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People around the world are looking to marine ecosystems to provide additional benefits to society. As they consider expand-
ing current uses and investing in new ones, new management approaches are needed that will sustain the delivery of the
diverse benefits that people want and need. An ecosystem services framework provides metrics for assessing the quan-
tity, quality, and value of benefits obtained from different portfolios of uses. Such a framework has been developed for
assessments on land, and is now being developed for application to marine ecosystems. Here, we present marine Integrated
Valuation of Ecosystem Services and Tradeoffs (InVEST), a new tool to assess (i.e., map, model, and value) multiple ser-
vices provided by marine ecosystems. It allows one to estimate changes in a suite of services under different management
scenarios and to investigate trade-offs among the scenarios, including implications of drivers like climate. We describe key
inputs and outputs of each of the component ecosystem service models and present results from an application to the West
Coast of Vancouver Island, British Columbia, Canada. The results demonstrate how marine InVEST can be used to help
shape the dialogue and inform decision making in a marine spatial planning context.
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Introduction need to be managed for multiple uses, in ways that

As 50 million people are added to the planet’s popula-
tion annually, and an equivalent number seek to raise their
standard of living, the Earth’s oceans and coastal envi-
ronments face expanding human impacts in the form of
fisheries, aquaculture, energy production, runoff from land,
shipping, recreation, climate change, and other activities
and stressors (MA 2005, Halpern et al. 2008). If done
carefully, society can obtain additional benefits from the
oceans while protecting the natural capital that sustains life
on Earth. Done haphazardly, society will likely degrade
the oceans and squander the potential benefits available
from healthy marine ecosystems. To maintain and enhance
the multiple benefits available from marine ecosystems
that society is seeking, it has become clear to govern-
ments and leaders around the world that these systems

account for the many marine ecosystem services, and
that guide the patterns and types of use to sustain ocean
productivity for the needs of present and future generations
(Convention on Biological Diversity 2004; Obama 2009;
CEQ 2010; European Commission 2010; UN General
Assembly 2010).

On the international stage, both the Convention
on Biological Diversity and the new Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem
Services explicitly call for scientific assessments and
setting targets to maintain biodiversity and ecosystem
services (Convention on Biological Diversity 2004; UN
General Assembly 2010). In addition, the European
Commission and the US government recently have imple-
mented processes for coastal and marine (or in Europe,
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‘maritime’) spatial planning (CMSP) (Obama 2009; CEQ
2010; European Commission 2010). Irrespective of the
terminology used, marine spatial planning (MSP) repre-
sents decision-making approaches that use scientific and
geospatial information to address conflicts and organize
human activities in the ocean while maintaining ecosystem
health, function, and services (Center for Ocean Solutions
2011). As one example of an attempt at implementation,
the new US Ocean Policy includes a mandate for CMSP
or MSP to ‘reduce conflicts among uses and between using
and preserving the environment to sustain critical ecolog-
ical, economic, and cultural services for this and future
generations’ (CEQ 2010).

These are tall orders but, fortunately, there is a
great deal of work to build on. The scientific commu-
nity has articulated conceptual and practical frameworks
for MSP (Ehler and Douvere 2009; Foley et al. 2010)
and ecosystem-based management (EBM) (Rosenberg and
McLeod 2005; McLeod and Leslie 2009; Lester et al.
2010; Tallis et al. 2010). EBM is a framework for perceiv-
ing the big picture, recognizing connections, and striving
to maintain both the elements of ecosystems and the pro-
cesses that link them (Guerry 2005). It reflects a set of prin-
ciples for considering the diverse human impacts that affect
an ecosystem; when combined with MSP and an ecosys-
tem services framework there is great potential to ensure
the sustainability of marine ecosystems and the services
they provide. In addition, the utility of ecosystem service
metrics for identifying how to secure sustainable benefits
without overly degrading the resilience and productivity
of natural systems has become increasingly clear (Granek
et al. 2010; Halpern et al. 2012; Tallis, Lester, et al. 2012).
The framework of ecosystem services enables the explicit
examination of trade-offs in services and it provides a
quantitative approach for assessing the value of MSP
versus sectoral or uncoordinated planning. Ecosystem ser-
vices are directly relevant to people and tracking them
facilitates communication that resonates with stakeholders
and managers.

While the political will for MSP and the scientific
basis for comprehensive approaches and assessments of
marine ecosystem services have been growing (Guerry
et al. Forthcoming 2012), there remains a dearth of prac-
tical technical tools for doing this work. Decision makers
with a mandate for MSP face competing demands but typ-
ically have limited capacity to map and integrate the many
and potentially conflicting uses. Existing tools for bridging
the gap between the ideals of EBM and CMSP and on the
ground and in the water practicality include both relatively
simple mapping tools and more complicated production
function-based approaches (Chan and Ruckelshaus 2010;
Center for Ocean Solutions 2011). Most tools do not han-
dle a wide array of services, lack mechanisms for modeling
changes in ecosystem services with changes in manage-
ment, and/or are not practical for MSP (e.g., because of a
singular focus on fisheries management).

In this article we introduce a family of models and
approaches that we have developed to meet the need
for assessments of changes in the delivery of multiple

ecosystem services under alternative future scenarios. The
models quantify the delivery of ecosystem benefits from
marine systems under different scenarios of use and human
impact. They are based on related models developed for
terrestrial and freshwater systems (Kareiva et al. 2011), but
are retooled and reenvisioned for use in marine systems.
In addition, we present the results from a pilot study on the
West Coast of Vancouver Island to illustrate how they are
informing real decisions.

Foundations
Why are marine systems different?

From seafood to climate regulation to recreation and
inspiration, marine ecosystems provide a rich array of
benefits to people (Peterson and Lubchenco 1997; Guerry
et al. 2010). Marine ecosystems also present new chal-
lenges and opportunities for the science and application
of an ecosystem services framework. The Millennium
Ecosystem Assessment raised awareness about ecosystem
services, the explicit dependence of humans upon them,
and the threatened status of many of them (MA 2005).
Since the MA, much work has been done on modeling,
mapping, and valuing ecosystem services (United Nations
Environment Program (UNEP) and Intergovernmental
Oceanographic Commission-United Nations Educational
Scientific and Cultural Organization; UK National
Ecosystem Assessment 2011). While some work has
included a focus on marine systems, a preponderance of
research in this field has focused on terrestrial systems.

Marine systems present new challenges and oppor-
tunities for both the science and the application of an
ecosystem services framework. From a scientific perspec-
tive, models for terrestrial systems generally use a land
use/land cover data layer as critical input for the assess-
ment of ecosystem services (e.g., Kareiva et al. 2011).
A similar approach works for marine environments, since
marine systems have habitats that are affected by various
human activities. Habitat maps in marine systems are anal-
ogous to land cover (the biophysical condition of the land
surface). However, benthic habitats often are not visible
on satellite imagery or from other remote-sensing technol-
ogy (some exceptions include coral reefs and kelp forests;
Wabnitz et al. 2010; Cavanaugh et al. 2011). Thus, maps
of habitat type and condition are significantly more costly
to create for marine systems than they are on land. In addi-
tion, marine habitats and the processes that maintain them
are arguably more dynamic and three dimensional than
terrestrial habitats and associations between species and
habitat patches can be more difficult to discern (Carr et al.
2003; Schmidt et al. 2011). These characteristics point to
an approach for modeling marine ecosystem services that
is less tightly coupled to detailed habitat maps.

From a management perspective, human use of marine
systems is distinct from our use of terrestrial systems in
some important ways. Land use describes the intended
human use of the land surface (Turner et al. 1995). Marine
use often can be of the sea surface (e.g., shipping), the
water column (e.g., hook and line fishing), and/or the
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benthic habitats beneath (e.g., cable laying or mining).
Even in cases where detailed habitat maps are available,
knowledge of the spatial distribution of certain uses, and
their potential impacts on habitat, is often lacking. In addi-
tion, with limited private ownership, marine environments
are often managed as commons (Gordon 1954; Ostrom
1990). With a tradition of management as commons, the
appearance of a featureless water surface, and human
settlement remote from all but coastal waters, people gen-
erally are reticent to draw lines of ownership or even use
on maps of the ocean. But many place-based activities
happen on that supposedly ‘featureless’ expanse (Crowder
et al. 2006; Turnipseed et al. 2009; Multipurpose Marine
Cadastre 2011). The lack of private ownership and some
of the familiar management techniques that accompany
it (e.g., protection by purchase) has led to an increasing
interest in finding new ways to manage these environments
effectively. In conclusion, unique aspects of marine sys-
tems — from both biophysical and management standpoints
— serve as a catalyst for advances in the modeling and
mapping of ecosystem services.

The studies that have documented, assessed, or mod-
eled marine ecosystem services have addressed mostly
one service at a time, such as shoreline protection, fish-
eries, and aquaculture (e.g., Sathirathai and Barbier 2001;
Soderqvist et al. 2005; Barbier et al. 2008). Until now, there
has been a gap in decision support tools that allow map-
ping, modeling, and valuing of multiple services provided
by marine systems; estimation of changes in a suite of ser-
vices under different climate and management scenarios;
and the ability to look at trade-offs among them.

Production functions

To be useful in most decision contexts, assessments need
to be able to evaluate how changes in ecosystem structure
and function will affect the flows of services — commonly
referred to as an ecological production function approach
(Balvanera et al. 2005; National Research Council 2005;
Nelson et al. 2009; Barbier et al. 2011; Kareiva et al. 2011;
Tallis, Lester, et al. 2012). Put simply, this approach uses
information about inputs (e.g., labor, materials, habitat) to
estimate the production of outputs (e.g., widgets, fish). Its
specification allows for the exploration of how changes in
inputs will lead to changes in outputs. Without this focus
on how changes in ecosystems give rise to changes in the
delivery of ecosystem services, projections of likely future
states under alternative management and climate condi-
tions are not possible. In addition, valuing such changes
in flow of services in economic and other terms (e.g.,
biomass, meters eroded) helps provide a common lan-
guage for decision making. This requires using social and
economic methods to link outputs from ecological mod-
els with the values people hold for different ecosystem
services (National Research Council 2005; Barbier et al.
2011). With ecological production functions (linked to
valuation or not), one can explore trade-offs among ecosys-
tem services that emerge from alternative uses of marine

and coastal environments. One can also explore various
schemes for MSP and inform selection of those that best
manage conflicts among uses. Generalizing the production
function approach to make it broadly useful for MSP is an
essential next step.

InVEST

The Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST) tool maps, quantifies, and values
the services provided by landscapes and, now, seascapes.
The tool is a flexible and scientifically grounded set of
computer-based models that (1) focuses on ecosystem ser-
vices (derived from the underlying biophysical processes
that produce them); (2) is spatially explicit; (3) pro-
vides outputs in both biophysical and monetary and non-
monetary value terms; (4) is scenario driven; (5) clearly
reveals relationships among multiple services; and (6) has
a modular, tiered approach to accommodate a range of data
availability and the state of system knowledge (Tallis and
Polasky 2009; Kareiva et al. 2011; Tallis, Ricketts, et al.
2012). We designed InVEST to be integrated with stake-
holder engagement processes (Figure 1), where it is best
used in an iterative, interactive fashion. At full complex-
ity (see Table 1), our approach incorporates process-based
production function models that consist of three key steps
(Table 2): (1) biophysical, which characterizes the pro-
duction function — how the supply of services varies with
ecosystem structure and function; (2) service, which com-
bines information about supply and quantifies demand for

{ Identify Objectives J
Develop Scenarios J
Compile Data J

4

Run InVEST
(create maps in supply, ecosystem service,
and/or value metrics)

\4
Synthesize Results
(e.g., identify trade-offs/win-wins)

Figure 1. Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST) is designed to be used as part of a stake-
holder engagement process with decision makers who participate
in every step of the process. First, stakeholders identify a set of
objectives and several alternative management scenarios that may
help achieve stated objectives. IN'VEST models estimate the level
of ecosystem services produced in each scenario. The outputs of
InVEST can be visualized as maps of ecosystem service deliv-
ery, trade-offs, or balance sheets. After evaluating scenarios with
respect to objectives and within the context of local social and
cultural values, stakeholders may choose to reiterate the process
with newly created scenarios.

Stakeholder | Engagement
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the service; and (3) valuation, which values the service

An outline of the tiered structure of Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) models and some hallmarks of each tier.
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Table 2. The nine categories of models within Marine Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) and some
example metrics that can be used to measure their supply, the delivery of the service (supply plus demand), and the value of that service
(see Tallis, Ricketts, et al. (2012) for further description of the supply, service, and value framework).

Model category

Supply

Service

Value

Renewable energy
Food from fisheries
Food from
aquaculture
Coastal protection

Aesthetic quality

Recreation

Marine carbon

Power density, potential energy
Finfish and shellfish biomass
Fish and shellfish biomass

Wave attenuation, avoided loss
of land, accumulation of
sediments, flooding

Unobstructed view

Whale, fish abundance; beach,
reef conditions

Biomass/ha C stored or
sequestered by habitat

Captured power
Landed biomass
Harvested biomass

Avoided loss or flooding of
property or infrastructure,
number of people affected

Unobstructed view from
important vantage points,
number of people affected by
changes

Number of sightings, catch rates,
visitation rates, number of
passengers

Biomass/ha C stored or
sequestered by habitat

Not treated as a service

NPV of wave or wind energy
Net revenue, NPV
Net revenue, NPV

Avoided damages, beach nourishment
costs

Property value change

Net revenue, consumer surplus

Avoided social damages, market price

Not directly valued; value captured in

Water quality Concentrations of particular
substances, fate/movement of
substances

Habitat risk Estimate of risk to habitat posed

by particular stressors, ability
to provide ecosystem services

Not treated as a service

‘final services’ above

Not directly valued; value captured in
‘final services’ above

Notes: Some of these metrics can be output from the current version of InVEST, others are under development. NPV is the net present value.

the aquaculture model can evaluate how operations of the
aquaculture farming process (e.g., habitat alterations due
to farm management) and climate change can affect the
quantity and monetary value of farmed fish available for
harvest. The model also produces outputs estimating the
amount of waste generated or processed at the aquaculture
facilities, as well as the propensity for pathogens (e.g., sea
lice for salmon) to exist on the farm. Effects of pathogens
and wastes/filtration can then be reflected in the water
quality and habitat risk assessment models, and in turn
those changes can be reflected in the fisheries and recre-
ation models. The sections below provide brief overviews
of each model currently featured in marine InVEST or
under advanced stages of development. Please see www.
naturalcapitalproject.org and the InVEST User’s Guide
(Tallis, Ricketts, et al. 2012) for additional detailed doc-
umentation, model updates, and to download the InVEST
toolbox.

Marine renewable energy

Wind and waves are promising sources for renewable
energy in some regions of the globe. Marine InVEST
models energy production from waves, and a model for off-
shore wind energy production is under development. The
Tier 1 wave energy model uses a process-based approach
to map the supply (ocean energy), service (captured wave
energy), and net present value (NPV) of energy that is har-
nessed from ocean waves. The model assesses potential
wave power and harvested wave energy based on wave con-
ditions (significant wave height and peak wave period) and
technology-specific capabilities of wave energy conversion
devices (e.g., performance tables and maximum capacity).

The model then evaluates the NPV of building and oper-
ating a wave energy conversion facility over its life span
using economic parameters (e.g., price of electricity, dis-
count rate, as well as installation and maintenance costs).
The outputs of the model are maps of energy production
and value that can be used, in concert with other mapped
ocean uses, to inform the siting of facilities. This model
includes coarse, global data (e.g., Wavewatch III, Tolman
2009) and technology-specific information for a number of
wave energy conversion devices.

Food from fisheries

Fishing has long been one of humankind’s most direct
connections to the ocean. The Tier 0 Fisheries model is
an overlap analysis tool (shared by the Tier 0 recreation
model) that is designed to produce maps that identify the
most important marine and coastal areas across a variety of
fishing fleets. Inputs include information about where fish-
ing occurs for each fleet, and optional information on the
relative importance of different fleets (e.g., value of land-
ings) and spatial distribution and quality variability of an
individual fleet’s fishing grounds. This Tier 0 model simply
maps (and, if desired, weights the importance of) current
uses and highlights areas with heavy use. It does not model
behavior. For that reason, it is not well suited to the evalua-
tion of how human uses may change in response to changes
in the coastal and marine environment. It can be used, how-
ever, to model scenarios that reflect changes in the areas
used by different activities or changes in attributes such as
total landings or number of trips that are used to weight
activities.

The Tier 1 fisheries model estimates the quantity and
monetary value of fish harvested by commercial fisheries.
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Figure 2. Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) evaluates how alternative management or climate scenar-
ios yield changes in the flow of ecosystem services. First, one translates scenarios based on choices under consideration by stakeholders
into input data. Inputs include spatially explicit biophysical (e.g., bathymetry) and socioeconomic information (e.g., human population
density). Next, one feeds input maps into models that predict the delivery of ecosystem services across the seascape. Intermediate effects
of management choices and climate on the flow of services can be evaluated in terms of risks to habitats and changes in water quality.
Ecosystem service outputs are expressed in biophysical units (e.g., landed biomass) or socioeconomic units (e.g., net present value (NPV)

of finfish).

It is appropriate for use with single species or groups of
species with similar life histories. The model estimates
annual production of fish, which is the biomass in the pre-
vious year multiplied by a function that captures changes
in survival due to changes in habitat or fishing, or from
climate change. We use a flexible matrix structure to
model the transition fish from one year to the next, with
user-defined spatial delineation of populations or subpop-
ulations. The user parameterizes the matrix with stage-
or age-specific survival, recruitment rate, and harvest rate
information for a scenario of interest. Users can include
economic data (e.g., price of harvested product, fixed, and
variable costs) to ascribe monetary value of the portion
of fish production harvested by the commercial sector.
A submodule for valuing the portion of fish harvested
recreationally is under development.

We are extending the fisheries models in two direc-
tions. Where data exist, we are developing process-based
models to incorporate impacts of biogenic habitat on the
survival and fecundity of different life stages of target
species (e.g., nursery habitat effects). In addition, we are
developing an interface to wrap around complex Tier

3 food web and stock assessment models (e.g., Atlantis,
Fulton, Parslow, et al. 2004; Fulton, Smith, et al. 2004;
Ecopath with Ecosim, Christensen and Walters 2004;
Stock Synthesis 3, NOAA Fisheries Toolbox 2011) that
already exist in a particular location so that their out-
puts can be compared with outputs from other service
models.

Food from aquaculture

Cultivation of marine finfish and shellfish is one of the
most tangible uses of coastal and marine ecosystems for
human benefit. The InVEST Tier 1 aquaculture model can
be used to analyze the production and monetary value of
farmed shellfish (currently Pacific and eastern oysters —
Crassostrea gigas and Crassostrea virginica and Manila
clam — Venerupis philippinarum) and finfish (currently
Atlantic salmon, Salmo salar) and quantify by-products of
farming. We model shellfish and finfish growth using indi-
vidual growth models that are integrated in a population
dynamics model. We include population-level density-
dependent feedbacks through growth in the shellfish model
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through food availability. Both models are driven by inputs
reflecting farming practices (e.g., size of organism at
harvest, outplanting size, fallowing period, culture tech-
nique), environmental conditions (e.g., water temperature
for finfish and shellfish, nutrient concentration, and seston
abundance for shellfish), and economic factors (e.g., price
per pound of harvested product, variable costs of finfish
feed, labor costs). The models also quantify filtration by
shellfish, production of finfish and shellfish, dissolved and
particulate wastes, and the potential transfer of disease
vectors from farmed Atlantic salmon to wild populations.
These outputs are inputs to other INVEST models, such as
water quality and wild salmon fisheries, allowing for the
exploration of a more complete picture of the costs and
benefits of aquaculture.

Coastal protection

As highlighted by the human losses wrought by hurricanes
and tsunamis, coastal and estuarine wetlands have value
for their ability to reduce storm surge elevations and wave
heights (Danielsen et al. 2005; Travis 2005; Wamsley et al.
2010; Barbier et al. 2011). The Tier 0 coastal protection
model identifies areas of the coastline that may be of great-
est risk to erosion or flooding, and regions where that risk is
reduced because of the presence of natural habitats. It can
be used to explore the protective role played by natural fea-
tures (e.g., coral reefs, dunes) when run using scenarios
with and without those features — differences in the result-
ing vulnerability maps highlight the protective services
played by the features in question. It can also identify parts
of the coast where specific activities should be focused
or avoided. The model is based on a coastal vulnerabil-
ity to sea level rise model (Gornitz et al. 1997; Thieler and
Hammar-Klose 1999) and produces a qualitative estimate
of the exposure of coastal communities to storm-induced
erosion and flooding. Like the models on which it is based,
it is an index that requires users to input information on
geologic (e.g., geomorphology) and physical process (e.g.,
wind speed, wave power) variables, but it also requires
information on the type and distribution of natural habi-
tats (e.g., corals, mangroves, wetlands). It uses the same
globally available data on wind speed and wave character-
istics as the marine renewable energy model. In addition, it
uses human population data (Center for International Earth
Science Information Network and Centro Internacional
de Agricultura Tropical 2005) to relate model outputs
to important population centers. Outputs can be used to
identify regions of greater risk to coastal hazards, inform
development strategies and permitting, and to highlight the
protective services offered by natural habitats to coastal
populations. Tier 0 outputs can be used to determine where
more sophisticated Tier 1 modeling should be targeted to
quantify the protective role provided by natural habitats.
The process-based Tier 1 model quantitatively esti-
mates erosion, flooding, and consequences for people and
property from a single storm event. The model requires

similar inputs to the Tier 0 model, but with more user-
provided parameter values. For example, users can value
the protective services provided by ecosystems based on
a particular hurricane that was observed in their region.
Outputs include the quantity and value of the protection
provided by natural habitats in various units including bio-
physical (e.g., avoided area eroded or flooded), economic
(e.g., dollars of avoided damage), and social (e.g., avoided
number of people affected). The model can be used to
compare natural (e.g., restoration of natural habitat) and
engineered (e.g., coastal armoring, rock walls) strategies
for climate adaptation, inform coastal development plans
and permitting, and understand where and how conserva-
tion of natural habitats might help protect communities
from coastal hazards.

Aesthetic quality

The natural and scenic views of coastal and marine
seascapes can contribute to the well-being of local com-
munities in a number of ways. The Tier 0 aesthetic quality
model explores how natural and scenic views provided by
marine and coastal seascapes can be affected by human
activities. It allows users to determine the locations from
which new or existing terrestrial, nearshore, or offshore
features can be seen. It generates viewshed maps that
identify the visual footprint of development. Inputs to the
model include topography and bathymetry, locations of
facilities of interest (things to be viewed), and the locations
of viewers (e.g., population centers or areas of interest such
as parks or trails). The model does not quantify economic
impacts of altering the viewshed, but it can be adapted
to compute viewshed metrics for use in a more detailed
valuation study.

Recreation

Marine and coastal systems provide opportunities for
diverse forms of recreation such as beach going, recre-
ational fishing, whale watching, and snorkeling. Our Tier
0 model for recreation is the overlap analysis described
in the fisheries section. To use this tool for recreation,
one inputs maps of the areas used by various recreational
users, and, optionally, information about the relative impor-
tance of different activities (e.g., intensity of use or quality
of area). Similar to the output when used as a fisheries
mapping tool, this tool creates maps of recreational use
summarized across various activities. If desired, the tool
can be used with any type of place-based human activities
to generate maps of cumulative use.

Our Tier 1 approach to modeling nature-based tourism
and recreation uses information about demography and
the environment to predict visitation rates. Users can, for
example, submit data on land use, population size, and
natural features across the landscape in order to generate
spatially explicit estimates of visitation, as well as eco-
nomic values for a limited set of recreational activities.
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Carbon storage and sequestration

Coastal marine plants such as mangrove trees and sea
grasses store (primarily in biomass) and sequester (pri-
marily in sediments associated with nearshore marine
habitats) large amounts of carbon. Management strate-
gies that change the cover of marine vegetation, such as
seagrass restoration and mangrove clearing, can change
carbon storage and the potential for carbon sequestration.
The Tier 1 marine carbon model estimates how much
carbon is stored in coastal vegetation, how much carbon
is sequestered in the sediments, and the economic value
of storage and sequestration. Inputs include maps of the
distribution of nearshore marine vegetation, the amount of
carbon stored in four carbon ‘pools’ in each habitat type
(with an optional fifth pool for harvested mangrove wood
products), the rate of carbon accumulation in the sediments
for each habitat type, and economic information such as
the market or non-market (avoided social cost) value of
stored/sequestered carbon (see Conte et al. (2011) for a
similar approach).

Water quality

Although regulation of water quality is not a final ecosys-
tem service (sensu Boyd and Banzhaf 2007), it is important
to many stakeholders and is an important supporting ser-
vice that can be connected to other INVEST models. The
water quality model simulates the movement and fate of
water quality constituents (e.g., nutrients, dissolved oxy-
gen) in response to changes in ecosystem structure driven
by various management decisions and human activities.
The Tier 0 model uses information about point sources,
directional flow, and decay rates to produce a map of con-
centrations of a particular substance (e.g., fecal coliform
bacteria).

The Tier 1 model is a physical transport model that
explicitly simulates circulation within coastal systems such
as estuaries or bays. Within the Tier 1 model, we use two
approaches. For shallow areas or regions where data are
scarce, we use a one- or two-dimensional finite segment
configuration (with the choice being set by the charac-
teristics of the system) that incorporates processes driven
by river discharge and tidal dispersion. For other regions
where depth stratification is important, the model uses
two vertical layers and assumes that an estuarine exchange
flow dominates circulation. This second approach is more
flexible for use across multiple scales, but is more data
intensive. Water quality variables are linked to the physical
transport model to incorporate basic biogeochemical pro-
cesses along with advection and diffusion. Residence times
can be calculated from the modeled circulation, which —
when coupled with river and nutrient inputs — provides an
overview of where water quality issues such as hypoxia
or cutrophication may occur. Data for some relevant
features (e.g., bathymetry, tides) are globally available at
coarse scales (although local data can be substituted),
while other features require local data (e.g., salinity, river
discharge).

As described above, the water quality model is an
important connector to other models. For example, changes
in water quality due to aquaculture (e.g., filtration or depo-
sition of nutrients and particulates, transmission of disease)
can affect the delivery of other services adjacent to or
further away from aquaculture facilities. The water qual-
ity model uses outputs from the aquaculture model to
determine where water quality changes.

Habitat risk assessment

Nearshore and coastal habitats are important for the deliv-
ery of many ecosystem services (e.g., nursery habitat
for harvested species, protection from storms, recreation).
Human activities within marine and coastal environments
can alter these habitats. For example, human activities
such as fishing and shoreline development can negatively
impact nearshore habitats. Similarly, activities such as
habitat restoration and protection can mitigate the risk
posed by these human activities. The Tier 0 habitat risk
assessment model produces a qualitative estimate of the
risk that various human activities and climate change pose
to habitats. Risk from human activities (e.g., aquaculture,
coastal development) to habitats (e.g., seagrasses, man-
groves, reefs) is a function of the exposure of each habitat
to each activity (temporal and spatial overlap and manage-
ment effectiveness) and the habitat-specific consequence of
that activity. Consequence depends on the effects of activ-
ities to habitat area and density, and the ability of habitats
to recover (i.e., through processes such as recruitment and
regeneration). Outputs from the model are useful for under-
standing the relative risk of human activities and climate
change to habitats within a study region and among alter-
native future scenarios. The model can help prioritize areas
for conservation or restoration and inform the design and
configuration of marine spatial plans.

Future directions

Our efforts to expand and improve marine InVEST are
proceeding on three primary fronts. First, although we
have conducted sensitivity analyses and model valida-
tion throughout the model-building process (see Tallis,
Ricketts, et al. (2012) for details), further model testing
and better communication of uncertainty is of the utmost
importance. Second, we are building new models and
improving the functionality of existing models. For exam-
ple, we have populated some ecosystem service model
categories (e.g., renewable energy) with one specific model
(e.g., wave energy) and are working to increase the tool’s
generality with additional models (e.g., off-shore wind).
Third, we continue to explore possibilities for expanding
the options for model outputs (i.e., connecting biophysical
metrics to more valuation metrics) and for helping users
to synthesize outputs to better examine trade-offs and win-
wins. As we use InVEST in new applications around the
world, we learn from each new context and expect to adapt
and improve the tool accordingly.
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Case study: application of marine InNVEST to the West
Coast of Vancouver Island

Here, we describe the decision context, our methods, and
some initial results from our first application of the marine
InVEST tool along the West Coast of Vancouver Island
(WCVI), British Columbia, Canada. Our work there is
in progress; we show results that demonstrate the types
of outputs InVEST produces and how the planners can
incorporate this information into design of their MSP.
These results are illustrative of the ways in which InVEST
models can be used to shape the dialogue and inform deci-
sion making in a MSP context. It is important to note
that InVEST is never prescriptive in what should be done
but instead is intended to inform decisions with likely
outcomes, such that decision making is more rational,
transparent, and informed.

Case study background

Along the WCVI, multiple, often competing interests have
come together to try to envision the future character of
the place and how myriad human uses can occur with-
out undermining each other and the marine ecosystem on
which they depend. The West Coast Aquatic Management
Board (WCA), a public—private partnership with partici-
pation from four levels of government (federal, provincial,
local, and First Nations), and diverse stakeholders, is in the
process of creating a marine spatial plan for the region.
Existing extractive, industrial, and commercial uses, tra-
ditional First Nations subsistence and ceremonial uses,
recreation and tourism, and emerging ocean uses such as
the extraction of wave energy are all in the mix. Ultimately,
WCA’s vision is to manage resources for the benefit of cur-
rent and future generations of people and the natural sys-
tems on which they depend. WCA has partnered with the
Natural Capital Project, a collaboration between Stanford
University, the Nature Conservancy, World Wildlife Fund,
and the University of Minnesota (Natural Capital Project
¢2006-2012) to explore how alternative spatial plans might
affect a wide range of ecosystem services and to pro-
vide information about trade-offs among multiple key
ecosystem services to governments and stakeholders in the
region.

Some key considerations for WCA and their con-
stituents include balancing important industrial and com-
mercial activities (such as shipping, mining, logging, aqua-
culture, and fisheries), increasing development of tourism,
recreation and renewable energy generation, and accom-
modating a strong cultural desire to sustain the remote,
wild feeling of the place. Aesthetic, spiritual, and cul-
tural values, benefits that are not readily monetized or even
quantified, are universally important across the diverse
communities in the region. These cultural services are
being included in the MSP process in two ways: through
articulation of acceptable future activities in scenarios
(e.g., by excluding or encouraging some activities in areas
of spiritual or cultural significance) and through the selec-
tion of models to run (e.g., aesthetic values, provision of

VANCOUVER
ISLAND

LEMMENS
INLET

Figure 3. Lemmens Inlet, near Tofino, on the West Coast of
Vancouver Island.

culturally valuable shellfish landings). For illustration, we
focus here on one of WCA’s planning regions: Lemmens
Inlet, near Tofino, British Columbia. It is an important
tourist destination with a long history of stewardship by
First Nations and extractive activities such as shellfish
harvest and logging (Figure 3).

WCA conducted extensive stakeholder interviews and
surveys to identify the values and visions that residents
hold for the future of the region. WCA then translated
these narrative visions into scenarios representing the spa-
tial arrangement of current and potential future uses of
coastal areas. The scenarios reflect alternative visions for
the region (i.e., expanding industrial uses vs. increasing
protected areas) and alternative spatial configuration and
intensities of multiple activities. Thus, each scenario repre-
sents potential zoning choices (e.g., areas set aside primar-
ily for ecological significance, aquaculture, industrial use,
community development, tourism, cultural management).
Included in these planning options are local cultural val-
ues such as maintaining access to local seafood, preserving
important spiritual sites, and providing dependable sources
of income to residents.

Residents in the Lemmens Inlet region reported that
they are interested in balancing human uses including
seafood harvest (wild geoduck, clam, crab harvest, and
cultured oysters), float homes (houseboats with little to
no sewage treatment), and recreational activities such as
kayaking and wildlife viewing. In addition, Lemmens Inlet
is prized for its water quality, and residents would like to
maintain its clean waters and healthy habitats well into the
future. Thus, WCA identified three management scenarios
that reflect these visions and values for initial exploration:
(1) ‘baseline,” zoning reflecting current uses; (2) ‘conser-
vation,” zoning the inlet as a tribal marine park (i.e., a mix
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of low impact activities and no-take zones); and (3) ‘indus-
try expansion,’ leasing more shellfish aquaculture tenures
and allowing more float home leases (Figure 4a—c).

Case study methods

To provide WCA with information that would help them
assess the scenarios with respect to their stated objectives
(i.e., to maintain habitat and water quality, access to local
seafood and opportunities for recreation), we adapted the
InVEST framework to WCA’s specific needs and inter-
ests. For those benefits for which InVEST models exist
(i.e., shellfish production, water quality, and habitat qual-
ity) we used the models ‘off the shelf’, with little to no
modification. For those benefits of interest for which spe-
cific InVEST models do not exist (i.e., float homes and
kayaking), we used the InVEST Tier 0 recreation model
to quantify the spatial extent and importance of these key
activities throughout the Inlet and to summarize how that
extent might change under the three scenarios. In this way,
even though InVEST does not have specific float home
or kayaking models, we were able to provide informa-
tion about how these activities might change under each
scenario to help inform planning conversations.

We used InVEST to investigate how the management
options under consideration would impact a range of ben-
efits that residents derive from Lemmens Inlet. We used
the InVEST Tier 1 shellfish aquaculture model to estimate
the production of Pacific oysters (C. gigas; the primary
farmed shellfish product in Lemmens Inlet) in deepwa-
ter culture under each scenario. To estimate the current
value of the annual oyster harvest, we used the average
regional density of harvestable oysters per square meter,
the size of each oyster farm, and the 2011 regional average
retail value of shucked oyster product. We used information
about float home tenures and the use of kayaking routes in
Lemmens Inlet from WCA’s community surveys as inputs
to the Tier 0 recreation model to quantify the number of
250 m? grid cells in the Inlet in which kayaking or float
homes would occur under each scenario. Using informa-
tion from stakeholder interviews, we assumed that if the
Inlet were a marine park, the entire Inlet would be used
by kayakers, thus increasing the spatial extent of kayaking
routes. And finally, we modeled two supporting services,
risk to habitat (Figure 4d—f) and water quality (Figure 4g—
i) as biophysical outputs to compare against outputs from
other models. We used the InVEST Tier 0 water quality
model to estimate the dispersion and concentration of fecal
coliform bacteria released from float homes throughout the
Inlet. We used the habitat risk assessment model to com-
pare the risk posed to habitats by human activities under
each management scenario. The habitat risk assessment
model provides a relative risk score for eelgrass, kelp,
soft bottom, and rocky bottom habitats. We used habitat
maps of approximately 50 m resolution. We compared the
cumulative risk posed by shellfish aquaculture, wild shell-
fish harvest, and float homes under each scenario for each
250 m? cell in Lemmens Inlet.

Case study results

Our analysis indicates that zoning Lemmens Inlet as an
ecologically significant area (the ‘conservation’ scenario)
would yield large gains in the extent of kayaking routes
(57% increase in spatial extent), a $98,998 (18%) increase
in the value of the 2011 shellfish harvest from a small
increase in oyster tenures, some losses in float home num-
bers (four fewer float homes in the Inlet), and significant
improvements in habitat risk and water quality (75%
decrease in relative habitat risk and 32% increase in rel-
ative water quality) (Figure 5). In this example, we did
not account for potential increases in the intensity of use
of kayaking routes if the Inlet drew more tourists after
designation as a marine park. Designating the region as
ecologically significant would lead to a decrease in the
number of float homes (in this scenario by 4) because with
such a designation, float homes would be restricted in areas
with eelgrass habitat, which covers a substantial portion
of the inlet. Risk to habitats posed by human activities
(quantified in relative terms by the InVEST Habitat Risk
Assessment) would decrease by 75% over the entire Inlet
because exposure of sensitive habitats to pollution from
float homes would be greatly reduced by removing some
float homes entirely and relocating others to less sensitive
areas. Water quality (indicated by the concentration of fecal
coliform bacteria in each grid cell relative to the concen-
tration at the contaminant source) would increase by 32%
relative to the baseline.

In the ‘expansion’ scenario, shellfish harvest would
increase substantially because five new oyster tenures
would be allowed. These additional shellfish tenures would
lead to a $367,726 increase in value, which represents a
67% increase. These tenures could have minimal impacts
on habitat and water quality if they are not sited near eel-
grass beds. Similarly, placement of five new float homes
could be harmful if located too close to sensitive eelgrass,
but appropriate locations could yield benefits with minimal
impacts to habitats. Adding five new float homes would
decrease water quality by 31% over the entire Inlet. The
combination of adding five new oyster tenures and five new
float homes would lead to an 18% increase in habitat risk.
This increase in risk is lower than may be expected from
the substantial increases in damaging activities (five new
shellfish farms and float homes); however, the careful spa-
tial arrangement of these activities to avoid conflicts with
sensitive habitats mitigated the risk. The spatial extent of
kayaking routes did not change in the ‘industry expansion’
scenario because local stakeholders reported that addi-
tional float homes and oyster aquaculture facilities would
not significantly impact kayaking routes.

Case study discussion

The spatially explicit nature of InVEST allowed us to iden-
tify siting conditions that provide a range of benefits (e.g.,
shellfish harvest, good water quality) while minimizing
conflicts among damaging uses and sensitive habitats in
a first round of modeling ecosystem service changes in
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Figure 4. Three alternative management scenarios for Lemmens Inlet, BC identified by West Coast Aquatic (a—c) and some InVEST
outputs (d—i). The three scenarios explored were: (a) Baseline (no changes to current uses or zones); (b) Conservation (zoning rules
restrict float homes and aquaculture in areas near eelgrass beds). Four float homes are removed from areas where they overlap with
eelgrass (shown under black X’s). Two new oyster deepwater tenures are located outside of sensitive habitat zones (shown in black
squares). Kayaking routes expand into previously unused areas (shown in dashed line). Geoduck harvest is prohibited throughout the
Inlet; (c) Industry expansion (five new float home leases are added, as shown in black circles; five new oyster tenures are added, as shown
in black squares; and wild geoduck harvest is allowed). IN'VEST model outputs are shown in the remaining 6 panels. (d—f) Ecosystem
risk, which is the cumulative risk of human activities (float homes, aquaculture, geoduck harvest) to nearshore habitats (eelgrass, soft, and
hard bottom) under the three alternative management scenarios. (g—i) Concentration of fecal coliform bacteria relative to concentrations
at float home sources under the three scenarios.
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Figure 5. Overall changes in ecosystem service production relative to current conditions (baseline, solid black pentagon) under three
alternative management scenarios in Lemmens Inlet, BC (see Figure 4 for details). Expansions of the shape toward the exterior represent
gains relative to the baseline and contractions represent losses. A scenario with only gains (and no trade-offs) would be represented by a
shape that completely includes or exceeds the baseline shape. Native units — in which each ecosystem service was originally measured —
are as follows: habitat quality (inverse of habitat risk; measured in relative qualitative units), number of recreational float homes, water
quality (measured as concentration of fecal coliform bacteria relative to concentrations at contaminant source), spatial extent of kayaking
area (measured in square meters), and value of shellfish aquaculture harvest (measured in dollars). Note that the axis for water quality is
reversed (i.e., points further from the origin have lower concentrations of fecal coliform bacteria and indicate higher water quality).

the WCVI. The models allowed us to explore alternative
uses at various locations throughout the area and identify
options that increased float home use and shellfish har-
vest while attempting to avoid potential threats to eelgrass
habitats. These results are helping to make stakeholder
discussions less polarized by encouraging those strongly
opposed to certain human uses, such as float homes, to con-
sider that appropriate siting could reduce environmental
impacts, making those uses more palatable to a wider
range of stakeholders. And while the results were generally
intuitive to ecologists, our ability to generate quantita-
tive outputs and to document explicit connections between
activities has helped shape the dialogue and further the
planning process.

In the Lemmens Inlet application, we compare model
outputs in relative terms (percentage change in the rele-
vant output metric, Figure 5). We found that percentage
changes in relative terms were sufficient for stakeholders
to compare among alternative scenarios. Absolute values
for some services, such as water quality and habitat risk,
were neither necessary nor appropriate for stakeholders to
compare among scenarios, particularly because stakehold-
ers are concerned with maintaining good water and habitat
quality over the entire Inlet. Relative values that integrate
changes in these metrics over the entire inlet are more
helpful than many point estimates distributed over the Inlet.

Only one of the output metrics (shellfish harvest,
NPV) is in dollar values. The stakeholders in this early,

exploratory phase of planning do not find valuation metrics
necessary for the other priority ecosystem services they
have identified in Lemmens Inlet. Although the valuation
(particularly in economic terms) of ecosystem services can
be of great utility, it is not required to enable the explicit
inclusion of a fuller suite of services in decision making.
Often, people equate an ecosystem services framework
with economic valuation. Dollars are but one of several val-
uation metrics that can be included in ecosystem service
approaches. One important lesson from our engagement
thus far in the WCVI spatial planning process is that stake-
holders and decision makers do not have trouble using
different currencies when considering the value of ecosys-
tem services. Ecosystem services with clear market value
(e.g., fisheries, aquaculture, wave energy) are relatively
straightforward to ascribe a dollar value. As mentioned
above, existence, subsistence, and aesthetic values are gen-
erally the most universally and strongly held among the
communities living in the region. Attaching monetary met-
rics to these ‘cultural’ values is a difficult and controversial
task that is not needed (or desired) to inform ongoing
decisions (Chan et al. 2011). In our WCVTI application, cul-
tural values are included prominently in both the framing
of scenario options, and also in interpretation of trade-
offs among legitimate uses, as illustrated in the Lemmens
Inlet example. However, our work in Lemmens Inlet did
not explicitly include the consideration of existence values
from people outside the region or the characterization of
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many subsistence or esthetic values. The explicit inclusion
of these types of values in environmental decision making
remains a frontier (Chan et al. in review).

Our initial engagement with complex decision-making
processes on the WCVI has illuminated the critical impor-
tance of embedding decision support tools in stakeholder
engagement processes. WCA worked closely with local
stakeholders to develop potential scenarios to model with
InVEST, yielding results that are grounded in local eco-
logical knowledge and reflective of the diverse values,
conflicts, and aspirations in the area. The process of
building relationships with people, having them create a
common vision, values, and goals, as well as providing
and validating information all were important steps under-
taken by WCA. Building upon this foundation, our use
of InVEST helped people understand and use models to
explore different scenarios. This enabled people to explore
solutions that reflected the values and visions they had
expressed. While it is too early to know whether consensus
will be achieved on a final plan, and whether the out-
comes will be implemented by authorities, the process to
date has been a significant advance on typical positional
disputes. Without being part of an effective stakeholder
process decision support tools are merely academic; with-
out good decision support tools, planning processes can
miss opportunities to find common ground, base decisions
on sound science, and integrate the costs and benefits of a
wide range of activities.

The Lemmens Inlet example described here portrays
a relatively fine-scale use of the marine InVEST models.
The scale of inquiry for this example was determined by
the scale at which many local decisions are being made.
However, we designed InVEST to be applicable across a
range of spatial scales. When questions of interest span
broader scales, analyses can be tailored to represent them.
For example, we are using our wave energy model to
help stakeholders on the larger scale of the West Coast
of Vancouver Island explore suitable locations for wave
energy facilities based on wave climate and economic fac-
tors. In many instances, it may be important to explore
model results at nested spatial scales that mirror nested
decision contexts (i.e., local to regional to national).

Conclusion

Quantifying and incorporating multiple ecosystem
services in decisions

The multiple ecosystem service nature of InVEST helps
expand the scope of planning conversations from single-
issue perspectives to more comprehensive discussions
about cumulative impacts and benefits. Presenting a broad
suite of ecosystem service outputs (i.e., seafood har-
vest, water quality, tourist visitation rates) encourages
stakeholders to acknowledge the multiple competing uses
and values at stake. For example, an ecosystem services
approach encourages proponents of aquaculture to con-
sider the wide-ranging effects of aquaculture practices on

other valued ecosystem properties such as water qual-
ity. Similarly, opponents of aquaculture are encouraged
to consider not only the environmental impacts but also
the benefits to local communities (e.g., monetary, local
food).

An ecosystem service approach can reveal gains and
losses in ecological and economic benefits under alterna-
tive management scenarios. When trade-offs are commu-
nicated clearly in metrics that resonate with stakeholders
(e.g., NPV of shellfish harvest or bacterial content in
water), people are equipped to make their own decisions
about which trade-offs are acceptable and which are not.
By using process-based models linked through impacts to
habitat and water quality, InVEST allows users to iden-
tify unexpected consequences and compatibilities among
human uses that could not be gleaned from simple maps
alone. These trade-offs can be expressed in biophysical
as well as monetary units; however, the interpretation of
these results and the resulting planning choices will depend
largely on the local cultural and social context.

The process of using InVEST, or any decision support
tool, is most effective when used in an iterative fashion
(Figure 1). After synthesizing model outputs, stakehold-
ers might decide that one scenario is a preferable course
of action — or, they might decide to rearrange some uses, to
emphasize some and deemphasize others, and to generally
revise and reassess their plan for uses of their region.

Modeling and integrating multiple marine ecosystem
services is no easy task and significant challenges remain.
Communicating model uncertainty in ways that resonate
with non-scientific audiences is an important frontier.
In addition, incorporating ecosystem service information
into complex and time-consuming planning processes can
seem daunting to governments and NGOs with limited
science capacity or timeframes for their decision pro-
cesses. As decision support tools like InVEST become
more widely tested and data-sharing efforts bear fruit, the
usability and transferability of such tools will improve,
reducing capacity and time constraints.

Marine InVEST is a general, flexible, freely available
decision support tool for use in MSP, EBM, climate adap-
tation planning, and other comprehensive decision contexts
in marine environments. It simplifies the difficult task of
assessing comprehensively how human activities in one
sector affect a whole suite of benefits that people want and
need, thereby enabling decision makers to explore explic-
itly trade-offs and win-wins. Ultimately, it is our hope that
this tool — developed both in computer labs and on the
frontlines of MSP — can lower the barriers to the inclusion
of nature’s myriad benefits in natural resource decision
making.

In conclusion, an ecosystem services approach can
inform CMSP by broadening planning discussions from
single-sector perspectives to more comprehensive ones that
explore cumulative impacts and benefits and are explicit
about trade-offs and win-wins. Using ecosystem services —
the things and experiences people want and need from nat-
ural systems — as metrics can help decision makers and
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their stakeholders meaningfully assess alternative manage-
ment strategies and their potential impacts on economic
or social well-being. Management and planning that rec-
ognize the diverse connections between humans and the
environment are likely to improve outcomes for both.
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