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Abstract

There is a pressing need to integrate biophysical and human dimensions science to better inform holistic ecosystem
management supporting the transition from single species or single-sector management to multi-sector ecosystem-based
management. Ecosystem-based management should focus upon ecosystem services, since they reflect societal goals,
values, desires, and benefits. The inclusion of ecosystem services into holistic management strategies improves
management by better capturing the diversity of positive and negative human-natural interactions and making explicit the
benefits to society. To facilitate this inclusion, we propose a conceptual model that merges the broadly applied Driver,
Pressure, State, Impact, and Response (DPSIR) conceptual model with ecosystem services yielding a Driver, Pressure, State,
Ecosystem service, and Response (EBM-DPSER) conceptual model. The impact module in traditional DPSIR models focuses
attention upon negative anthropomorphic impacts on the ecosystem; by replacing impacts with ecosystem services the
EBM-DPSER model incorporates not only negative, but also positive changes in the ecosystem. Responses occur as a result
of changes in ecosystem services and include inter alia management actions directed at proactively altering human
population or individual behavior and infrastructure to meet societal goals. The EBM-DPSER conceptual model was applied
to the Florida Keys and Dry Tortugas marine ecosystem as a case study to illustrate how it can inform management
decisions. This case study captures our system-level understanding and results in a more holistic representation of
ecosystem and human society interactions, thus improving our ability to identify trade-offs. The EBM-DPSER model should
be a useful operational tool for implementing EBM, in that it fully integrates our knowledge of all ecosystem components
while focusing management attention upon those aspects of the ecosystem most important to human society and does so
within a framework already familiar to resource managers.
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uses [2]. The goal of EBM is to maximize and sustain the
production of ecosystem services, thus shifting management’s focus
from short-term economic gains or purely environmental protec-

Introduction

Ecosystem Based Management

The concept of ecosystem based management (EBM) was
developed to improve resource management efficacy by applying a
holistic approach that accounts for ecosystem complexity and
integration rather than managing for individual issues or sectors
(including individual species) [1]. EBM recognizes that: 1) the
biophysical and human components of an ecosystem interact in
many complex ways, 2) society relies upon and benefits from the
ecosystem through ecosystem services, and 3) ecosystem services
are directly and indirectly affected by multiple human activities/
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tion/restoration towards assuring the long-term ability of an
ecosystem to yield a broad suite of services important to human
well-being [3].

Most management of the marine ecosystem focuses on single
species, single uses, or single sectors (e.g. toxins, nutrients,
development). These single-issue management approaches focus
upon avoiding major damage to the ecosystem due only to the
pressures attributable to that sector, or to perhaps maximize short-
term single-issue outcomes (e.g., economic profitability, historic
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preservation, etc.). Even as a collective whole they cannot provide
sufficient understanding of the tradeoffs that unavoidably occur
among sectors and the cumulative effect of the different pressures
being placed on the ecosystem from all of the sectors. Although
EBM has been widely hailed as an improvement upon the single-
sector management paradigm [4], there remain few examples of
EBM being successfully implemented [5]. This is partially due to
the difficulty of bridging traditional management, disciplinary, and
professional boundaries [1].

In the United States, EBM was mandated in the National
Ocean Policy of 2010 [6]. To successfully fulfill this mandate, we
must address several inherent challenges: 1) how to integrate
diverse scientific disciplines with different methodologies and
approaches [7], 2) how to quantify cumulative impacts on
ecosystem services [2], 3) how to develop and articulate
appropriate targets that provide sustainable ecosystem services to
meet human society’s needs, and 4) how to incorporate and
communicate uncertainty in our scientific understanding [3]; not
to mention developing the operational tools required to effectively
implement EBM [8]. Some of these challenges are addressed by
conducting Integrated Ecosystem Assessments (IEAs); an emerging
approach to synthesize and analyze existing scientific information
to guide EBM development [9]. IEAs include scoping, indicator
selection, and risk analysis; all of which must be informed by a
synthesis of our integrated scientific knowledge about the human
and biophysical components of the ecosystem [10].

Conceptual Models to Inform Management

Integrating relevant existing knowledge is the foundation of
EBM. Conceptual ecosystem models (CEMs) integrate and
synthesize scientific knowledge in a manner familiar to managers
and policymakers [11,12]. If formulated properly, a CEM can
address some of the challenges listed above by 1) integrating across
scientific disciplines, 2) qualitatively identifying cumulative pres-
sures, and 3) representing the scientific consensus as to how an
ecosystem functions, including how humans interact with all other
ecosystem components. CEMs have also been used to identify
potential ecosystem indicators that can assess management success
[12-14].

Initial CEMs employed to synthesize science in support of
decision-making relied upon a Pressure-State-Response model
[15]. The Pressure-State-Response model implicitly incorporated
human society into the pressures impacting the ecosystem state
and the responses that feedback to pressures. This framework
evolved into the Driver, Pressure, State, Impact, and Response
(DPSIR) model (Figure 1) that more explicitly depicted how
human society affects ecosystem state [10,14]. The initial impetus
for the DPSIR model was to illustrate and communicate cause-
and-effect relationships among indicators [16]. It has found broad
application in environmental assessments of terrestrial and aquatic
ecosystems due to its ability to improve communication between
policymakers, stakeholders, and scientists facilitating collaborative
model development [14,17-19]. Because DPSIR links scientific
findings with “real world” issues, it has contributed to making
resource management decisions science-based [18,20]. However,
the current DPSIR model does not explicitly include ecosystem
services or the values humans place on services from the ecosystem
[21], and its focus upon drivers makes it difficult to fully capture
the needs of local or regional human communities and less than
ideal for EBM.

Drivers, which reflect underlying human needs and desires, and
how they are manifest in pressures that impact the state of an
ecosystem are highlighted in DPSIR CEMs. However, responses
rarely directly affect drivers, but rather responses more typically
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Figure 1. The DPSIR model. This is the DPSIR conceptual model that
has conventionally been utilized for ecosystem management, assess-
ment, indicator selection, and communication.
doi:10.1371/journal.pone.0070766.g001

directly affect pressures or the consequences of pressures by
altering the methods by which humans react to or express these
drivers [22-24]. For example, one driver is the energy require-
ment of a growing human population. In many situations, this
driver manifests itself by the extraction of oil and the burning of
fossil fuels resulting in a suite of pressures on the ecosystem
including air pollution, CO, emissions, ocean acidification, and
anthropogenic climate change. Responses, such as changing
behaviors and energy use through altering habits; carbon credits;
Investment in alternative energy sources; or the increased use of
hybrid or electric vehicles, mitigate the burning of fossil fuels and
therefore the pressures placed upon the ecosystem, but the
responses do not significantly alter the driver; the energy
requirement of the global human population.

The term impact in DPSIR unavoidably implies a negative
environmental consequence of human activities [14]. As Svarstad
et al. [19] observed traditional applications of DPSIR represented
primarily the Preservationist “discourse” and the impacts module
in particular did not capture the necessary information for
alternative Traditionalist, Win-Win, or Promethean discourses.
A partial exception to that generalization is if analyses of economic
trade-offs are done in conjunction with DPSIR models both
economic losses and gains are considered [25]. Nonetheless
because impacts are negative environmental effects, DPSIR
analyses more typically focus upon responses to these adverse
environmental impacts [19,26] and do not facilitate proactive
management to sustain and maximize ecosystem services. Proac-
tive management implies that we actively work towards a
particular standard or endpoint that we find optimal or acceptable
at worst, when optimal is unobtainable. For example, we try to
maintain services that meet our needs and values, such as
protection from storms, recreational opportunities, clean air, clean
water, carbon sequestration, etc. in the locations we desire. While
many of these needs and desires are universal, there are regional
differences in values and preferences. In nearly all cases,
maintaining these services over extended periods involves tradeoffs
and decisions. As such, there exists a need for regional
management tools that move resource management from a
reactive approach to a proactive approach; as an analogy, making
EBM a form of preventative medicine for the planet.

Ecosystem Services and Human Well-Being

Ecosystem services are the benefits people receive from the
ecosystem. As such, they reflect societal values, goals, desires, and
benefits [9,27,28] and contribute to human well-being. “Well-
being” 1s used by human dimensions scientists as a measure of
quality of life in many contexts and is typically broken into
components related to economics, environment, basic human
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needs, and the subjective well-being of people. On a global level,
the Millennium Ecosystem Assessment describes the following
components of well-being: basic material needs, freedom, health,
good social relations, and personal security [27].

A distinction is often made between basic human needs and
subjective well-being. Basic human needs are things required for
survival such as food, water, and shelter. Subjective well-being, on
the other hand, encompasses things that may not be absolutely
necessary for immediate individual survival but are important to a
positive emotional and psychological sense of life, such as culture
and aesthetics, and may be important to long-term societal survival.
Health is important to both. The absence of acute trauma and
disease i1s a basic need, but chronic health issues contribute to
subjective well-being. Developing countries focus upon meeting
basic needs, while those in which those needs are being met, strive to
achieve additional levels of well-being in search of a good life [27].

Aspects of well-being including environmental attributes have
been addressed in the scientific literature [29] and have become
the focus of assessments such as the Canadian Index of Well-being
[30] and the Organization for Economic Cooperation and
Development’s Better Life Index [31]. Food, recreation, and
storm protection are ecosystem services that benefit people
directly. Not only do they provide life’s basic needs, but changes
in them affect economic conditions, movement of people,
regulation of climate and disease, recreation and cultural
opportunities, and security. As a result, changes in these ecosystem
services have a wide-ranging impact upon personal well-being
[27,32]. Effective EBM assumes that regardless of an individual’s
recognition of ecosystem services in their lives, these services are
nonetheless reflected in well-being attributes of their communities
and can be measured through indicators such as health, safety,
economic security, effective governance, education, food/water,
housing, access to critical services, social cohesion, social conflict
and environmental use [33]. Indicators of these attributes are
therefore included in EBM models to provide managers with
information about social and economic conditions and how these
interact with natural resources.

Because ecosystem services describe the benefits that society
derives from the ecosystem, both directly and indirectly [34], they
are a natural bridge between the biophysical and human
dimensions sciences [35]. Bridging human dimensions and
biophysical sciences provides the holistic, integrated perspective
of interrelated ecosystem components necessary for applying EBM
[36]. Extensive scientific effort has been devoted to develop
methodologies that identify, locate, and quantify the services we
value [c.f. 34,37,38,39]. Despite these efforts, there are few
examples employing ecosystem services to improve decision-
making indicating they have yet to truly penetrate into the realm
of resource management [40]. Ecosystem services will become a
staple of resource management only when practical methodologies
and metrics are developed that make consideration of ecosystem
services tractable for decision-makers [35].

EBM must focus upon the production of and trade-offs amongst
ecosystem services when evaluating the relative merit of potential
management strategies or responses. Given how important
ecosystem services are to EBM, it is not enough that ecosystem
services be incorporated into a CEM; they need to be the focal
point and explicit in the CEM. While ecosystem services can be
implicitly incorporated into the DPSIR framework [17] and
alternative integrated frameworks such as the Press-Pulse Dynam-
ics model for organizing long-term research [21], we propose
herein a CEM framework that explicitly merges ecosystem services
directly with DPSIR to form an EBM-DPSER conceptual model.
The goal of this model is to depict how the ecosystem functions
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and produces the ecosystem services that benefit human well-
being. By including ecosystem services instead of impacts, the
EBM-DPSER model captures a greater diversity of discourses
providing more comprehensive information to decision—makers
than a traditional DPSIR model. Although such analyses are
outside the scope of this study, the EBM-DPSER model should
facilitate other ecosystem service analyses, such as economic
valuation, required to conduct quantitative scenario and trade-off
analyses. We apply the EBM-DPSER model to the Florida Keys
and Dry Tortugas marine ecosystem as a case study demonstrating
the benefits and utility of this approach.

Methods

EBM-DPSER Framework

The EBM-DPSER model was developed within the Marine and
Estuarine Goal Setting for south Florida project (MARES) [41].
The goal of MARES was to reach a science-based consensus about
the defining characteristics and fundamental regulating processes
of a south Florida coastal marine ecosystem that is both sustainable
and capable of providing the diverse ecosystem services upon
which our society depends. To achieve this goal, it was necessary
to consider regional, social, political, cultural, economic, and
public health factors, in both a research and management context,
along with ecological variables [7,42-45].

Multiple state, federal, and regional agencies share responsibil-
ity for managing the south Florida coastal marine ecosystem, but
they operate with inconsistent mandates and answer to a diverse
group of citizens, organizations, agencies, and businesses with
diverse concerns. The need to adopt a more integrated approach
to coastal ocean management has been widely recognized for
many years [45]. MARES was based on the premise that through
a systematic consensus-building process, science could contribute
more directly and effectively to decisions being made by various
management agencies. To build scientific consensus and develop a
common framework for management agencies in south Florida,
the MARES project required fully integrated CEMs that
synthesized our knowledge about both the human dimensions
and biophysical components of it’s constituent ecosystem to inform
integrated, holistic management, ie. EBM, of the overall
ecosystem.

The first step in the MARES process was to convene the
relevant scientific experts (both biophysical and human dimen-
sions), stakeholders, and agency representatives in a facilitated
workshop and charge them with developing an integrated
conceptual ecosystem model. An initial attempt was made
employing the DPSIR model (Fig. 1). However, we found the
DPSIR model was not a good fit for this process, in particular, or
EBM in general, because of DPSIR’s inability to adequately
capture the full range of interactions between humans and the
environment due to its reliance upon the restrictive term
“impacts” which emphasizes the negative consequences of human
activities upon an ecosystem [11,14,18,20,46].

A small, but increasing number of researchers applying DPSIR
have also noted the omission of ecosystem services. A Web of
Science search returned 127 papers on a search for “DPSIR” and
only 11 papers on a search for “DPSIR” and “Ecosystem
Services.” Many of these 11 papers discussed the lack of ecosystem
services within DPSIR [17,47,48] and two actually suggested that
mmpacts be modified to reflect changes in ecosystem services
[47,49]. Of these two, one defined impacts as the effects of
environmental degradation on ecosystem services [49]. In fact only
one paper did not define impacts as the strictly negative results of
environmental change [47]. At least one group has attempted to
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link the ecosystem services cascade proposed by Haines-Young
and Potschin [50] with DPSIR by associating indicators of
ecosystem services and human well-being with the impacts module
[51]. It is our basic contention that merely changing the definition
of the impacts module is insufficient to avoid its negative
connotations given its application to problems such as water
pollution, poor drinking water, eutrophication, etc. [46,52].

To overcome this challenge and provide a more explicit
definition of the relationships involved in EBM we replaced the
impacts module with an ecosystem services module (Fig. 2). The
exact definition of ecosystem services is still actively evolving as our
scientific knowledge about ecosystem services advances [53,54]
(Table 1). Fisher et al. [54] state the need for an ecosystem services
classification scheme to be determined based on the decision
context. There is good reason for the definition of ecosystem
services to be malleable based not just on the decision context, but
also on the intended audience for your analyses and products. Our
goal with EBM-DPSER was to build consensus among a broad
range of scientists, managers, and stakeholders. To achieve this
goal most effectively, we opted to employ the most commonly
accepted definition of ecosystem services; the Millennium Ecosys-
tem Assessment definition of ecosystem services as the benefits
people obtain from ecosystems [27]. The decision context for
applying the EBM-DPSER framework in MARES was to build
consensus and educate decision-makers about the variety of
benefits that are produced by the coastal ecosystem. Thus,
ecosystem services were categorized into cultural, regulating,
provisioning, and supporting services following Farber et al. [55].
In the EBM-DPSER model, state sub-models are linked to one
another and as such capture supporting ecosystem services with
state-to-state interactions. For example, the seagrass sub-model
connects to nutrient concentrations in the water column sub-
model, thus capturing the supporting service of nutrient cycling by
seagrass (Fig. 3). The cultural, regulating, and provisioning
ecosystem services defined by Farber et al. [55] were used as the
basis for identifying ecosystem services in the EBM-DPSER
conceptual model. Because the state sub-models captured
supporting services, they did not need to be included explicitly
within the ecosystem services module.

Sub-models were developed for each state component linking
the myriad pressures to state variables that we measure to
endpoints, hereafter termed ecosystem attributes people care about. The
quantifiable state variables included in the sub-model are
themselves a parsimonious subset of the descriptive characteristics
that represent the overall condition of that state component [56].
The ecosystem attributes people care about are ecological components of
the state module utilized to produce human well-being. This is the
same definition of ecosystem services suggested by Fisher et al.
[54]. Thus, these attributes directly correspond with ecosystem
services as defined by the MEA and this project [27]. An example
of these sub-models is illustrated in Figure 3, which depicts how
pressures influence the attributes of the water column we measure
via monitoring programs and thus affect the ecosystem attributes people
care about.

Under the EBM guidelines, management responses should aim
to provide the sustainable level of ecosystem services desired by
society, making a natural link from ecosystem services to
responses. Because ecosystem services play this central role within
EBM, they are the key module of the EBM-DPSER model. Not
only have ecosystem services been substituted into the DPSIR
model, the visual representation of the EBM-DPSER model itself
is inverted so ecosystem services are the pinnacle and drivers the
base (Fig. 2). This de-emphasizes drivers, which are without
question important; however, it is ecosystem services that relate
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most directly to the goals and values that motivate society to
respond to changes in environmental condition.

As with more recent DPSIR applications, it is intended that the
EBM-DPSER model be a causal network in the sense used by
Niemeijer and de Groot [57] rather than a unidirectional chain, in
order to better incorporate the multitude of complex interactions
observed within an ecosystem. Figures 2 and 3 display the
application of this network approach to the EBM-DPSER model
and the water column element of the state module in MARES.

Florida Keys And Dry Tortugas Case Study

The EBM-DPSER model for the Florida Keys and Dry
Tortugas (Fig. 4) was developed with input from over 60 scientists,
agency resource managers, and representatives from environmen-
tal non-governmental organizations (NGOs). This group of experts
worked to identify the key characteristics within each module of
the EBM-DPSER framework needed to effectively synthesize our
scientific knowledge and our understanding of society’s relation-
ship to the environment within the Florida Keys and Dry Tortugas
study area (Fig. 5). The full report detailing the Florida Keys and
Dry Tortugas EBM-DPSER model and its development is
available as a technical report [41].

Results

Florida Keys and Dry Tortugas EBM-DPSER Case Study

The cultural, regulating, and provisioning ecosystem services
put forth by Farber et al. [55] were modified and the list reduced
based on input from the regional group of experts to include only
those services produced by the Florida Keys and Dry Tortugas
(Table 2). The cultural ecosystem services furnished by the Florida
Keys and Dry Tortugas marine ecosystem are aesthetics and
existence, recreation, science and education, and cultural amenity.
The provisioning ecosystem services furnished by the Florida Keys
and Dry Tortugas marine ecosystem are food/fisheries, ornamen-
tal resources, and medicinal and biotechnology resources. The
regulating ecosystem services furnished by the Florida Keys and
Dry Tortugas marine ecosystem are hazard moderation, waste
treatment, climate regulation, atmospheric regulation, and
biological interactions. All of these ecosystem services result in
benefits to society that can be evaluated and therefore used to
determine the efficacy of specific responses.

In the Florida Keys and Dry Tortugas marine ecosystem EBM-
DPSER model, the ecosystem state was delineated into 6 sub-
models. These were the water column, fish and shellfish, and
marine birds and the three dominant habitat types: coral and
hardbottom, seagrass, and mangroves. Each of these sub-models,
includes the linkages from pressures to ecospstem attributes people care
about (c.f. Fig. 3). For example, in the water column ten pressures
(ocean acidification, air and water temperature, dredging,
groundings, changes in freshwater runoff, altered rainfall and
evaporation, changes in tropical cyclone intensity and/or
frequency, contaminant releases, shoreline alteration, and sea-
level rise) affect the key attributes that we measure. These key
attributes are grouped by the four water column indicators:
eutrophication, human health, abiotic, and land-based sources of
pollution. In addition, the other sub-models that influence the
water column (seagrass, fish and shellfish, mangroves, and coral
and hardbottom) are shown with their connections to water
column attributes. The state of the water column includes nine
ecosystem attributes people care about: water clarity, carbon sequestra-
tion, abundant and diverse wildlife, protected species, seafood
safety, human health, quality of beaches and shorelines, aesthetics,
and nutrient/pollution filter. In turn, these attributes directly affect
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Ecosystem Services

cultural, or social context.

Ecosystem Services are the benefits that humans derive from the ecosystem. They are Responses are actions that
what link people to the state of the ecosystem, through “attributes [of the environment] people take, which are

that people care about.” Ecosystem services have value for both people whop live in the g related to changes in the
ecosystem and people who do not. The value of ecosystem Services is related to

environmental conditions, and this value can be measured and reported in monetary,

Responses

ecosystem. Within the EBM-
DPSER framework, the
Response component

{ represents a feedback

State

also include the characteristics that define ecosystem services.

State refers to the condition of the physical, chemical, and biological attributes of the
marine environment. Attributes include characteristics of the environment that can be
measured, such as chemical concentrations and the size of populations. Attributes that
can be measured are used to objectively assess the status of the ecosystem. Attributes

mechanism through which
human activities can alter
drivers, pressures, states, of]

ecosystem services. These
activities are taken by
individuals and private
organizations, state and

p 2

federal agencies, and

Pressures

ecosystem.

Pressures are physical, chemical, and biological mechanism that are the proximal
causes of change in the ecosystem. Pressures are the particular effects of drivers in the

policy-makers. Responses
reflect decisions based on
what people perceive about
ecosystem services, the

z 2

state of the environment,

Drivers

Drivers are the ultimate cause of change in the ecosystem. Drivers can be any
combination of biophysical, human, and institutional actions or processes

pressures, and drivers, and
the changes these cause in
the ecosystem.

Figure 2. The EBM-DPSER model. The DPSIR model was modified by replacing the impacts module with ecosystem services facilitating a more
complete representation of ecosystem interactions including those with human society and the associated feedbacks. Ecosystem services are at the
top of the model, instead of drivers to focus attention upon the module that should be the focus of EBM decision-making.

doi:10.1371/journal.pone.0070766.g002

the ecosystem services: aesthetics and existence, recreation, science
and education, food/fisheries, waste treatment, and biological
interactions.

There were 3 primary drivers linked to 14 primary pressures
(Fig. 5). Drivers and pressures were organized to remain consistent
with the mandates of major resource management agencies in the
Florida Keys and Dry Tortugas, which have primary responsibility
for either terrestrial or marine issues. The three primary drivers
are climate change, land-based human activities and water-based
human activities. Climate change is exclusively a far-field driver;
whereas, land-based and water-based human activities produce
both near-field and far-field pressures on the ecosystem. Far-field
drivers and pressures are defined as those originating outside of the
study area, while near-field drivers and pressures originate within
the study area. Thus, the near-field drivers and pressures can be
manipulated by responses that occur within the study site;
whereas, far-field drivers and pressures can only be effectively
managed with responses spanning a broader spatial scale,
including areas outside of the study site. This organization of
drivers and pressures was done to help responsible management
agencies easily identify within-system responses they could employ
to move the ecosystem towards a desired state.

Climate change produces five far-field pressures on the Florida
Keys and Dry Tortugas ecosystem (ocean acidification, sea-level
rise, increasing water and air temperatures, altered regional
rainfall & evaporation, and changes in storm intensity, duration,
and/or frequency). Water-based activities, in both the near- and
far-field, result in fishing, marine debris, and contaminant releases.
In addition, near-field water-based activities result in groundings,
dredging, noise, and invasive species. Land-based activities, in
both the near- and far-field, cause contaminant releases and
changes in freshwater inflow. In addition, near-field land-based
activities alter the adjacent shoreline.

The response module was defined in the EBM-DPSER model
as actions taken as a result of the ecosystem condition. Responses

PLOS ONE | www.plosone.org

occur to move the ecosystem toward a desired state or as a result of
the current state of the ecosystem. For example, management
regulations may be implemented that are intended to move the
ecosystem to a desired state or scuba diving tourists may visit the
Keys less frequently if they perceive the ecosystem to be in a
degraded less desirable state. Responses occur across a range of
human scales from the individual via behavioral changes to the
global community via international treaties. Within the Florida
Keys and Dry Tortugas these responses come from individuals,
NGOs, and local, state, and federal agencies. Some identified
responses include behavioral changes, technological advance-
ments, education, outreach, social marketing, research, monitor-
ing, infrastructure improvements, and possible regulations by
responsible agencies.

Three especially significant responses were taken over the past
two decades in an attempt to move the Florida Keys and Dry
Tortugas marine ecosystem towards a more desirable condition.
These responses were: 1) the creation of the Florida Keys National
Marine Sanctuary, 2) the implementation of a rate of growth
ordinance in the Florida Keys, and 3) passage of state laws
requiring improvements to wastewater treatment throughout the
Keys. These responses spanned various governmental levels from
the Monroe County rate of growth ordinance that restricted
building permits to federal government creation of the Florida
Keys National Marine Sanctuary.

Application of EBM-DPSER

To demonstrate the utility and versatility of the EBM-DPSER
model, the Florida Keys and Dry Tortugas model was applied to
two distinct issues relevant to EBM of the Florida Keys. First to
examine the holistic ecosystem effects of a specific pressure and
second to attempt to improve a specific ecosystem service in a
hypothetical situation.

Growth of the human population in the Florida Keys has
increased the quantity of wastewater that must be treated.
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(yellow ovals) to the state attributes that we measure (red boxes) with yellow arrows. These state attributes that we measure are organized into
indicators for the water column (black outlined boxes and black text). The other states that influence the water column are depicted in the blue boxes
and arrows to the right. The state attributes that we measure produce ecosystem attributes people care about (green boxes and arrows), which can be
directly translated to ecosystem services.

doi:10.1371/journal.pone.0070766.9g003

Historically, septic tanks or cesspools were used, especially in Contaminant releases from wastewater carry nutrients and
individual residences. However, the presence of porous limestone microbes that can have detrimental impacts on the state of the
throughout the Florida Keys permits seepage from these pits nearshore environment [58,59]. Nutrients cause phytoplankton
resulting in contaminant releases into canals and inshore waters. blooms that decrease water clarity and decay causing hypoxia in

Table 1. Three common definitions of ecosystem services show significant disparity.

This Study MEA 2005 Boyd and Banzhaf 2007 Fisher et al. 2009

the benefits people obtain from the benefits people obtain from the ecological components directly the aspects of ecosystems utilized (actively
ecosystems ecosystems consumed or enjoyed to produce human or passively) to produce human well-being

well-being
Ecosystem Services Ecosystem Services Benefits and Ecosystem Services Benefits, Intermediate and Final Ecosystem
Services

Ecosystem attributes people care about Ecosystem Services Intermediate and Final Ecosystem Services
Ecosystem attributes people care about Ecosystem Services Final Ecosystem Services

The first row shows that the Millenium Ecosystem Assessment applies the broadest definition of ecosystem services with more detailed definitions provided by Boyd
and Banzhaf [53] and Fisher et al [54]. In our initial EBM-DPSER model development we employed the MEA (2005) definition, because this was the most familiar
definiton to the majority of participants and our goal was to build consensus. However, when the EBM-DPSER model is applied to conduct trade-off analyses of
management options the other definitions for ecosystem services may be more appropriate. To help facilitate the application of other ecosystem service definitions, the
table shows the linkages between the definitions of ecosystem attributes people care about, ecosystem services, and benefits used in this study, the Millenium Ecosystem
Assessment, Boyd and Banzhaf 2007, and Fisher et al. 2009.

doi:10.1371/journal.pone.0070766.t001
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Figure 4. The Florida Keys and Dry Tortugas study site. The area shaded in white is the study site for the development of the Florida Keys and
Dry Tortugas marine ecosystem EBM-DPSER model.
doi:10.1371/journal.pone.0070766.g004

nutrient-enriched canals [59]. Nutrients can also cause macroalgal These impacts on the state of the nearshore environment
overgrowth of seagrasses and corals leading to less desirable decrease the quantity and quality of some of the ecosystem services
habitats [58,60]. The microbes released may create health it provides. Phytoplankton blooms decrease water clarity impact-
problems for both humans and marine organisms, such as corals. ing the quality of recreation, such as snorkeling and sight fishing.
Ecosystem Services Responses
Aesthetics & Existence, Recreation, Science & Education, Cultural Amenity, Food/ 1. Individuals
Fisheries, Ornamental Resources, Medicinal/Biotechnology Resources, Hazard behavioral changes,
Moderation, Waste Treatment, Climate Regulation, Atmospheric Regulation, Biological technological
Interactions advancements
2. Local
State permitting, clean-up,
Fish & Shellfish, Marine Birds, Water Column, Mangroves, Seagrasses, Corals & education, infrastructure
hardbottom improvements
3. State

. _— . . . . . . . regulations, fishing,
Near-Field - Fishing, Groundings, Dredging, Marine Debris, Noise, Invasive Species

habitat protection, MPAs,
Contaminant Releases, Shoreline Alteration, Changes in Freshwater Inflow maor:itaor?r:;, ?r?fg:'rrllations

gathering, research
5.NGOs

social marketing, public
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Drivers
Far-Field — Climate Change, Land-Based Activities, Water-Based Activities
Near-Field — Land-Based Activities, Water-Based Activities

regulations, permits,
Pressures o ) o fishing, MPAs,
Far-Field — Ocean Acidification, Sea-level Rise, Increasing Air & Water Temperature, monitoring, research
Altered Rainfall & Evaporation Patterns, Changes in Tropical Storm Intensity and/or informatior; gatheriné
Treﬂquency, Fishing, Marine Debris, Contaminant Releases, Changes in Freshwater 4. Federal
nflow

Figure 5. The Florida Keys and Dry Tortugas EBM-DPSER model. The EBM-DPSER model for the Florida Keys and Dry Tortugas marine
ecosystem identifies the key components of each module within the CEM.
doi:10.1371/journal.pone.0070766.g005
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Table 2. Ecosystem services provided by the Florida Keys marine ecosystem.

Cultural Aesthetics & Existence

Recreation

Science & Education

Provide aesthetic quality of aquatic and terrestrial
environments (visual, olfactory,

and auditory), therapeutic benefits, and pristine wilderness for
future generations

Final Ecosystem Service

Cultural Amenity

Provisioning Food/Fisheries
Ornamental Resources

Medicinal & Biotechnology
Resources

Regulating Hazard Moderation
Waste Treatment

Climate Regulation

Atmospheric Regulation

Biological Interactions

spiritual experience
Provide safe to eat seafood
Provide materials for jewelry, fashion, aquaria, etc.

Provide natural materials and substances for
inventions and cures

Moderate extreme environmental events (e.g. mitigation
of waves and stormsurge during hurricanes)

Retain storm water; remove nutrients, contaminants, and
sediment from water; and dampen noise

Moderate temperature and influence or control other
processes such as wind, precipitation, and evaportation

Exchange CO,, O,, mercury, etc. with the atmosphere

Regulate species interactions to maintain beneficial functions
such as seed dispersal, pest/invasive control, herbivory, etc.

Provide a suitable environment or setting for beach activities Benefit
and other marine activities such as fishing, diving, snorkeling,

motor, an non-motor boating

Provide a living laboratory for formal and informal Benefit
education, and scientific research

Support a maritime way of life, sense of maritime tradition, Benefit

Final Ecosystem Service
Final Ecosystem Service

Final Ecosystem Service

Final Ecosystem Service

Final Ecosystem Service

Final Ecosystem Service

Final Ecosystem Service

Intermediate Ecosystem Service

doi:10.1371/journal.pone.0070766.t002

Hypoxia can enrich the sediments and bottom-water of stratified
canals with sulfur. When wind events overturn the canal waters,
this results in an unpleasant odor decreasing aesthetics and
recreational potential. Replacement of seagrass and coral with
macroalgae significantly degrades the quality of marine recreation
for divers and snorkelers, reduces habitat quality for fish and other
wildlife, and affects pollution treatment by altering ecosystem
nutrient cycling rates. The release of the wastewater-associated
microbial community can cause health impacts in humans making
some areas of the marine ecosystem unusable. Thus, the use of
septic tanks and cesspits, decreased the ecosystem services
recreation, aesthetics and existence, food and fisheries, waste
treatment, and biological interactions.

Threatened and observed degradation in ecosystem services
resulted in a response by the EPA, which encouraged Monroe
Clounty to reduce reliance on cesspits and septic fields by providing
municipal wastewater treatment. A state law was then passed
requiring advanced wastewater treatment and disposal in the
Florida Keys. Analyzing this response in the EBM-DPSER context
one can see it minimized the pressures placed on the ecosystem by
cesspits and septic tanks, but doing so involved a trade-off; the cost
of upgrading all septic tanks and cesspits to comply with the new
regulations and a marked slowdown in new residential construc-
tion. The removal of septic tanks and cesspits does not require
additional trade-offs with respect to ecosystem sustainability or
services, because septic tanks and cesspits provide “no net
benefits” to the ecosystem that are not also realized by the new
advanced wastewater systems beyond the lower monetary cost to
the human population.

The second application considers how one might improve the
ecosystem service of recreation in the Florida Keys, specifically
scuba diver recreation. This is a hypothetical scenario that would
occur if it was determined that scuba diver satisfaction in the
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The last column identifies these services as benefits, final or intermediate ecosystem services according to Fisher et al. 2009 [54].

Florida Keys was less than desirable. There is some data
suggesting that this is becoming an issue [61]. Ideally as is the
case with this data, there will be information on the ecosystem
attributes people care about to pinpoint the ecosystem attributes to
target in response. With or without this information, the resource
manager or decision-maker could apply the EBM-DPSER model
to determine responses that would improve scuba diver satisfaction
in the Florida Keys. Without the additional information on the
ecosystem attributes people care about, you have to examine all the
ecosystem attributes people care about which contribute to scuba diver
recreation making the response less targeted and likely less
effective. As identified through the MARES process, these
attributes are water clarity, abundant and diverse marine wildlife,
protected species, abundant and diverse fish, and abundant
healthy coral.

For simplicity, we assume water clarity was the primary cause of
scuba diver dissatisfaction similar to what was found in a
satisfaction survey for the Florida Keys from 1995-1996 to
20002001 [61]. First, it is necessary to understand whether the
conditions have actually changed over time. Leeworthy et al. [61]
found that scuba divers perceived a decrease in water clarity, but
systematic monitoring data did not support this perception;
showing no decrease in water clarity [61]. In our fictive example
we assume there was a measured decrease in water clarity.

The MARES water column sub-model has water clarity as an
end-point associated with a measurable attribute (i.e. light
attenuation), which itself is a function of suspended sediments,
chromophoric dissolved organic matter (CDOM), and phyto-
plankton (Fig. 3) [62,63]. Suspended sediment concentrations are
a product of land-based sources and sediment re-suspension, a
function of bottom habitat state and human activities (e.g.
dredging, groundings, etc.). Land-based sources are unlikely to
have a significant effect on offshore scuba diver experience, since
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the reefs are approximately 10km from shore. However, dredging
of channels and loss of benthic habitat, especially seagrass,
increases suspended sediments, negatively impacting water clarity,
and indirectly impacting the abundance and diversity of fish,
wildlife, and protected species. CDOM is largely land-based and
thus unlikely to affect water clarity on offshore coral reefs. Algal
blooms over the coral reefs would impact water clarity for scuba
diving. Typically, algal blooms in the Florida Keys are caused by
increased nutrient loading or a loss of grazers. Given the
multiplicity of potential causes for degraded water clarity, it is
necessary to determine the most significant cause(s). The need to
first determine if an actual change has occurred and second
determine the cause of that change to make a directed, efficient
response; highlights the benefits gained from regularly collected
monitoring data.

Assuming monitoring data was analyzed and it was determined
that increased suspended sediment caused the degraded water
clarity, the EBM-DPSER model would then be consulted to
identify the pressures that affect suspended sediment concentra-
tions. These pressures are dredging, groundings, and shoreline
alteration (Fig. 3), as well as the pressures that degrade seagrass
beds (groundings, dredging, contaminants releases, fishing, and
changes to freshwater inflow). Responses to improve water clarity
could include establishing marine protected areas that minimize
damage by groundings, stabilizing sediments and promoting
seagrass growth; restricting contaminant releases from vessels
near the coral reefs; and ceasing dredging operations for some or
all channels.

When evaluating which response or suite of responses should be
implemented to improve water clarity, the EBM-DPSER model
provides a useful scenario analysis tool that encapsulates the
holistic effects of these responses and illuminates tradeofls. If the
management response were to ban dredging throughout the
Florida Keys, this would reduce the concentration of suspended
sediments in waters near channels during times dredging
operations would have occurred; however, it would also restrict
access for some vessels and possibly decrease the availability of
deep-water refugia for some organisms, particularly during
extreme temperature events. By restricting access of some vessels,
there could be decreased recreational and commercial fishing
opportunities and decreased tourism from cruise ships. Thus, this
potential response might improve scuba diver recreation, but it
would negatively impact the ecosystem services of food/fisheries,
cultural amenity, ornamental resources, and possibly science &
education.

Discussion

In practice, we manage natural resources, our natural capital,
for people. People are an integral participant in the ecosystem;
their actions produce or reduce pressures upon the environment,
but they are also the benefactors of ecosystem services. In some
instances, such as wildlife refuge management or through
restoration initiatives, human society chooses to enhance the
environment and increase the benefits that it provides. Goals may
compete, but highlighting the complex roles people play within the
ecosystem should assist managers in balancing competing goals by
making trade-offs explicit facilitating their efforts to balance
acceptable levels of ecosystem change with protection of needed
services, and provision of desired services.

By explicitly incorporating ecosystem services, use of the EBM-
DPSER model facilitates and encourages ecosystem service
analyses. Ecosystem services have values that can potentially be
measured by human dimensions scientists. Quantitative and
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qualitative analytical methods can be used to produce data and
tools for decision-making and to estimate the relative importance
of different natural resources to particular human populations.
Knowing the values that people place upon ecosystem services
informs decisions that involve tradeoffs between environmental
and other societal objectives and between competing objectives.
Assessing the value of ecosystem services can occur within either
economic or social contexts. While there is great utility in
monetization for cost-benefit analyses [38,64,65], this must not
be considered the complete valuation of the ecosystem [66].
Recreational services, as an example, are valued by society in ways
that are not economic, but are still possible to quantify and
interpret using other common methods [67]. Identifying the most
appropriate approach whether quantitative or qualitative for the
circumstances is important in order to evaluate the full range of
benefits and make the most well-informed decisions [68].

Other considerations including distributive justice (the fairness
associated with allocating scarce resources), sustainability, ecolog-
ical stewardship, human well-being, and cultural and ethical values
are important to consider in the decision-making process [69,70].
Equity analysis (one approach to allocating scarce resources)
requires estimation of the differences between groups who receive
benefits and those who lose benefits under different management
alternatives. There are other allocation norms associated with who
does or does not receive ecosystem service benefits in the amount
they want or feel they deserve, such as equality or need based
allocations [71]. Sustainability and stewardship analyses focusing
on the past, present, and future distributions of those services
consider additional layers of complexity. Cultural and ethical
considerations may place further constraints on the acceptability of
different management decisions [55]. Human societies are
complex with diverse perspectives on the use of ecosystem services
depending on circumstances at the global-regional-local level of
political or societal organization.

When conducting ecosystem service analyses it is important that
ecosystem services be selected and refined based on the specific
decision context [54]. Thus, if the goal is to use EBM-DPSER to
examine changes in ecosystem services under different manage-
ment scenarios leading to economic valuation and trade-off
analyses, the definitions and classifications of ecosystem services
have to be appropriate for that objective. Where those include
economic valuation, it is helpful to follow either Boyd and Banzhaf
[53] or Fisher et al. [54] (Table 1) and classify services as either
intermediate or final. This is necessary to ensure only final services
are utilized in economic valuation which avoids double-counting,
a common problem in ecosystem service valuation [72].

The EBM-DPSER model is flexible and can accommodate
alternative definitions and classifications of ecosystem services.
The ecosystem services currently identified within the Florida
Keys and Dry Tortugas case study are a mixture of intermediate
and final ecosystem services, as well as benefits based upon the
Fisher et al. [54] scheme (Table 2). As mentioned previously, the
ecosystem attributes people care about which link the state to ecosystem
services in the current EBM-DPSER model are defined as
ecosystem services, themselves, by Boyd and Banzhaf [53] and
Fisher et al. [54]. Thus, the ecosystem attributes people care about can
and should become the ecosystem services in the EBM-DPSER
model when warranted by the decision-context, such as to
undertake cost-benefit analysis or to calculate green GDP.

Within the EBM-DPSER model, responses encompass human
actions motivated by changes in the condition in the environment
(state) or in the ecosystem services provided. Responses can affect
drivers, pressures, states, or ecosystem services and represent a
mechanism for anthropogenic feedback, and therefore the
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possibility of anthropogenic alteration. Included in responses are
activities of gathering information, decision-making and program
implementation that are conducted by agencies charged with
making policies and implementing management actions that affect
the ecosystem. The value and location of services both regulated
and unregulated can have a large effect on the drivers and
pressures acting on the ecosystem.

The EBM-DPSER model allows for the inclusion of the
complete suite of complex positive and negative interactions
between humans and their environment, thus presenting a more
holistic picture of how the ecosystem, including humans, functions.
This is an improvement over the antecedent DPSIR approach
which primarily defines impacts as results from a degraded system
and highlights societies role in causing negative impacts on the
environment [49]. Capturing positive human responses that
increase the production of ecosystem services or restore ecosystem
health and the many positive effects of the ecosystem on human
society is essential if EBM is ever to be widely implemented.

Applying scenario analysis to the DPSIR model has been
recognized as a useful approach to incorporate DPSIR into
management decisions [20]. This is equally true for EBM-DPSER.
By applying scenario analysis to the EBM-DPSER model, the
holistic effect of impending management decisions on the
production of ecosystem services and ecosystem condition may
be evaluated and tradeoffs among these services made explicit.

The case study and example applications in the Florida Keys
and Dry Tortugas confirm the utility of applying the EBM-
DPSER model to inform resource management decision-making.
The EBM-DPSER model reflected a consensus as to the
underlying mechanisms that create the current status of ecosystem
services within the Florida Keys and Dry Tortugas; ie., an
understanding of how the ecosystem attributes people care about are
altered by components of the ecosystem state (Figs. 3 and 5).
Describing how the ecosystem states relate to ecosystem services
can be useful to managers attempting to implement EBM.
Identifying which ecosystem states produce a given ecosystem
service and which pressures impact these states highlights potential
underlying causes of ecosystem service production levels. This
enables ready recognition of those responses that improve the
delivery and sustainability of an ecosystem service. Placing
ecosystem services into a model (DPSIR) that has been widely
accepted by the management community should provide a
politically and socially realistic path towards the incorporation of
ecosystem service analysis into decision-making [18,20].

As in the example of scuba diver satisfaction, once a problem is
identified it will often be necessary to undertake a more detailed
study that characterizes the ecosystem attributes, which are below
a desired level. The information from that study will facilitate the
most effective targeted response. The EBM-DPSER model may
also be applied to conduct scenario analyses of alternative
responses to determine their holistic effect and identify potential
trade-offs. The EBM-DPSER model illustrated that a hypothetical
response to ban dredging does not just decrease suspended
sediment, but also has negative effects including access for vessels
and providing refugia. These positive benefits provided by dredged
channels increase the production of ecosystem services. By
illuminating these positive effects, in addition to the negative
impacts, EBM-DPSER provides a more complete identification of
the tradeoffs inherent in any response. Identifying these tradeofls
between ecosystem services with respect to management goals is
recognized as a key informational need for EBM [73]. Managers
must consider tradeoffs. If they determine that detrimental use of
the area is necessary for society and that negative impacts are
unavoidable then it will be important for managers to identify
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alternative areas and direct recreational users and commercial
fishers to them to obtain the ecosystem services that they demand.

Identifying the trade-offs qualitatively is a first step towards
quantification of these trade-offs. Quantification is difficult in
many cases, because of the frequent asymmetry of effects of
management actions on ecosystem services. The effect of
management responses are often direct and localized, while the
benefits from ecosystem services are more diffuse and indirect
[74]. Moreover, quantification is confounded by a lack of
consistent units. One approach to overcome the lack of consistent
units would be to use expert opinion to scale or ordinate these
linkages following a method similar that employed by Altman
et al. [2] to quantify the linkage between pressures and ecosystem
services.

Progress towards quantification of interactions among pressures,
states, and ecosystem services would make scenario analyses and
the inherent trade-offs among scenarios quantitative rather than
qualitative and better inform resource management decisions. It
would also allow for holistic risk assessment following a modifi-
cation of the Altman et al. approach [2] to incorporate the effect
of multiple pressures upon ecosystem states and in turn upon
ecosystem services. This holistic risk analysis would determine the
pressures causing the largest loss of ecosystem services and the
ecosystem services subject to the largest stress from the cumulative
effect of all pressures.

Both scenario analyses and holistic risk assessment account for
the impact of multiple human uses on ecosystem services
simultaneously. Although this is an underlying assumption in
EBM, there are few practical tools that account for the cumulative
effect of multiple human uses on ecosystem services [2]. If we fail
to account for the cumulative effect of pressures upon ecosystem
services and ecosystem state, the science used to inform decision-
making will be incomplete. At the same time we need to account
for human societal uses to calculate tradeoffs. By coupling risk
assessment and scenario analysis, the relative reduction or increase
in risk to ecosystem services could be evaluated for each potential
response.

The EBM-DPSER model is an important step towards
effectively informing ecosystem management for the benefit of
humans; whereas, the DPSIR model is designed to inform
ecosystem management to protect the ecosystem from human
impacts. The EBM-DPSER model directly addresses several of the
inherent challenges to EBM, while maintaining a focus on EBM’s
fundamental objectives. It integrates diverse scientific disciplines
and captures more completely the multitude of complex interac-
tions between the biophysical and human components of the
ecosystem. By highlighting ecosystem services it emphasizes the
extent to which society relies upon and benefits from the
ecosystem. This inclines EBM toward proactive intervention
rather than strictly reactive management. The linking of pressures
to states to ecosystem services permits at a minimum the
qualitative assessment of the cumulative impacts of pressures
upon ecosystem services and captures the direct and indirect effect
of multiple human uses on ecosystem services, as well as the loss of
ecosystem services to human society. This is an important first step
towards quantifying these complex interactions. As shown in the
example applications, the EBM-DPSER model can assist in
bridging the communication gap between human dimensions
scientists, biophysical scientists, and resource managers thereby
providing EBM with a useful operational tool.
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