 28,300.69 1.16 1.13 1.15

2017 2032 2077

| No Service

B Over 10 times reduction
I 10 to 5 times reduction
[ 1 5to 2 times reduction
[ 12to 1.5 times reduction
| 11.5 times reduction to No change [l Over 100 times increase 0

|| No change

[ |No change to 1.5 times increase

[ 11.5to0 2 times increase

[ 2 to 5 times increase N
B 5 to 10 times increase

B 10 to 100 times increase

500 1,000

T 1

| | Future land use —

Me"(ers

Fig. 2. Gridded and scaled maps of the Modified Ecosystem Services Status Index (MESSI) obtained for a fragment of the planned road across all milestone years: A - MESSI

calculated individually for each grid cell of the map, B - ‘calculate first then scale’ approach, C - ‘scale first then calculate’ approach.

show variation in the following milestone years. Sediment reten-
tion in the first milestone year was only slightly higher than in the
following years, attributed to differing values of the rainfall ero-
sion index of the revised USLE soil erosion model, resulting from

diminishing values of rainfall projected for the study area over
time.

Consideration of individual land use classes provides further
insights as to the likely effects of particular components of the
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Table 4

ESR and MESSI values calculated with the ‘scale first then calculate’ approach for the planned road and three green infrastructure land use classes introduced with the road

for the three milestone years assessed for the future conditions.

LU Year ESR MESSI
AH AP (&) NR PR SR WY

Road 2017 0.00 0.00 0.51 0.61 0.53 1.24 4.27 1.02
2032 0.00 0.00 0.51 0.70 0.61 1.24 4.17 1.03
2077 0.00 0.00 0.51 0.79 0.69 1.24 4.14 1.05

Grassland 2017 0.85 0.00 0.97 1.24 1.03 2.22 2.86 1.31
2032 0.85 0.00 1.01 1.37 1.13 2.22 1.78 1.19
2077 0.85 0.00 1.10 1.46 1.23 222 1.15 1.15

Scrubland 2017 0.81 0.00 0.90 1.65 0.92 1.96 2.40 1.23
2032 0.81 0.00 1.02 1.89 1.06 1.96 1.64 1.20
2077 0.81 0.00 1.13 1.93 1.10 1.96 1.19 1.16

Woodland 2017 0.80 0.00 0.97 1.15 0.89 2.48 0.51 0.97
2032 0.80 0.00 1.38 1.28 0.98 248 0.36 1.04
2077 0.80 0.00 2.47 1.38 1.07 248 0.28 1.21

LU - Land use, AH - avoided habitat risk, AP - arable production, CS - carbon sequestration, NR - nitrogen retention, PR — phosphorus retention, SR - sediment retention,

WY - water yield.

development design on the future supply of ecosystem services
(Table 4). The road itself is expected to be neutral in terms of
the average change in provision of ecosystem services across all
development milestone years (MESSI ranging between 1.02 and
1.05). Further enquiry into the change in individual ecosystem ser-
vices indicated by the ESR values, however, reveals large losses of
the food and habitat provisioning services, as well as carbon stor-
age and nutrient retention imposed by the new road. The only
services that are likely to benefit from the land use change are
sediment retention and water yield, the latter driving the overall
non-negative outcome of the assessment due to a large magnitude
of change (four times the baseline). Before this additional amount
of water could be used for hydropower production suggested by
the InVEST model, it would have to be directed to watercourses.
Road runoff is often contaminated by heavy metals, deicing salts,
organic compounds, and other pollutants (Berhanu Desta et al.,
2007; Rivett et al., 2016), which may affect aquatic habitats (Corsi
et al., 2010; Maltby et al., 1995) and therefore should be treated
before releasing into water courses. In our case study, the excess
run-offis collected in purposefully designed vegetated lagoons that
have a potential for treatment of road run-off pollutants (Roinas
et al., 2014) as well as slowing down of water flow which can be
retained and contribute to maintaining water balance within the
area. In terms of the green infrastructure land use classes, their
impactis likely to vary with the land use type and is similar between
grassland and scrubland being distinct to the one of woodland.
Both grassland and scrubland offer a large improvement in sedi-
ment and nitrogen retention, with a positive long-term effect on
remaining services apart from arable production and habitat pro-
vision. The distinct behavior of ecosystem services change under
woodland is characterized by a reduction in water yield across
all milestone years and a large positive change in carbon seques-
tration, especially in the final year of the assessment. Woodland
appears to be most beneficial for the sediment retention service,
however, offers lower benefits for nutrient retention, particularly
for phosphorus.

The different behaviors of various land use classes in terms
of changes in the supply of ecosystem services is consistent with
the idea of ecosystem services bundles defined as the sets of ser-
vices that appear together repeatedly (Raudsepp-Hearne et al.,
2010) associated with particular landscape features (Bieling and
Plieninger, 2013), except that in our case we focus on groups
of ecosystem services with similar direction and magnitude of
change induced by new land use. Their identification is facilitated

by visualization of the data with radar plots (Fig. 3) that allow for
“at-a-glance” assessment of positive or negative changes indicated
by the positioning of the plotted lines above or below the marked
baseline as well as similarities and differences between changes in
ecosystem services supply across various final land uses and mile-
stone years expressed as the shape of the plotted lines. The plots
confirm that grassland and scrubland are likely to induce similar
patterns of change, especially in the final milestone year, and that
woodland and the new road are likely to have a different impact on
ecosystem services supply.

3.3. Implications of the land use transitions in ecosystem services
assessments

As so far we discussed results based on summaries of modelled
biophysical indicators of ecosystem services within all patches of
the same land use type regardless of their location within the
study area. In any study area it is possible that the baseline con-
ditions for different patches of the same future land use type are
different, and this may change the amplitude of the improvement
or deterioration in the supply of a given service across space not
accounted for in the summaries considering future land use only.
For example, carbon sequestration benefits in land use conversion
from no-till agriculture to grassland may appear smaller than in
the case when conventional arable fields constitute the initial land
use. Conversely, introduction of any vegetation to derelict land
is likely to improve the habitat suitability for general biodiver-
sity to a greater degree than introduction of the same land use
on land exhibiting ecological function in the baseline state. This
means that the choice of the future land use could be locally cus-
tomized to meet the demands for ecosystem services supply of
the area, i.e. to maximize the benefits and minimize the losses;
or achieve a comparable level of ecosystem services change by
locally introducing a land use that requires fewer resources to
implement and maintain than the land use indicated in the generic
assessment. This approach potentially calls for implementation of
detailed data about the study area to the assessment, including land
management methods, influence of which on ecosystem services
is becoming evident in literature (Ruhl, 2016). These could be col-
lected as part of surveys conducted for the environmental impact
assessment or obtained from stakeholder participatory sessions.
Since the InVEST models work on user-customized data tables,
such information could be relatively easily incorporated into the
analyses (Tallis and Polasky, 2009). Alternatively, when the study
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2017
2032
2077
---Baseline
«-No service

Fig.3. Radar plots depicting changes in ecosystem services supply in green infrastructure land use classes introduced with the planned road, as well as the road itself, calculated
between the three milestone years and the baseline, using the ‘scale first then calculate’ approach. Refer to Table 4 for explanations to ecosystem services abbreviations. A -

Grassland, B - Major road, C - Scrubland, D - Woodland.

area is large and the information on ecosystem services supply is
inferred from generic land use maps, the land use transitions, i.e.
the intersection of baseline and future land uses, could be taken
into consideration in the customization process. This could help
inform the best choice of the future land use given the initial
state of ecosystem services supply inferred from the initial land
use.

In our case study, consideration of the land use transitions
reveals further differences in the changes in the ecosystem ser-
vices supply from the final land uses. For example, considering
changes between the baseline and milestone year 2032 (Fig. 4),
it appears that grassland and scrubland are likely to produce dif-
ferent effects on water yield when arable land is the initial land
use, on water yield and phosphorus retention in land use tran-
sition from broadleaved forest, and only exhibit similar behavior
in land use transition from pastures. Conversely, woodland, previ-
ously deemed to reduce water yield, is only likely to do so if the
initial land use is pasture.

Incorporation of land use transitions into ecosystem services
assessment would be particularly valuable at the scoping stage
when the location and configuration of a development is being
decided. The process could be facilitated by purpose-built tools
similar to existing tools (Gonzalez-Redin et al., 2015; McVittie
et al., 2015) that use the flexibility and decision support capacity
of Bayesian Belief Networks, making it possible to incorporate eco-
nomic valuation and analysis of the demand for ecosystem services
into the assessment. That would allow for gradation of importance
of each ecosystem service and help optimize, i.e. maximize gains
and minimize losses, the future land use choices to make decisions
that take into account the needs of both the environment and the
society.

4. Conclusions

We presented a study of changes in the supply of seven
ecosystem services belonging to the provisioning, regulating and
supporting categories quantified from the outcomes of spatially
explicit ecosystem services models with the use of two simple
metrics. We discussed possible methods for the upscaling of spa-
tial data into summary units used in planning decisions and their
consequences to the validity of the assessment. We found that the
changes in ecosystem services supply due to the introduction of a
major road with associated green infrastructure were dominated
by the loss of the provisioning service of agricultural production
in exchange for the supply of other ecosystem services owing to
the incorporation of woodland, scrubland and grassland into the
design of the development. These changes varied not only with the
introduced land use and ecosystem service type, but also depended
on the initial land use and the temporal dimension defined by the
time lag between the intervention to the landscape and time of
assessment.

When compared to the traditional environmental impact
assessment, the ecosystem services approach conducted in this
study offered a possibility of appraisal of both the positive and nega-
tive impacts of the development as opposed to making inventories
of risks and proposed mitigation options. Contrary to the EIA, it
generated a low-volume and compact report, which can be benefit
retrieval of information for the decision making process. The rela-
tive ease of application makes the assessment particularly suitable
at the scoping stage of a development leading to a design that opti-
mizes the flows of natural capital in the affected area. This approach
could be further facilitated by development of decision support
tools that could be customized with the data routinely collected
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Fig. 4. Ecosystem services ratio for all ecosystem services assessed in this study in selected land use transitions from baseline to future land use for the milestone year 2032
and selected initial land uses. A - land use change from arable, B - land use change from broadleaved forest, C - land use change from pastures.

during the process of impact assessment, including on-the-ground
surveys and stakeholder participation sessions, as well as economic
valuation and demand for services, and consequently provide an
accurate picture of changes to the natural capital, economy and
society on which planning decisions can be based.
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