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Abstract
Accounting for ecosystem services (ES)—the ways in which society and people directly benefit from
ecological processes and functions—is crucial for developing sustainable landscape management
approaches that consider the interrelationship between people and nature. Previous research has
produced models that estimate the provision of potential ES by landscapes to help inform policy
and stakeholder decision-making. However, most modelling efforts do not consider the delivery of
ES to specific human populations or communities, making it difficult to evaluate any possible human
welfare implications from alternative land use planning scenarios. In this paper, we first explore the
recent state of science of ES modelling from the perspective of ES provision and delivery to the people
that benefit from them. Second, we propose the addition of some essential aspects of complexity using
the classic social–ecological system framework, crucial for developing models to inform pragmatic
decision-making. Our propositions are illustrated using simplified examples inspired by sea otter con-
servation in the seascapes of British Columbia. Integrating these concepts in future ES models should
serve as a baseline for future management approaches that more adequately capture the important
implications of landscape scenarios on human well-being.
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1. Introduction
Sustainable management of tomorrow’s ecosystems relies on understanding how change, such as
climate or land use changes, can affect ecosystem services (ES) provisioning and flow. ES are defined
as benefits that humans acquire directly or indirectly from ecosystems (Kremen 2005; Díaz et al.
2015). These services can be classified into four main categories: supporting, provisioning, regulating,
and cultural services. The global value of ES was estimated at US$125 trillion per year in 2011
(Costanza et al. 2014). New economic indicators, such as the gross ecosystem product (Ouyang et al.
2020) have emerged to better integrate the valuation of natural systems and their benefits for future
planning. The models used to estimate the benefits of ES to people, however, lack many important
real-world spatial dynamics and interactions. Landscapes are complex systems composed of a
multitude of entities, processes, and interactions across scales of space and time. The network of ES
emerging from these systems share the same degree of complexity in structure and behavior.
However, ES are often considered individually in models, with little to no interaction among them
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(Ashagre et al. 2018; Cunningham et al. 2018; Syrbe et al. 2018). At the same time, humans are
generally concentrated in urban population clusters considered disjointed from natural systems that,
particularly in this era of globalization, lead to spatial mismatches between ES supply and demand
(Syrbe and Grunewald 2017; Lindegren et al. 2018). Thus, models that fail to capture ES interactions
on the biophysical side and how services flow from the landscape to benefit communities and society
on the social side have limited utility for planning and decision-making. In their study, Rieb et al.
(2017) identified three key points to improve ES modelling: (i) understanding complex dynamics of
ES in space and time, (ii) linking ES provision to human well-being, and (iii) determining the
potential technology to substitute for or enhance ES.

Understanding individual ES has been extensively documented in the literature. Comprehensive
studies describing the social–ecological processes behind the provisioning of ES have informed
models quantifying supply of a vast suite of services such as food provisioning (Li et al. 2019;
Grafius et al. 2020), pollination (Lonsdorf et al. 2009; Montoya et al. 2019), flood prevention
(Kourgialas and Karatzas 2011; Vojtek and Vojteková 2016), water quality (Su et al. 2008; Chu et al.
2018), and recreation (Byczek et al. 2018; Havinga et al. 2020). These models highlight key processes
that can be actively targeted to increase or decrease the supply of a given ES. Nevertheless, leveraging
these processes can cause fundamental changes in the functioning of ecosystems through tradeoffs
between different services (Rodríguez et al. 2006; Bennett and Balvanera 2007). Some studies aim to
understand how landscape changes can jointly impact a suite of ES, notably through the use of
“ecosystem bundles” (Raudsepp-Hearne et al. 2010a) and network approaches (Field and Parrott
2017), but few have tackled the complexity of interactions that can exist between services such as
feedback effects, thresholds, and time lags. This may lead to a selection of human-induced changes
in systems that might have undetected deleterious effects on other important services not central to
the problem.

In addition to the lack of interactions in ES modelling, most of these studies have exclusively focused
on the biophysical supply of services, mapping them as resources available in given systems
(Martínez-Harms and Balvanera 2012). For services to be utilized, supply of services and the demand
and utilization by people must be connected by the flow of services to the human populations that
benefit from them (Bagstad et al. 2013a). Some studies estimate utilization of ES by overlapping maps
of supply and demand. Nevertheless, capturing actual flows between supplying regions and human
use is often lacking. This can be challenging because of teleconnections (Liu et al. 2013) through
which services move around and among landscapes, even globally, in particular for provisioning
services such as food or timber where production and utilization can be separated by thousands of
miles.

In this paper, we first present a brief state-of-the-science review on ES modelling, focusing on how
models currently deal with ecological and social complexity. Within ecological complexity, we
mainly assess how models consider interactions between multiple ES simultaneously. Investigating
social–ecological complexity could take many directions, including better understanding human
decision-making, governance systems, or policies that protect or provide ES. To keep our scope
manageable and focus on what we think are feasibly attainable first steps toward improving ES, we
focus our review of social complexity on identifying beneficiaries to model flows and quantifying
those flows to beneficiary groups. We end with a simplified case study to both illustrate the risks of
not considering complexity and help inform how to move forward to better integrate these notions
of complexity.
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2. State of science

2.1. Modelling multiple ES
A common approach for modelling multiple ES in a single study has been to consider them as parallel
noninteracting processes (Schulp et al. 2012; Schirpke et al. 2013). In this approach, each ES is
modelled and mapped individually, allowing identification of areas of overlap where multiple services
are provided. This is common at large spatial scales, such as national assessments of ES with examples
applied to Germany (Grunewald et al. 2016), the United Kingdom (Bateman et al. 2013), and Israel
(Lotan et al. 2018). While these studies offer in-depth assessments of the ecological health of systems
and identify which services are available where, not considering interactions between services make
predicting responses to changes difficult.

Some studies have started looking at spatial interactions between ES using ES bundles. ES bundles are
defined as repeatable positive (synergies) and negative (trade-offs) in ES associations in space and
time (Raudsepp-Hearne et al. 2010b). While this approach does not focus on mechanistic dynamics
that lead to tradeoffs, it allows detection of spatial associations and disassociations between ES.
Usually, ES bundles rely on land use and land cover data (LULC) by associating bundles of services
to landscape classes (Queiroz et al. 2015; Baró et al. 2017). While this approach works well at large
spatial scales where resolution is low, it presents strong limitations when working at the local scale,
where diversity of management and processes within LULC types becomes one of the main drivers
of ES bundle diversity. Vannier et al. (2019) proposed a social–ecological conceptual framework,
integrating stakeholder and expert knowledge, to analyze ES bundles at small spatial scales. They used
high-resolution data in combination with stakeholder-defined ES interests to breakdown LULC
categories into relevant subclasses to map bundles across their landscape. While not directly integrat-
ing complex interactions between ES in the modelling process, such studies have highlighted the
interconnected nature of ES, identifying trade-offs and synergies among services (Turner et al. 2014;
Yang et al. 2015). Spake et al. (2017) presented a detailed evaluation of current methods used in ES
bundle modelling. The use of ES bundles is a major first step in the integration of complexity in ES
models.

Modelling multiple ES has been facilitated by the emergence of simulation platforms offering
pre-existing intuitive models to simulate a wide suite of services. These spatially explicit tools allow
users to model ES supply at a wide variety of scales. Bagstad et al. (2013b) reviewed 17 decision-
support tools for ES quantification and valuation, each evaluated for several key criteria such as time
requirements, capacity for independent application, scalability, and generalizability. One of the most
popular platforms is InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs, Sharp et al.
2015) developed by Stanford’s Natural Capital Project team. InVEST offers a suite of models to map a
wide variety of ES such as crop pollination (Groff et al. 2016), carbon storage (Pechanec et al. 2018),
and water yield (Redhead et al. 2016). InVEST relies on geographic information sources and produces
maps as outputs to help inform decision-making. While users can model as many as 18+ ES in
InVEST, these are considered as independent noninteracting entities and do not account for complex
interactions. Another promising tool for modelling multiple ES is ARIES (Artificial Intelligence for
Ecosystem Services, Villa et al. 2014). ARIES relies on common semantics that allow users to upload,
share, or utilize others’ models and data, effectively reducing the time necessary for new users to be
able to run models. ARIES uses artificial intelligence to identify suitable models and data sets available
within its system to identify appropriate ES models in any given location or context (Martínez-López
et al. 2019). However, ARIES is still limited in the number of ecosystem models already available
compared with InVEST. A detailed early comparison between InVEST and ARIES using a case study
can be found in Bagstad et al. (2013c), which highlights that while model outcomes between InVEST
and ARIES can differ, the direction of change is typically in agreement between the two approaches.
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The time to develop models in both platforms was roughly equivalent, the time allocated to parame-
terize, run, and test the models was faster in ARIES.

Several studies have started pushing for integrating more complex interactions in ES modelling to
produce more robust models for decision-support. Recently, Field and Parrott (2017) proposed a
spatial network theory approach to highlight flow between ES at the local level. By building a network
with links between spatial nodes of ES provisioning, they can represent the flow of ES within a
landscape and the inter-connections between ES. This approach is a first step towards modelling the
interactions among multiple ES on a landscape and permits the identification of spatial locations that
may be important because of their role in facilitating connectivity of the network.

A similar approach, more social–ecologically oriented, is the Petri net approach (Rova et al. 2019).
Petri nets are graphical and mathematical modelling tools that consist of two kinds of nodes: places
and transitions. Places represent conditions, resources, or items (ES, resource systems, governance
systems), while transitions represent actions or events (activities, processes, ecosystem functions).
Although this model presents promising capabilities for exploring the potential impacts of general
scenarios such as climate change on multiple ES within a social–ecological system, the lack of spatial
inputs makes it difficult to inform precise spatial decision-making usually considered at smaller scales
by stakeholders.

More generally, a wide variety of approaches exist for modelling the actual processes involved in
ES and their interactions. Bayesian belief networks are probabilistic graphical models representing
random variables as nodes with links connecting them (McVittie et al. 2015; Gonzalez-Redin et al.
2016). Although this probabilistic approach can account for uncertainty that can be overwhelming
when modelling complex systems, interactions between ES are only represented as unilateral links
and thus cannot integrate feedback effects. Causal loop diagrams and stock-flow models, which are
part of wider group of models called system dynamics models, can also be used to model interactions
(Robinson et al. 2013; Coletta et al. 2021). These approaches build representations of a system
through variables that interact with each other in positive or negative ways. Modellers can integrate
feedbacks by creating loops between variables. Still, it can be difficult to integrate nonlinear patterns
such as threshold effects or nonlinear relationships more broadly.

2.2. Modelling ES flow from supply to beneficiaries
While most studies focus on mapping and modelling the supply of ES, where and how services are
used, consumed, or enjoyed by human populations is often not addressed. How people benefit from
an ES is represented most often either as realized use or consumption of an ES, or by economic
demand for the service. In general, economic demand is not readily observable to the researcher with
simple administrative or observational data. Aggregate economic demand is defined as the quantity of
a particular good (service) desired at a particular price. The higher the price, typically the lower the
quantity demanded; the lower the price the higher the quantity demanded. This results in a typical
downward-sloping demand curve for normal goods. For most ES, we often only observe some
aggregate quantity that is consumed at a prevailing “price”, but rarely how consumption or use
changes with a (substantial) change in price. Thus, demand in a strict sense is often difficult to
observe. A concept closely linked to demand and use is ES flow, which describes how an ES that
comes from a landscape (the supply) is captured or flows to recipient beneficiaries. In practice, empir-
ical studies rarely cast their measurement as flow, but functionally this would most likely be similar if
not indistinguishable from use or consumption. Therefore, we focus on distinctions between
economic demand and use/consumption.
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In some cases, specific economic valuation studies are carried out to estimate demand either through
travel cost or willingness-to-pay studies. These typically combine individual survey data into an
aggregated level of demand. These estimates can be used for valuing changes in ES supply, usually
to estimate the economic impacts of land use and land cover changes, for example, on increases in
water quality (e.g., Polasky et al. 2011). Castro et al. (2014) focused on a suite of ES (crop production,
climate regulation, water flow maintenance, control of erosion and maintenance of habitats) in
eastern Andalusia in Spain, aggregating demand at the local level. While aggregation allows easier
valuation of changes, such an approach negates the possibility to integrate variance, and thus
fine-scale spatial relationships between supply and demand.

From the travel cost literature, aggregate demand has also been estimated from publicly available
social media databases to estimate visitation rates of natural areas. For example, Keeler et al. (2015)
used data from Flickr, an online photo-sharing platform, to estimate visitations of Minnesota and
Iowa lakes, and the travel costs for individual visitors were used to estimate demand for lake-based
recreation in this region.

Aggregate demand has limitations, however, especially when the ES of concern are place-based and do
not move. Further, disaggregating impacts of ES on populations has become of interest specifically for
understanding how different segments of society depend and rely upon various ES, especially for
vulnerable populations (Daw et al. 2011; Howe et al. 2012; Mace et al. 2012; Robinson et al. 2019).
Several recent studies have spatially disaggregated demand primarily by using land cover maps. For
example, Schulp et al. (2014) applied such an approach to estimate pollination services across
Europe where demand was modelled using crop cover maps with each crop having its own demand
characteristics. Tao et al. (2018) quantified ES demand for different land cover classes through an
expert-based matrix model using comparable semi-quantitative units, as first proposed by Burkhard
et al. (2012).

Others represent demand spatially with population distribution maps and assuming demand is
homogeneous across the population. For example, Baró et al. (2016) examined the relationship
between air quality and outdoor recreation demand in the Barcelona metropolitan region. Per-capita
demand is assumed constant, and population density maps are then compared to ES supply maps.
Others disaggregate demand across populations. For example, Ma et al. (2019) considered demand
at the human settlement level, estimating the spatial–temporal variance of supply and demand of
water security across the Miyun reservoir near Beijing, China. Including a temporal scale in this study
allowed identification of areas that are more (or less) vulnerable to ES changes. By disaggregating
demand at fine spatial scales, ES supply and demand can be overlapped to identify which areas have
a positive or negative balance regarding specific ES (Wang et al. 2019). Finally, demand has also been
modelled at the household level, which then allows for separating ES use and dependency into differ-
ent groups of beneficiaries. Robinson et al. (2019) conducted a household-level
assessment with detailed household-level survey data, analyzing how various beneficiary groups
depend on ES for their well-being. Such a fine-scale approach allows one to not only identify vulner-
able households but also anticipate how policy decisions would potentially impact each group of
beneficiaries.

ES bundles have also been used to simultaneously analyze supply and demand across multiple services
(García-Nieto et al. 2013; Baró et al. 2017; Zoderer et al. 2019). These studies map ES supply and
demand to analyze the linkages among multiple ES to classify spatial units into ES bundles.
Schirpke et al. (2019) used an ES bundle approach, integrating supply, demand, and flows at a munici-
pality level to identify five different ES bundles. They then used a random forest analysis to explain ES
bundle distribution and found that 12 socio-ecological variables explained 81% of the municipalities
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to the ES bundles. Identifying bundles that integrate flow and demand, and thus highlight vulnerable
areas, could facilitate policymaking to target specific services and areas.

Human demand and interactions with the ecological system have also been modelled using agent-
based models (Bagstad et al. 2013a). Humans are often represented as either groups or individuals
that can influence the system either by directly interacting with resources or making decisions that
will influence the modelled ecological processes. These approaches have been applied to model a wide
variety of ES such as tourism (Balbi et al. 2013), forest timber (Habib et al. 2016), and livestock (Yan
et al. 2019). These models allow exploration of the potential consequences of management scenarios
on both supply and demand of ES.

Some recent modelling frameworks have emerged with the goal of linking ES supply to beneficiaries.
Chaplin-Kramer et al. (2019) proposed a conceptual framework for calculating nature’s contribution
to people. By modelling demand using population distributions in relation to ecosystem supply
models, their framework identifies areas where benefits are realized (supply meets demand), realized
with a gap (demand exceeds supply), and unrealized (absence of supply). This framework was applied
at the global scale and highlights the importance of considering demand to identify management
scenarios. Johnson et al. (2019) developed a modelling toolkit, “Mapping Ecosystem Services to
Human well-being” (MESH) that integrates models from InVEST to estimate the tradeoffs and
synergies between five ES and 10 associated sustainable development goals (United Nations 2015).
These goals, developed by the United Nations, aim at achieving a better and more sustainable future
by addressing global challenges such as poverty, inequality, climate change, and environmental
degradation. In the context of ES, this can only be done by modelling flow of ES to beneficiaries
(Bagstad et al. 2014).

3. Moving towards increased complexity in ES decision
support
A common framework used to describe human–nature interactions in ecosystems is the social–
ecological system (SES) framework developed by Elinor Ostrom and colleagues (Ostrom 2009;
McGinnis and Ostrom 2014) (Fig. 1). The SES framework consists of four main components and
identifies critical relationships among these components. Its generalized structure allows for applica-
tion to a wide variety of SES and helps homogenize the description of processes and entities across
systems. In this framework, the ecological system is broken down into two core components:
“resource systems”, which themselves are comprised of a set of “resource units”. The social system
consists of “governance systems”, which frames the institutional context (the rules and conditions
of the system), and “actors” who participate in the system. Finally, action situations occur at the
interface between both systems, representing the choices actors make. Since its conceptualization, this
framework has become a keystone representation of SES across the world (see review by
Partelow (2018)).

Since it was proposed, the SES framework has been subject to debate and propositions for
improvement. Thiel et al. (2015) conducted a review of 20 publications using the SES framework
and highlighted a lack of consistency of use among these, with the SES framework appearing to be less
flexible in fields where it can be usefully applied. The actor-centric vision of the SES framework has
also led to discussions about the necessity to better integrate ecological processes within the
framework. Epstein et al. (2013) proposed the addition of another core sub-system, ecological rules,
to explicitly incorporate knowledge from the natural sciences.

Despite these limitations, the SES framework continues to be widely used as it is one of the simplest
frameworks available that effectively represents the key components of a SES focused on natural
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resource use and governance. We thus use this as a starting point and build upon it to discuss,
through a case study, how considering additional system interactions and complexity can help avoid
poor decision-making regarding ES management. We also use the SES framework to highlight places
where additional details or added complexity may help better conceptualize future models. To
demonstrate the possible improvements in modelling outcomes, we draw on a simplified and hypo-
thetical case study inspired by highly complex coastal SES in British Columbia (Watson and Estes
2011; Ling et al. 2015; Lee et al. 2016; Burt et al. 2020). This example centers on the consequences
of sea otter (Enhydra lutris) recovery, historically extirpated in the region through hunting, and whose
reintroduction and conservation has had a wide variety of impacts on local ES.

3.1. Integrating ES interactions
As illustrated in our review, most ES models that consider interactions do so as either simple spatial
relationships (ES bundles) or mechanistic approaches that fail to capture complex interactions such
as threshold effects or nonlinear relationships. While simplifying interactions into simple positive or
negative relationships facilitates straightforward assessments, overlooking these complex dynamics
can lead to problematic decision-making.

In our case study, sea otter populations are known to have clear direct effects to some ES (Fig. 2a) For
example, sea otters feed on shellfish and have an overall negative impact on shellfish populations,
consequently impacting commercial shellfish fisheries dependent on those resources (Carswell et al.
2015). However, through consumption of sea urchins, otters can help kelp forest recover, thus
increasing carbon sequestration (Ling et al. 2015). When left unchecked, sea urchin populations can
take over kelp forests and create sea urchin “barrens”—places where nothing else grows (Filbee-
Dexter and Scheibling 2014). On the SES framework, these interactions would be represented by
direct and indirect interactions between resource units. This simple linear approach to modelling ES
would lead to simple decision-support outcomes such as increasing carbon sequestration then

Fig. 1. The social–ecological system framework, adapted from McGinnis and Ostrom (2014).
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Fig. 2. Fitting ecosystem services into the social–ecological system (SES) framework as interacting resource units
under (a) a simple ecosystem modelling approach and (b) an ecosystem modelling approach integrating complex
interactions. While resource units are an essential building block of the SES framework, explicitly detailing re-
source units as networks (c) allows better conceptualization of the complex interactions that may exist between
ecosystem services. Emojis are open source from Twitter, ©2020 Twitter Inc and other contributors.
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protecting sea otter populations or increasing shellfish production then letting sea otter populations
decline.

However, the relationships among sea otters, carbon sequestration, and shellfish are more complex
than the simplified depiction of their interaction implies (Fig. 2b). For example, abalone, a type of
sea snail, has historically been important for trade, food, and ceremonial regalia for many British
Columbia First Nations (Sloan 2003, 2004). Abalone had been sustainably fished under traditional
stewardship by First Nations for at least 2000 years before European colonization. With the introduc-
tion of commercial fisheries and under the governance of the federal Department of Fisheries and
Oceans Canada (DFO), abalone populations collapsed leading to the closure of abalone fisheries in
1990 (Lee et al. 2019a). Abalone cannot thrive in urchin barrens. They rely on kelp forest as a primary
habitat and thus are usually present in places alongside sea otters. Abalone are also a food source for
sea otter populations, and high densities of sea otters can drive down abalone populations to near
extirpation. Abalone’s relationship in this system is nonlinear and exhibits threshold effects related
to sea otter population densities. Too few or too many otters can lead to the extirpation of abalone
from the system (Raimondi et al. 2015). Thus, while the simplistic approach might yield a decision
to remove sea otters in favor of shellfish as an ES, integrating these complex relationships highlight
that this could come at the expense of a more diversified shellfish community that contains abalone
(see also Lee et al. 2019b).

As highlighted by our example, integrating these complex interactions in ES modelling would allow
for the identification of more nuanced decision-support outcomes. While these might result in the
same or similar decisions, policies can be tailored to more precisely identify “losers” among ES
outcomes and mobilize ways to counterbalance these losses. These complex interactions between
resource units are at the foundation of ES provisioning. Thus, while resource units are often consid-
ered individually in the SES framework, when complex interactions are important, we encourage
moving beyond this and defining networks of resource interactions in SES (Fig. 2c). This would allow
us to consider such complex interactions from the beginning of model conceptualization, moving
away from the current dominant approach that tends to envision services as independent systems
operating in isolation, which may overlook important complexity.

3.2. Integrating the flow of ES through beneficiaries
As highlighted in our review, the integration of flows to beneficiaries in ES models is still at its infancy.
ES models have clearly lagged in representing humans in SES. In the SES framework, humans are
integrated into both the governance systems and actors boxes. Governance systems can refer to a
complex set of institutions, norms, or rules, and their study has received much attention in the natural
resources management literature (Paavola and Hubacek 2013; Baird et al. 2014; Loft et al. 2015). The
actors, however, also can include a wide diversity of entities. In the early iterations of the SES frame-
work (e.g., Ostrom, 2009), this component was initially labeled as “users”, referring to individuals who
use natural resources in diverse ways for sustenance, recreation, or commercial purposes. This label
later referred to actors that not only include users but also expand the category to any potential indi-
vidual or group participating in the system. This change is more inclusive and allows a wider range of
potential applications of the SES framework, adjusting the focus from direct users of a resource to a
broader representation of people that interact with the system.

Excluding recognition of beneficiary groups can be problematic when building ES models. Related to
the sea otter – sea urchin case, Gregr et al. (2020) estimated the economic benefits of sea otter
populations in the region focusing on four key ES and beneficiaries: tourism, invertebrate fisheries,
finfish fisheries, and carbon sequestration (Fig. 3a). Overall, while sea otter populations induce eco-
nomic losses for invertebrate fisheries (CA$−7.3 million per year), Gregr et al. (2020) estimated the
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economic benefits of sea otters through the three other services to be at around CA$53.6 million per
year. These conclusions suggest there are strong benefits to protecting sea otters along the coastal
areas of British Columbia since sea otter recovery is reported to be highly valuable in these areas.

However, this study does not identify specific winners and losers but estimates the overall social–
economic impact of the sea otter population. While the general benefits of sea otter populations
may seem uncontestable at the scale of the whole system, identifying the beneficiaries of these services
is necessary to better comprehend the potential inequities in the benefits experienced by different
groups (Fig. 3b). For example, local Indigenous Peoples in this system presently rely heavily on
shellfish fisheries not only as a source of revenue, but also mainly as a food source and may be
negatively impacted by decreased shellfish populations. This economic impact may be potentially
catastrophic for certain marginalized populations. However, salmon and herring, both cultural
keystone species and traditionally significant food sources for Indigenous Peoples, require kelp forests
as nurseries and may benefit from sea otter reintroduction, leading to longer-term recovery of inshore
fisheries and cultural practices (Gauvreau et al. 2017). Indigenous Peoples also identified erosion pro-
tection as a valuable benefit from sea otter presence, which was not incorporated into the Gregr et al.
(2020) study. If focusing on other groups of beneficiaries such as commercial shellfish fisheries or
commercial finfish fisheries, the overall economic consequences of sea otter populations can vary
drastically both in ES of interest and directionality. Identifying these beneficiary-specific impacts
can lead to much different management decisions. Further, policies could more effectively target
(or not) specific groups or areas when negative impacts are projected. This would be greatly welcomed
in this system, where governance is centralized around government agencies such as the DFO
and the British Columbia Fish and Wildlife Branch (Pinkerton et al. 2019). Local Indigenous
populations, which historically had complex governance protocols to maintain sea otter populations

Fig. 3. Example of the impact of sea otter populations on a selection of ecosystem services (a) in British Columbia as presented in the study by Gregr et al.
(2020). In this example, sea otters present an overall positive impact on the provisioning of other ecosystem services. These effects can be broken down for
individual groups of beneficiaries (b) highlighting contrasting effects. Integrating beneficiaries explicitly in the social–ecosystem services framework (c) would
allow better conceptualization of the potential cascading effects of management on the valuation of ecosystem services by each of these groups individually.
Emojis are open source from Twitter, ©2020 Twitter Inc and other contributors.
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(Salomon et al. 2015), were completely left out of decisions around sea otter reintroductions. Many
studies have highlighted the importance of decentralizing governance to actively include these actors
in governance (Plagányi et al. 2013; Salomon et al. 2018; Pinkerton et al. 2019; Burt et al. 2020) and
the abalone example highlights some of the catastrophic consequences of failing to do so (Chadès et al.
2012; Lee et al. 2019a).

Our example highlights the potential disparities in decision outcomes that can emerge between
aggregating or disaggregating beneficiaries within ES models. Representing beneficiaries as explicit
groups within the SES framework instead of being aggregated into the actors box (Fig. 3c), can help
identify such disparities. Listing all possible beneficiary groups and explicitly recognizing their
relationships to ES within the SES framework would be an important first step toward their integra-
tion within ES models, leading to more informative outcomes for decision-support. A simple but
powerful step further would be to quantify the flows of services to these disparate groups.

4. Discussion and conclusion
Our simplified case study highlights the potential disparities that exist when using ES models
integrating different levels of complexity as decision-support tools. While simplified models represent
necessary first steps in understanding key concepts and leverage points in ecosystem modelling,
integrating higher levels of complexity offers better representation of the intricate and subtle
interactions in real systems. As illustrated in our examples, policy recommendations that come with-
out consideration of complex ES interactions or beneficiary populations can lead to suboptimal and
problematic decisions that can negatively affect both people, through their livelihoods or well-being,
and nature, by disrupting essential ecological processes or reducing key biodiversity. To help guide
future ES models, we proposed some key concepts building on the SES framework that aim to serve
as a canvas to conceptualize ecosystems while integrating higher levels of complexity.

Among the existing modelling approaches, solutions exist to serve as a basis to integrate the complex
interactions between ES, necessary to increase the usefulness and efficiency of ES models for decision
support. While an ES bundle approach allows for quick identification of service interactions in
relation to land use land cover maps, it lacks the level of detail to describe the complex relationships
that exist between two ES. Network approaches, which break down the system into interconnected
nodes, are promising for identifying complex effects such as time lags, feedbacks, or thresholds. In
terms of modelling methods, system dynamics models allow for integrated interactions between
variables and entities, while also integrating feedbacks. Building upon this method and drawing from
the field of state-based models, which integrate different states for entities within the model, could
potentially allow for modelling threshold effects and curvilinear relationships. Finally, tools such as
InVEST (Sharp et al. 2015) and ARIES (Bagstad et al. 2014) include a wide variety of existing ES
models that have in large part been validated and applied to a diversity of ecosystems. These are great
starting points, and when ES interactions are known to be important, we advocate for developing
modules to allow intricate connectedness between separate ES models.

For integrating beneficiaries, we highlight the importance of identifying local actors, how they benefit
from the ecological system, and quantifying the flow of ES to each group to identify all the potential
consequences of management decisions. Our review underlines beneficiaries as often overlooked
within ES models. To avoid this, it is essential to incorporate these actors in the modelling process
from the start (Parrott 2017). Not only does having every actor’s voice around the table allow illumi-
nation of decisions that may negatively affect communities (Taylor et al. 1990; Gismondi 1997), but
management projects that lack integrating local voices in the decision processes exhibit lower chances
of stakeholder buy-in and thus higher chances of failure (James 1999; Brechin et al. 2002). Of course,
such participatory approaches involve accounting for complex issues that may arise such as power

Thierry et al.

FACETS | 2021 | 6: 1649–1669 | DOI: 10.1139/facets-2020-0116 1659
facetsjournal.com

FA
C

E
T

S 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.f
ac

et
sj

ou
rn

al
.c

om
 b

y 
3.

13
7.

18
0.

32
 o

n 
05

/0
3/

24

http://dx.doi.org/10.1139/facets-2020-0116
http://www.facetsjournal.com


dynamics and conflicts (Twyman 2000; Wallerstein et al. 2019). Nevertheless, integrative workshops
and collaboration will aid development of decision-support models that can help identify solutions
which maximize benefits for a greater group of local actors. The SES framework is also a great tool
for co-constructing a mind-map of the complex interactions that exist between governance systems
and ecological systems with each group of beneficiaries (Villamor et al. 2014). This can help highlight
which services matter to each group and how these services interact with various actors.

While not considered in this study, governance systems and human interactions are also a major part
of SES. Integrating these concepts is the next logical step in developing and using ES models. Much
work has been done regarding how policies can affect different communities within a system
(Janssen and Ostrom 2006; Lebel et al. 2006; Charles et al. 2020). Conflict between beneficiaries can
surely arise from tradeoffs between ES, and such concepts should be integrated when considering
SES. Much work has been done around the concept of conflicts, how they arise, and how they should
be considered and managed when possible (Skogen 2003; Galaz 2005; Gómez-Vázquez et al. 2009).
Much of this may come in how stakeholders are engaged in the use of models as well as the role that
ES models may play in decision-making. While we have focused on only some of the next steps to
consider in ES modelling, better representation of the governance system and interactions between
ES beneficiaries would also improve future models.

Increasing complexity in models is not without costs. Firstly, increasing the complexity of a model can
lead to decreased tractability and transparency. Parsimony, the principle of finding the right equilib-
rium between the number of parameters and predictive power, is essential when developing models
(Coelho et al. 2019). Modellers should be careful while constructing their models and follow an
iterative process by adding processes individually. Evans et al. (2013) advocated from moving away
from the heuristic that simple models are always better and propose key recommendations to
integrate complexity in ecological models. Often, they demand increases in data quality, quantity, or
complexity. Still, the rapid advances data collection, storage, analysis, and computational capacity will
continue to allow for more complex and detailed models. The quality of satellite imagery and its
accessibility and progress in methods for field sampling such as telemetry have led to an increase of
the quantity and quality of available data. Cloud storage does not only store data but also increases
the availability of data to a wide range of potential end users. Finally, computing power through tech-
nological advances and the popularization of computing clusters have and will continue to facilitate
the analysis of data.
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service capacity, flow and demand for landscape and urban planning: A case study in the Barcelona
metropolitan region. Land Use Policy, 57: 405–417. DOI: 10.1016/j.landusepol.2016.06.006
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ecosystem services: From providing units to beneficiaries. Ecosystem Services, 4: 126–138. DOI:
10.1016/j.ecoser.2013.03.003

Gauvreau AM, Lepofsky D, Rutherford M, and Reid M. 2017. “Everything revolves around the
herring” the Heiltsuk–herring relationship through time. Ecology and Society, 22(2): 10. DOI:
10.5751/ES-09201-220210

Gismondi M. 1997. Sociology and environmental impact assessment. Canadian Journal of Sociology/
Cahiers Canadiens de Sociologie, 22(4): 457–479.
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