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H I G H L I G H T S

• Ecosystem service decision support
tools range in complexity and sophisti-
cation.

• We compared three spatial ecosystem
service tools: ARIES, InVEST and LUCI.

• Models were run for water supply, car-
bon storage and nutrient retention ser-
vices.

• All three tools performed similarly, but
have different strengths.

• As each tool has unique features, choice
of model depends on study question.
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Ecosystemservicesmodelling tools can help landmanagers andpolicymakers evaluate the impacts of alternative
management options or changes in land use on the delivery of ecosystem services. As the variety and complexity
of these tools increases, there is a need for comparative studies across a range of settings, allowing users tomake
an informed choice. Using examples of provisioning and regulating services (water supply, carbon storage and
nutrient retention), we compare three spatially explicit tools – LUCI (Land Utilisation and Capability Indicator),
ARIES (Artificial Intelligence for Ecosystem Services) and InVEST (Integrated Valuation of Ecosystem Services
and Tradeoffs). Models were parameterised for the UK and applied to a temperate catchment with widely vary-
ing land use in NorthWales. Although each tool provides quantitativemapped output, can be applied in different
contexts, and canwork at local or national scale, they differ in the approaches taken and underlying assumptions
made. In this study, we focus on the wide range of outputs produced for each service and discuss the differences
between each modelling tool. Model outputs were validated using empirical data for river flow, carbon and nu-
trient levels within the catchment. The sensitivity of themodels to land-use changewas tested using four scenar-
ios of varying severity, evaluating the conversion of grassland habitat to woodland (0–30% of the landscape). We
show that, while the modelling tools provide broadly comparable quantitative outputs, each has its own unique
features and strengths. Therefore the choice of tool depends on the study question.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Ecosystem services modelling tools allow the quantification, spatial
mapping, and in some cases economic valuation, of ecosystem services.
The output from these tools can provide essential information for land
managers and policymakers to evaluate the potential impact of alterna-
tive management options or land-use change on multiple services
(Daily et al., 2009). Such tools are now being used around the world,
at a range of spatial scales, to address a wide variety of policy and man-
agement questions. For example, they have been used to investigate the
possible effects of climate change on water provisioning and erosion
control in a Mediterranean basin (Bangash et al., 2013), to provide
guidelines for water resource management in China (Fu et al., 2014),
and to examine the potential impact of agricultural expansion on biodi-
versity and carbon storage in Brazil (Chaplin-Kramer et al., 2015).

Ecosystem service decision support tools range in complexity, with
the simpler models requiring less user time and data inputs while the
more complex models require more technical skill but can result in
greater accuracy and utility. The simplest include spreadsheets (e.g.
Ecosystem Services Review [ESR]; WRI, 2012), and mapping overlay
tools based on land-cover based lookup tables (Burkhard et al., 2009).
Intermediate complexity spatial tools provide information on the rela-
tive magnitude of service provision (e.g. SENCE; Vorstius and Spray,
2015), and the more complex tools allow spatial quantification and
mapping of services, for example InVEST (Integrated Valuation of Eco-
systemServices and Tradeoffs; Sharp et al., 2015), LUCI (LandUtilisation
and Capability Indicator; Jackson et al., 2013) and ARIES (Artificial Intel-
ligence for Ecosystem Services; Villa et al., 2014). With an ever increas-
ing variety of tools available, there are now a number of reviews and
comparisons that help potential users make informed decisions on
which tool might be appropriate for their needs. These typically focus
on tool capabilities, ease of access/use, time requirements and
generalisability (Nelson and Daily, 2010; Vigerstol and Aukema, 2011;
Bagstad et al., 2013a; Drakou et al., 2015; Burgess et al., 2016). For ex-
ample, model outputs from ARIES and InVEST for carbon storage,
water and scenic viewshed services were compared for a semi-arid
river basin in Arizona, USA, and northern Sonora, Mexico, under differ-
ent management scenarios (Bagstad et al., 2013b). Vorstius and Spray
(2015) investigated similarities in mapped outputs from three different
tools in relation to service delivery at a local scale. Turner et al. (2016),
focusing on methods to assess land degradation, briefly reviewed a
range of decision support tools and other models whose outputs have
been evaluated in the context of ecosystem services. There are also on-
line toolkits available, for example, the National Ecosystem Approach
Toolkit (NEAT; http://neat.ecosystemsknowledge.net/), providing guid-
ance on selecting an appropriate modelling tool.

At first glance, many of the ecosystem services modelling tools ap-
pear to produce similar outputs; they can model multiple services,
and are designed to be used for scenario analysis and decision-making.
However, the approaches taken and underlying assumptions made for
the models within each tool are often different, the appropriate resolu-
tion and scale of their application can vary and, since the models are in
continuous development, reviews can become rapidly outdated. There-
fore, there is an ongoing need for comparison studies that comparemul-
tiplemodels for the same service(s) and study site(s), alongwith a need
to evaluate models in new biophysical settings. In particular, this paper
demonstrates how three such tools differ, highlighting unique aspects
and discussing their strengths and weaknesses, at a level of detail
which is not met in most previous reviews.

In this paper we compare three spatially explicit ecosystem services
modelling tools, using examples of provisioning and regulating services
(water supply, carbon storage and nutrient retention). The models are
parameterised for the UK and applied to a temperate catchment with
widely varying altitude and land use in North Wales. While two of the
tools have previously been compared (ARIES and InVEST) (e.g.
Vigerstol and Aukema, 2011; Bagstad et al., 2013b), LUCI has not been

evaluated in a tool comparison. Additionally, we focus on an aspect re-
ceiving little attention in previous reviews, i.e. that the modelling tools
produce a range of different outputs for each ‘service’; these differing
outputsmay inform the choice of tool for a particular application. Lastly,
since ecosystem services modelling tools are often used to evaluate the
impacts of land-use change, we assess their sensitivity to varying sever-
ities of land-use change (0–30% change of catchment area).

2. Material and methods

2.1. Study site

TheConwy catchment inNorthWales, UK, is 580km2 in area (Fig. 1).
It is a small catchment in global terms, but is characterised by a diverse
range of elevation (0–1060m), climate, geology and land uses. Predom-
inantly rural, the land-use comprises sheep farming in the upland areas
to the west and mixed dairy, beef and sheep farming in the lower areas
to the east. The lowland flood plain area also contains some arable land.
There is a large afforested area to the mid-west. Most of the sub-catch-
ments contain some semi-natural woodland, including areas of riparian
woodland. In the uplands to the south of the catchment lie extensive
areas of blanket bog, protected under the European Natura 2000 biodi-
versity designation. More information can be found on the Conwy
catchment in Emmett et al. (2016).

2.2. Modelling ecosystem services

We have chosen examples from both provisioning and regulating
services, including those where the spatial context is important to the
flow of services (water yield, nutrient retention) andwhere it is less di-
rectly important (carbon storage). We did not include a cultural service
as ARIES and LUCI do not have readily available cultural models
parameterised for the UK.

2.2.1. Overview of model approaches
ARIES, InVEST and LUCI were chosen as spatially explicit ecosystem

services modelling tools that provide quantitative output, can be ap-
plied in different contexts, and can work at local or national scale, de-
pending on the available data. InVEST combines land use and land
cover (LULC) data with information on the supply (biophysical process-
es) and demand of ecosystem services to provide a service output value
in biophysical or economic terms (Sharp et al., 2015). Themodels, writ-
ten in Python, are available as stand-alone applications. LUCI is a deci-
sion support tool that can model ecosystem service condition and
identify locationswhere interventions or changes in land usemight deliv-
er improvements in ecosystem services. Output maps are colour-coded
for ease of interpretation: in default mode green is used to indicate
good opportunity for changes, and red tomean “stop, don'tmake changes
here”. The models incorporate biophysical processes, applying topo-
graphical routing for hydrological and related services, and use lookup ta-
bles where appropriate, e.g. for carbon stock. The models are written in
Python, and run in an ESRI GIS environment. LUCI has a unique, built-in
trade-off tool, which allows the user to identify locations where there is
potential for “win-wins”, i.e., where multiple services might benefit
from interventions, or where there may be a trade-off, with one service
benefitting from interventions while another is reduced.

In contrast, ARIES was developed as an online platform to allow the
building and integration of various kinds of models. This allows the
most appropriate ecosystem services model to be assembled automati-
cally from a library of modular components, driven by context-specific
data and machine-processed ecosystem services knowledge (Villa et
al., 2014). ARIES focuses on beneficiaries, probabilistic analysis, and
spatio-temporal dynamics of flows and scale, aiming to distinguish be-
tween potential and actual benefits. While InVEST and LUCI focus on
using known biophysical relationships (where possible) tomodel phys-
ical processes, ARIES, in addition to standard modelling approaches
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