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H I G H L I G H T S

• Ecosystem service (ES) modeling is typ-
ically time consuming.

• Limited data and model reuse hinder
new applications and progress in the
field.

• We demonstrate 5 cloud-based ARIES
models that can run on global or cus-
tomized data.

• Models produce consistent outputs, in-
cluding ES supply, demand and sur-
plus/deficit.

• Community-level data and model shar-
ing can advance progress in ESmodeling.
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Scientists, stakeholders and decision makers face trade-offs between adopting simple or complex approaches
when modeling ecosystem services (ES). Complex approaches may be time- and data-intensive, making them
more challenging to implement and difficult to scale, but can produce more accurate and locally specific results.
In contrast, simple approaches allow for faster assessments but may sacrifice accuracy and credibility. The ARti-
ficial Intelligence for Ecosystem Services (ARIES) modeling platform has endeavored to provide a spectrum of
simple to complex ESmodels that are readily accessible to a broad range of users. In this paper, we describe a se-
ries of five “Tier 1” ES models that users can run anywhere in the world with no user input, while offering the
option to easily customize models with context-specific data and parameters. This approach enables rapid ES
quantification, as models are automatically adapted to the application context. We provide examples of custom-
ized ES assessments at three locations on different continents and demonstrate the use of ARIES' spatial multi-
criteria analysis module, which enables spatial prioritization of ES for different beneficiary groups. The models
described here use publicly available global- and continental-scale data as defaults. Advanced users can modify
data input requirements, model parameters or entire model structures to capitalize on high-resolution data
and context-specific model formulations. Data and methods contributed by the research community become
part of a growing knowledge base, enabling faster and better ES assessment for users worldwide. By engaging
with the ES modeling community to further develop and customize these models based on user needs,
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spatiotemporal contexts, and scale(s) of analysis, we aim to cover the full arc from simple to complex assess-
ments, minimizing the additional cost to the user when increased complexity and accuracy are needed.

© 2018 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/).

1. Introduction

Over a decade after the publication of theMillenniumEcosystemAs-
sessment (MEA, 2005), ecosystem service (ES) modeling is slowly be-
coming a more mature field. Abundant examples of ES modeling
applications from local to global scales now exist (Maes et al., 2015;
Ochoa and Urbina-Cardona, 2017). Large-scale, global assessments are
also driven by policy needs that support initiatives such as the Intergov-
ernmental Platform on Biodiversity and Ecosystem Services (IPBES;
Pascual et al., 2017), the U.N. Sustainable Development Goals (SDGs;
U.N., 2017), and natural capital accounting, including wealth accounts
and the System of Environmental-Economic Accounting (Bagstad
et al., 2018b; U.N., 2014).

Ideally, thenext generationof ESmodelswill be accessible and rapid,
yet customizable, efficiently reusing place-specific data and knowledge.
Reducing the effort needed to produce an ES assessment is important
for delivering timely results to decision makers and stakeholders, so
that ES information does not arrive after the decision window has
closed (Ruckelshaus et al., 2015). Model and data customization are im-
portant for capturing local knowledge, improving credibility, and reduc-
ing the inherent inaccuracies of global and other large-scale data
(Cerretelli et al., 2018; Zulian et al., 2018). Ideally, customization
would extend beyond input data to includemodel structure, accounting
for key differences in howES are generated (Smith et al., 2017) and used
by people (Wolff et al., 2017). Customizable ES models capable of syn-
thesizing and reusing dispersed knowledge could help break from the
long-standing dichotomy of using one-size-fits-all versus place-based
approaches for ES assessments (Carmen et al., 2018; Rieb et al., 2017;
Ruckelshaus et al., 2015).

In recognition of these limitations, efforts are underway to adapt ES
modeling platforms for global application, e.g., ARtificial Intelligence for
Ecosystem Services (ARIES; Villa et al., 2014), Co$tingNature (Mulligan,
2015), and Integrated Valuation of Ecosystem Services Tradeoffs (In-
VEST; Sharp et al., 2015). Co$ting Nature is a web-based tool with
preloaded models and datasets that supports ES assessment anywhere
on Earth. Version 3.0 (currently in beta) enables the assessment of 12
ES, but does not support model customization by users. Moreover, op-
tions to run analyses at moderate to high resolution and output results
in biophysical units rather than index values require a paid subscription.
InVEST's global application adapts their existing suite of models (Sharp
et al., 2015) in a development build based on InVEST 3.4.4, incorporat-
ing global datasets and model coefficients (Kim et al., 2018). While
the InVEST global models are under development, the model code and
coefficients are available from a publicly available code repository and
the input data are available as described by Kim et al. (2018). Few of
these large-scale modeling platforms enable customization with local
data, parameterizations, or adjustments to model structure to reflect
local knowledge of processes that underlie ES supply and demand. For
example, Kim et al. (2018) apply a global mean parameter dataset to
running InVEST. Zulian et al. (2018) provide an example of the custom-
ization of the Ecosystem Services Mapping Tool (ESTIMAP), a European
ES modeling platform (Maes et al., 2015), and provide guidelines to
makemodel customizationmore scientifically robust and decision rele-
vant. However, the source code of the models is not yet publicly avail-
able and cannot be directly reused or adapted by users.

In this paper, we describe the ARIES modeling platform's approach
to developing global, yet customizable ES models. Our approach en-
deavors to balance tensions between the demand for complexity,
throughmodel customization and data integration to reflect biophysical
and socioeconomic conditions and behaviors, and simplicity, as data

limitations and user needs may require abstraction and simplification
of some ES models. Simple ES models are suitable to support some re-
source management decisions (Willcock et al., 2016), while others re-
quire information generated by more complex models. As such, the
linking of simple and complex ES models can help support adaptive
management by providing timely information that can easily be up-
dated and reevaluated as new data and knowledge become available.
In this paper, we describemodels that can provide a “bottom line” strat-
egy for rapid assessment and prioritization, while ensuring consistency
in outputs among different ES and adaptability to trade-off analysis, as
the first tier of a seamless path to adaptive complexity and automated
integration of ES models (Villa et al., 2014).

Our approach to automated model customization expands the role
of global ES models, enabling navigation between different model tiers
based on ES assessment needs, time and data availability. A “Tier 1”
approach, analogous to tiered approaches to forest carbon monitoring
under Reducing Emissions from Deforestation and Forest Degradation
(REDD+; Angelsen et al., 2012), ES models proposed in InVEST
(Kareiva, 2011) and other environmental modeling approaches
(Günther et al., 2013), is interpreted here as a base for customization
and a default strategy to use when better models (e.g., dynamic flow
models; Bagstad et al., 2013) are not available. The ARIES model base
also includes several Tier 2 models, such as a dynamic agent-based pol-
lination model that quantifies flows of pollinators between habitat
patches and pollination-dependent crops, and water supply models
employing dynamic, distributed surface runoff simulation. Suchmodels
are currently too computationally intensive for large-scale application,
and, like any modeling approach, require calibration if accurate outputs
are desired. Once ARIES is supplied with decision rules about the appro-
priate scale and spatiotemporal context under which to run eachmodel
tier, it can seamlessly navigate between tiers as spatiotemporal context
and resolution change, and as more data and models become available.

These Tier 1models provide a baseline for subsequent specialization
and customization. When semantically annotated data covering new
spatial and temporal extents or resolutions aremade available either lo-
cally on a user's computer or on the network, the annotated concept
(Janowicz et al., 2015) described in the data enables ARIES to automat-
ically substitute local data for global where appropriate (Villa et al.,
2014, 2017). For instance, a local or national-scale dataset for “percent
tree canopy cover”will replace a global dataset for the same observable
when a model requires that input and is run in a compatible time and
place. New models or adjustments to existing models can be specified
for a particular time, place, or spatiotemporal scale, and may cover all
concepts related to an ES or only a component concept of it (e.g., its sup-
ply or demand). Because ARIES is a context awaremodeling system, the
best available knowledge will be reused for the context analysed. The
system assembles a computational strategy, based on a set of rules
under which data, models, andmodel parameterizations are selectively
applied (Villa et al., 2014),which is run to produce both the desired out-
puts and associated provenance information (Villa et al., 2014). The lat-
ter is compiled into a report detailing the provenance of all input data
and the algorithms used to produce the modeled outputs (Willcock
et al., 2018). We thus lay the foundation for an intelligent ES modeling
platform that can improve model credibility by more systematically in-
corporating and reusing local knowledge (Zulian et al., 2018). As more
data andmodels are shared on the semantic web used by ARIES, the ac-
curacy, speed and credibility of ES assessments can be substantially
improved.

This work supports progress towards several long-anticipated goals
in ES modeling specifically and semantic modeling more generally
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