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Research Impact Statement: Structured decision making is a systematic decision-support process that can be
used to help decision makers meet a nitrogen loading mandate in coastal watersheds in the U.S.

ABSTRACT: Water quality criteria are necessary to ensure protection of ecological and human health condi-
tions, but compliance can require complex decisions. We use structured decision making to consider multiple
stakeholder objectives in a water quality management process, with a case study in the Three Bays watershed
on Cape Cod, Massachusetts. We set a goal to meet or exceed a nitrogen load reduction target for the watershed
and four key objectives: minimizing economic costs of implementing management actions, minimizing the com-
plexity of permitting management actions, maximizing stakeholder acceptability of the management actions,
and maximizing the provision of ecosystem services (recreational opportunity, erosion and flood control, socio-
cultural amenity). We used multi-objective optimization and sensitivity analysis to generate many possible solu-
tions that implement different combinations of nitrogen-removing management actions and reflect tradeoffs
between the objectives. Results show technological advances in controlling household nitrogen sources could pro-
vide lower cost solutions and positive impacts to ecosystem services. Although this approach is demonstrated
with Cape Cod data, the decision-making process is not specific to any watershed and could be easily applied
elsewhere.
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INTRODUCTION

Human land use change is a determining factor to
the ecological structure and function of coastal
ecosystems (Lotze et al. 2006; Doney 2010). Coastal
waters are receiving excessive amounts of anthro-
pogenic nutrients, particularly nitrogen (Howarth
and Marino 2006; Howarth 2008), which is causing
widespread eutrophication, hypoxia, and harmful
algal blooms (Howarth et al. 2000; Bricker et al.
2007). Mitigating and recovering ecological structure
and function from these damaging consequences is a
challenge for scientists seeking to understand the
ecology of ecosystems (Jordan 1985). Scientists must
also provide information to support decision making

in the face of ecological, social, and economic uncer-
tainty (Dennison 2008).

National regulatory programs endeavor to provide
state governments with guidance to assure that
coastal waters maintain adequate quality standards
for fish, shellfish, wildlife, agriculture, industry, and
recreation. The United States (U.S.) Environmental
Protection Agency’s (USEPA) Clean Water Act Sec-
tion 303(d) program is a mandate for states to regis-
ter waters that do not meet such standards on an
impaired waters list. For impaired waters, the state
prepares a total maximum daily load (TMDL; 40
Code of Federal Regulations 130.2i), or a limit on the
amount of a pollutant that can enter an impaired
water and meet quality standards. A TMDL repre-
sents a pollution reduction target for an impaired
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water, which local and state managers aim to achieve
by implementing point and nonpoint source manage-
ment strategies.

In this article, we apply decision-focused methods
to assist the state of Massachusetts effort to achieve
a TMDL in impaired waters on Cape Cod (Barnsta-
ble County), while also considering pertinent ecologi-
cal, social, and economic factors. Watershed
managers are often responsible for implementing
cost-effective management strategies to comply with
water quality mandates at site or landscape scales.
Yet, there are more determinants to a decision than
water quality levels and cost, such as stakeholder
preferences, shifting baselines, long time horizons,
environmental stressors, impacts to ecosystem ser-
vices, and tradeoffs associated with decision making.
Time and resources often limit the ability of decision
makers to consider a more comprehensive suite of
values and interests that are key to solving environ-
mental management problems. These challenges can
be outlined and addressed using a normative deci-
sion-making process, which helps guide managers
toward informed and effective decisions (Howard
1980).

Structured Decision Making

Structured decision making (SDM; Figure 1) is a
stepwise process that guides managers, scientists,
and analysts through a complex environmental man-
agement problem (Gregory et al. 2012). The process
is well-used globally (Schwartz et al. 2017), and there
are water quality management studies that have
used similar approaches (e.g., Bosch et al. 2012;
Betrie et al. 2013; Fischbach et al. 2015). SDM
emphasizes the Problem-Objectives-Alternatives-Con-
sequences-Tradeoffs or PrOACT phase of decision
making (Hammond et al. 1999), which provides an
opportunity for decision makers to be transparent
about their values and interests and document the
many parts of a decision-making process.

Implementing SDM in a water quality mandate
context is the subject of this article. To do this, we
start by using problem framing to develop the deci-
sion context, purpose, and scope of the management
problem (Step 1). We work with decision makers to
understand organizational or institutional con-
straints, target water quality thresholds, and their
preferences. In the next step (Step 2), decision mak-
ers identify objectives that represent important con-
siderations for making comprehensive water quality
management decisions. We develop performance mea-
sures to evaluate the extent to which an objective is
achieved. These measures can be monetary or non-
monetary or both.

The alternatives step (Step 3) focuses on the
options, or management actions, to meet the objec-
tives. First, we gather empirical data and develop
models to represent how management actions, on a
per unit basis, may contribute to meeting each objec-
tive. For instance, if upgrades to septic systems are
under consideration as a management action to
reduce nitrogen loads, then each upgrade to a septic
system makes a linear contribution to the nitrogen
load reduction target. Depending on the relationship
between the management action and objective, these
models can utilize natural and social science methods
or quantitative or qualitative performance measures.
Sensitivity analysis of model parameters may be
required if there is uncertainty in the data inputs to
the models.

Because water quality mandates are often
unattainable when implementing only one type of
management action, several types and quantities of
management actions can be combined, as a set or
portfolio, to comprise a solution to the management
problem. A single solution’s value for a given objec-
tive depends on the combination of management
actions comprising that solution and the relationship
between the quantity of each action and the perfor-
mance measures for the action. This relationship is
mathematically described using an objective function.

In situations where the types and quantities of
management actions that can be implemented is
large, meaning that it is not obvious which portfolio
of management actions would best satisfy the objec-
tives, mathematical optimization can be used to gen-
erate solutions. Different types of optimization
approaches can be used depending on the problem
context and decision-making procedure (Williams and
Kendall 2017). For single-objective problem formula-
tions, optimization will develop a single optimal alter-
native (e.g., the lowest cost solution for problems
where minimizing cost is the objective). For multi-
objective formulations, such as the one presented in
this article, optimization can result in multiple solu-
tions whose outcomes reflect tradeoffs between the
objectives. The set of solutions are referred to as Par-
eto optimal, meaning that the value of a solution with
respect to one objective cannot be improved without
diminishing the value of another objective (Cohen
and Marks 1975).

Pareto optimal solutions are reflective of tradeoffs
between multiple objectives and can be used to
inform decision making. Multi-objective optimization
has been applied to numerous water resources prob-
lems, including in the areas of integrated water
resources and landscape management (Muleta and
Nickow 2005; Nouiri 2014; for a recent review, see
Reed et al. 2013). It is important to note that there
are several optimization approaches to address a
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multi-objective problem context. Other approaches
are to optimize a single-objective function while treat-
ing the other objectives as constraints, or to have
decision makers agree on a fixed set of preferences
for the objectives to aggregate them into a single-
objective function (Coello Coello 1999). Most of the
existing optimization studies that aim to meet water
quality mandates utilize these single-objective func-
tion approaches (Cho et al. 2004; Wainger et al. 2013;
Sadeghi et al. 2018). However, multi-objective formu-
lations are able to develop solutions that cannot be
developed with the other approaches (Woodruff et al.
2013). Multi-objective formulations are underutilized
in comparison to other optimization approaches for
water quality management. In this study, we use a
multi-objective evolutionary algorithm (MOEA) cou-
pled with a simulation model to evaluate numerous
possible combinations of management actions and
converge to a set of solutions that are Pareto optimal.
MOEAs have been applied to develop Pareto optimal
solutions in a variety of fields, including water
resources management (Nicklow et al. 2010).

Each of the alternative solutions that we develop
during Step 3 of the SDM process have consequences
(Step 4) for water quality management. In this study,
those consequences are described by the objective func-
tion values of the set of Pareto optimal solutions. A
number of methods can aid in evaluating tradeoffs
(Step 5) in these consequences. Data visualization
(e.g., bar graphs, charts, cluster analysis) is useful for
helping decision makers think more intuitively about
tradeoffs and their preferences for the objectives.
Alternatively, methods for multi-criteria decision
analysis aid in transforming the consequences of
Pareto optimal solutions into common numerical

representations of the objectives, sometimes referred
to as scores, and ranking the solutions based on deci-
sion-maker preferences (Martin et al. 2016).

The SDM process is iterative (Figure 1); objective
setting can cause decision makers to revisit the prob-
lem formulation in the same way as developing alter-
natives can cause decision makers to revisit their
objectives. We provide methods and results of one
iteration of the SDM process with a case study in the
Three Bays watershed on Cape Cod. However, more
iterations may be needed over time as the perfor-
mance of various alternatives become better under-
stood and decision maker preferences and objectives
evolve.

METHODS

Study Area

Human land use influences on water quality have
led to significant coastal impairments in the north-
eastern U.S. (Driscoll et al. 2003). Cape Cod has a
nitrogen loading problem that is due in part to the
extensive use of household septic systems (Figure 2;
Valiela et al. 2016; Williamson et al. 2017). As of
2015, the Massachusetts Department of Environmen-
tal Protection and the University of Massachusetts
School of Marine Science & Technology completed or
drafted nitrogen TMDLs for 41 of the 53 watersheds
that drain into coastal embayment systems on Cape
Cod (CCC 2015). The state has delegated oversight
for implementing TMDLs to the Cape Cod

FIGURE 1. A structured decision-making process (adapted from Smith et al. 2016).
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Commission (CCC), a regional land use planning
organization.

Throughout this research study, we collaborated
with staff at the CCC and the Barnstable Clean
Water Coalition (BCWC), a nonprofit organization
committed to conserving water resources and restor-
ing the ecological function of impaired waters in the
Three Bays watershed (Figure 2). These organiza-
tions work to protect coastal waters and assure ade-
quate social, economic, and ecological conditions, but
these aspirations have not been adequately formal-
ized into a decision-making process for achieving a
TMDL. The focus of this research was to utilize the
approaches of SDM and work collaboratively and sys-
tematically to investigate combinations of manage-
ment actions that the CCC can consider for planning
purposes and the BCWC can implement at the water-
shed scale to meet the nitrogen load reduction target
in Three Bays.

The CCC’s final watershed report for Three Bays
indicates that the total nitrogen load to be removed is
20,578 kg/yr (48% of current nitrogen load). Nitrogen
credits are expected from implementing different
forms of stormwater (1,090 kg/yr) and fertilizer
(1,268 kg/yr) management, such that the reduced
nitrogen load reduction target is currently proposed
to be 18,220 kg/yr. The target is anticipated to be

met with a combination of traditional waste treat-
ment or nontraditional management actions, such as
upgrades to septic systems, wetland restoration, and
shellfish aquaculture. We and our partners imple-
mented the SDM process to reveal alternative Pareto
optimal solutions and tradeoffs in management objec-
tives while meeting or exceeding the nitrogen load
reduction target in Three Bays.

Objectives and Performance Measures

The BCWC identified one target and four objec-
tives for this research (Table 1). The nitrogen load
reduction target (18,220 kg/yr) was represented as a
constraint in the optimization process, meaning that
solutions that remove less nitrogen than the target
are not acceptable and solutions that meet or exceed
the target are acceptable. One key objective is to min-
imize economic costs of implementing management
actions. We utilized information obtained from the
CCC and represented cost as annual life cycle cost ($/
yr), which assumes a fixed payment schedule for each
management action and annual operation and main-
tenance costs adjusted over a 20-year planning period
at a 5% interest rate (CCC 2017). Three other
objectives were identified by the BCWC as general

FIGURE 2. Map depicting impaired watersheds on Cape Cod, Massachusetts (Credit: Cape Cod Commission).
The focus of this article was on water quality management in the Three Bays watershed.
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concerns for implementing management actions in
Three Bays. They included minimizing the complexity
of obtaining permits to implement management
actions, maximizing stakeholder acceptability of the
management actions, and maximizing the provision
of ecosystem services. For the ecosystem services
objective, we considered possible human interactions
that could result from implementing a management
action in the watershed. We and the BCWC agreed to
investigate recreational opportunities, erosion and
flood control, and socio-cultural amenity values,
defined as relational values associated with cultural
identity, heritage, and sense of place (Martin et al.
2018). We used a typology (Keeney and Gregory
2005) for selecting causal models and performance
measures for each objective: natural models are
straightforward and maintain a strictly intuitive
measure, such as dollars; proxy models are used
when it is difficult to identify a natural model; and
constructed models are used when the value of an
effect is ambiguous or difficult to quantify.

Developing Alternatives with Multi-Objective
Optimization

In this section, we describe the information we col-
lected on various nitrogen-removing management
actions relevant to developing objective functions and
generating different combinations and quantities of
the actions as Pareto optimal solutions.

Management Actions. The BCWC identified
seven management actions for consideration in Three
Bays (Table 2): innovative/alternative (I/A) septic sys-
tem upgrades, urine-diversion systems, fertigation
wells, permeable reactive barriers, wetland restora-
tion of retired cranberry bogs, dredging of a local
pond (Mill Pond), and shellfish aquaculture. We pro-
vide detailed information on assumptions for setting
boundaries on quantities of the management
actions that are available for implementation and

determining the nitrogen removal rate (kg/yr) of each
management action in Supporting Information.

Controllable sources of nitrogen on Cape Cod
include farm animal loads (0.3%), fertilizers (9%),
landfill (0.5%), household septic systems (78%),
stormwater (8%), and wastewater treatment facilities
(5%; CCC 2015). Our partners at the CCC and the
BCWC indicated that source control options were
worth careful investigation. For these reasons, we
developed two sets of data related to different I/A sep-
tic system scenarios. The scenarios differed based on
technological upgrades that would remove 28% (Sce-
nario 1; “I/A septic systems”) and 80% (Scenario 2;
“enhanced I/A septic systems”) of the nitrogen from a
Title 5 septic system (310 CMR 15.000, State of Mas-
sachusetts Environmental Code) with corresponding
effluent of 26.25 mg/L, as presented in CCC (2017).
These types of technologies are currently being tested
and monitored on Cape Cod. We generated two sets
of nitrogen removal rates nrl per management action
r per scenario l (Table 2).

There is a large amount of variation in the poten-
tial nitrogen removal rate (kg/yr) of each manage-
ment action, and we wanted to evaluate how
sensitive the consequences and tradeoffs would be to
variations in this parameter. Therefore, we developed
three sets of removal rates corresponding to low,
high, and most likely estimates (Table S1; Supporting
Information). We varied the removal rates used in
each optimization iteration to develop many sets of
Pareto optimal solutions. Sensitivity iterations
involved replacing one removal rate estimate with an
estimate from a different low/high/most likely set and
keeping all other removal rates equal to the baseline
set. For example, one sensitivity iteration used a high
removal rate estimate for one management action
and low removal rate estimates for all others. In
sum, 45 sensitivity iterations were performed for
each I/A septic system scenario, totaling 90 sensitiv-
ity iterations of the optimization process. We com-
pared the results of each iteration within and
between scenarios.

Objective Functions. Developing causal models
and performance values (Table 3) for each objective
involved scientific literature reviews, discussions and
data sharing between our collaborators, as well as
stakeholder interviews and qualitative modeling. In
general, performance values for cost (Ccost_r) repre-
sented the dollar amount per year per quantity of
management action chosen in a solution. Performance
values for the stakeholder acceptability (Cacceptability_r)
and permitting complexity (Cpermitting_r) objectives
were in the form of qualitative scores per quantity of
management action chosen in a solution. Performance
values for the ecosystem services objective (x���RI ) were

TABLE 1. Objectives and performance measures for Three Bays
watershed.

Objective
Performance

measure Model type

Minimize life cycle cost United States
dollars/year

Natural

Maximize stakeholder
acceptability

Acceptability scale Constructed

Minimize permitting
complexity

Permitting score Constructed

Maximize ecosystem
services

Ecosystem services Constructed
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based on a qualitative scoring method, described in
Martin et al. (2018), and also depended on the quan-
tity of each management action chosen in a solution.
We developed objective functions (fcost for minimizing
costs, facceptability for maximizing stakeholder accept-
ability, fpermitting for minimizing permitting complex-
ity, and fecosystem for maximizing ecosystem services)
based on the relationship between the performance
values (Table 3) and the quantity x of each manage-
ment action r chosen in a given solution, as described
below. Methods to estimate the objective functions
are described briefly in this section, whereas more
detailed modeling information is described in Sup-
porting Information.

Life cycle cost estimates came from several
sources, including the CCC, the Massachusetts Divi-
sion of Ecological Restoration, and literature reviews.
In most cases, we added fixed cost estimates, which
included design, permitting, and construction, to
annual operation and maintenance costs, discounted
at a 5% rate over a 20-year planning period (CCC
2017). The costs for each management action
(Table 3) were aggregated into an objective function

(fcost) that increases in proportion to the quantity x of
management action r chosen in a solution.

fcost ¼
X7

r¼1

xrCcost r; ð1Þ

where Ccost_r is the constant cost per year per quan-
tity x of management action r chosen in a solution
(Table 3, column 2).

We conducted 11 interviews to measure stake-
holder acceptability. The BCWC gave us the names of
stakeholders that live and work in Three Bays with a
vested interest in the water quality management
problem and whose opinions were valuable to the
BCWC. The short interviews included background
information and one question about the acceptability
of the proposed management actions. Each respon-
dent assigned a qualitative acceptability measure to
each management action, and we translated those
measures into numerical scores (Table S2; Supporting
Information). We used the analytic hierarchy process
(Saaty 1980) to model relative importance weights for
each management action to a value between 0 and

TABLE 2. List of management actions, descriptions, and boundary measures for Three Bays watershed.

Management
action (r) Description Unit

Quantity
range, xr

Nitrogen
removal rate, nrl

(kg/yr/unit)1,2 Reference

Innovative/alternative
(I/A) septic systems

Commercial septic system upgrade to augment
nitrogen removal

Homes 0–6,000 l = 1: 1.6
l = 2: 4.69

CCC (2017)

Urine-diversion (U-D)
systems

Commercial institutions that divert urine into
holding tanks, which is periodically collected
by a service company for disposal or
conversion to fertilizer

Institutions 0–5 l = 1,2: 20 CCC (2017)

Fertigation
(Fert) wells

Irrigation wells that capture nitrogen rich
groundwater to irrigate plants in locations like
golf courses, athletic fields, or cemeteries

Hectares 0–182 l = 1,2: 10.38 CCC (2017)

Permeable reactive
barriers (PRB)

Trench or injection well barrier of reactive
material that is placed in the linear path of a
migrating plume of contaminated water and
absorbs a portion of the contaminants

Meters 0–1,829 l = 1,2: 1.97 CCC (2017)

Wetland
restoration
(WR)

Wetland habitat recovery from former
cranberry bogs to facilitate plant species
growth and denitrifying enzyme activity

Hectares3 0–61 l = 1,2: 262.38 Ballantine
et al. (2017)

Dredging (Dre)
(mill pond)

Sediment dredging (50,000 cubic yards) to
enhance the nitrogen attenuation rate of Mill
Pond from upstream ponds, streambeds, and
associated vegetated wetlands

Project 0–1 l = 1,2: 1,590 Barnstable
Clean Water
Coalition;
Horsley
et al. (2016)

Shellfish
aquaculture
(Aq)

Propagation of mature oysters to filter polluted
water and allow nutrient-rich by-products to
be removed by bacteria in the sediment and
water column

Hectares 0–4.45 l = 1,2: 187.8 CCC (2017)

1Two scenarios, l = 1,2, were evaluated based on different technological advancements for I/A septic systems that are currently being tested
on Cape Cod. These technologies incur different removal rates, all other removal rates equal.

2Nitrogen removal rates correspond to most likely estimates. For low and high removal rate estimates, see Table S1.
3Vegetated habitat was assumed to cover a proportion of one hectare of recovered wetlands (see Supporting Information).
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100 based on grouping the acceptability scores from
each respondent (Supporting Information). The inter-
view responses were not intended to be representa-
tive of any population (community, state, national);
they were meant to represent a specific typology of
preferences based on stakeholders that were identi-
fied by the BCWC.

We aggregated the acceptability values into an
objective function (facceptability) by summing the perfor-
mance values Cacceptability_r (Table 3, column 3) for
each management action and normalizing the com-
bined score by the total number of management
actions chosen in a solution.

facceptability ¼
X7

r¼1

Cacceptability r=sumðxr [ 0Þ: ð2Þ

This objective function is designed to focus on
stakeholders’ comfort level with the type of manage-
ment action, not its quantity. For instance, we
assumed that stakeholders are comfortable with
urine-diversion systems as a management action, and
the number of institutions in which urine-diversion
systems are implemented should not affect the
acceptability of the action itself.

For permitting complexity, we reviewed several
CCC documents and held discussions with the BCWC
about the potential permitting requirements to imple-
ment the management actions. We established five
qualitative categories of permitting complexity based
on a consideration of decision maker effort, or the
amount and type of permits and the anticipated per-
mitting time required by the BCWC or their contrac-
tors to implement the management actions (Table 4,
column 1). We assigned a 0–100 score to each cate-
gory (Table 4, column 3) based on input from the
BCWC. The performance value Cpermitting_r for each
management action r (Table 3, column 4) corresponds

to implementing the upper boundary quantity of each
management action (xmax_r = 6,000 homes, 5 institu-
tions, 182 hectares, 1,829 meters, etc.; Table 2, col-
umn 4).

We and the BCWC chose a logarithmic objective
function to represent permitting complexity (fpermitting).
This function describes the relationship between the
quantity x of management action r chosen in a solu-
tion. This ensures that the increase in permitting
complexity scores per increase in quantity of man-
agement action chosen in a solution diminishes
exponentially.

fpermitting ¼
X7

r¼1

Cpermitting rð1� e�cxr=xmax rÞ; ð3Þ

where c is a constant large enough to assure that the
exponential term approaches zero as xr/xmax_r

approaches 1; c is set to 5 in this study. For example,
a considerable amount of permitting effort is needed
to implement the first few wetland restoration pro-
jects in Three Bays. However, after those projects
have been undertaken, less time in planning, report-
ing, and contracting is required to permit the last few
projects in the watershed that maximize the available
quantity of hectares that are recoverable.

Cape Cod is a data-poor region in terms of predictive
models that describe the influence that management
actions could have on ecosystem services. We previ-
ously developed a model to establish qualitative rela-
tionships between the management actions, ecological
indicators (nitrogen concentration, amount and type of
biota and pathogens, sediment, habitat, and plankton/
micro-/macro-algae), and the provision of recreational
opportunity, erosion and flood control, and socio-cul-
tural amenity values (Martin et al. 2018). Our model
performs the following steps (Figure S1; Supporting
Information): (1) it uses the Driver-Pressure-State-

TABLE 3. Cost, stakeholder acceptability, and permitting complexity data used to develop objective functions.

Management action (r)
Ccost_r

(USD $/yr/unit)1

Cacceptability_r

(relative scale,
values sum to 100)

Cacceptability permitting_r

(constructed scale
between 0 and 100)

I/A septic systems (homes) l = 1: 2,125
l = 2: 850

9 100

U-D systems (institutions) l = 1,2: 29.13 14 60
Fert wells (hectares) l = 1,2: 1,560 15 60
PRB (meters) l = 1,2: 614 12 80
WR (hectares) l = 1,2: 3,336 14 60
Dre (project) l = 1,2: 200,006.1 22 100
Shellfish Aq (hectares) l = 1,2: 16,230 13 80

1Two scenarios, l = 1,2, were evaluated based on different technological advancements for I/A septic systems that are currently being tested
on Cape Cod. These technologies incur different costs; all other performance values being equal.
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Impact-Response framework to organize indicators
into categories pertaining to management actions, eco-
logical structure, and ecosystem services; (2) it utilizes
a decision tree for assigning qualitative measures of
interaction strength to pairs of indicators between
each relevant category; (3) it combines normalization
and matrix multiplication to develop direct and indi-
rect relationships among the categories; and (4) it
aggregates direct and indirect relationships into a
cumulative interaction effect between the manage-
ment actions and ecosystem services.

We modified the model to generate numerical rep-
resentations of the interaction strength between the
quantity of management actions chosen in a solution
and the ecosystem services. The objective function for
ecosystem services (fecosystem) was aggregated as
follows.

fecosystem ¼
P7

r¼1

P3

i¼1

x���RI

fecosystem�max
; ð4Þ

where x���RI represents a qualitative score between the
quantity x of management action r chosen in a solu-
tion and each of the three ecosystem services i (Mar-
tin et al. 2018; Figure S1). The scores were summed
over the management actions chosen in a solution
and normalized to a common scale with fecosystem-max

(see Supporting Information).

Consequences. We used multi-objective optimiza-
tion to develop Pareto optimal solutions that meet or
exceed the nitrogen load reduction target in Three Bays
and are characterized by a different combination and
quantity of management actions. The objective functions
for each solution aim to minimize cost, maximize stake-
holder acceptability, minimize permitting complexity,

and maximize the provision of ecosystem services. We
used the Borg MOEA (Hadka and Reed 2013) to evalu-
ate numerous candidate solutions, retaining “fit” solu-
tions in a population that evolves over generations until
the algorithm converges on a set of Pareto optimal solu-
tions that meet or exceed the nitrogen load target for the
watershed (

P
xrnrl � 18; 220 kg=yr). Detailed informa-

tion about our use of the Borg MOEA is in Supporting
Information.

RESULTS

Pareto Optimal Solutions

Our use of multi-objective optimization generated
sets of Pareto optimal solutions under two manage-
ment scenarios: Scenario 1 investigated I/A septic
systems and Scenario 2 investigated enhanced I/A
septic systems. Forty-five sets of Pareto optimal solu-
tions were generated within each scenario to under-
stand how changes in potential nitrogen removal
rates of each management action might change
the results. A subset of results is presented in Fig-
ures 3–5, whereas a spreadsheet of the full set of
results is provided in Supporting Information.

In general, managers can achieve lower cost solu-
tions in sensitivity iterations under Scenario 2 (Fig-
ure 3b) than comparable iterations under Scenario 1
(Figure 3a), which means that enhanced I/A septic
system upgrades are a significant determinant of
costs to meet the nitrogen load reduction target in
the Three Bays watershed. The two exceptions to this
result under Scenario 1 is when the nitrogen removal
rates of wetland restoration are expected to be low
(Figure 3c) or high (Figure 3e,3g). The former occurs
when higher quantities of the other management
actions are relied on to meet the TMDL, whereas the
latter occurs when the majority of the TMDL can be
met by implementing wetland restoration. In fact,
managers can achieve the nitrogen load reduction
target for this study (18,220 kg/yr) at least cost
($137,817/yr) when the nitrogen removal rate of wet-
land restoration is high under either scenario (Sup-
porting Information). In sum, enhanced I/A septic
systems and high-performing wetland restoration are
necessary to minimize cost.

Tradeoffs

Within both scenarios, there is a relationship
between costs and impacts to ecosystem services (Fig-
ure 4), which is explained by the amount of nitrogen

TABLE 4. Constructed performance scale for permitting complexity.

Category Description Score

Easy Relatively few permitting steps; local to state
permitting authority depends on
municipality; minimum permitting time

20

Moderate Few permitting steps; state permitting
required; at least six month permitting time

40

Somewhat
difficult

Moderate amount of permitting steps; local,
state, and federal permitting required; at
least one year permitting time

60

Difficult Moderate to large amount of permitting steps;
local, state, and federal permitting required;
short- to long-term permitting

80

Extreme Large amount of permitting steps; local, state,
and federal permitting required, long-term
permitting

100
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removed by the solutions. Solutions implementing
greater quantities of the available management
actions tend to remove more nitrogen, often exceeding
the nitrogen load reduction target (up to 60,000 kg/
yr; Supporting Information). These solutions provide
greater benefits to ecosystem services albeit at higher

costs. This trend occurs within both scenarios. How-
ever, solutions under Scenario 2 can achieve a given
ecosystem service value at lower cost than solutions
under Scenario 1 (Figure 4). This means that man-
agers can get more of what they want in terms of
costs and ecosystem services if they (1) aim to exceed

FIGURE 3. Pareto optimal solutions for different sensitivity iterations of nitrogen removal rates (rows) over two I/A septic system
scenarios (columns). Panels (a) and (b) show scenario solutions with low nitrogen removal rates. Panels (c) and (d) show scenario solutions

with a low nitrogen removal rate for wetland restoration, all else high. Panels (e) and (f) show scenario solutions with high nitrogen removal
rates. Panels (g) and (h) show scenario solutions with a high nitrogen removal rate for wetland restoration, all else low. The solutions are

presented as points plotted in terms of their objective values (life cycle cost is represented by color). Arrows depict the direction of preference
for the objectives: maximize ecosystem services, maximize stakeholder acceptability, and minimize permitting complexity.
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the load reduction target and (2) focus on implement-
ing enhanced I/A septic systems. Because stakeholder
acceptability and permitting complexity values ran-
ged similarly among the scenarios (Figure 3), costs
and ecosystem services are determinants to differ-
ences in objective values among the scenarios.

Regarding the management actions chosen, more I/A
septic systems are needed to meet or exceed the nitro-
gen load reduction target under Scenario 1 (Figure 5a),
whereas fewer enhanced I/A septic systems are needed
under Scenario 2 (Figure 5b). This is due to the larger
amount of nitrogen that can be removed by the
enhanced I/A septic system technology. Solutions under
Scenario 1 generally implement greater quantities of
other management actions as well, such as urine-diver-
sion systems, permeable reactive barriers, wetland
restoration, and shellfish aquaculture (Figure 5a).
Exceptions to this result are in sensitivity iterations
when the nitrogen removal rate of wetland restoration
is high (Figure 5c). More hectares of wetland restora-
tion and fewer I/A septic systems are implemented in
some of these solutions to meet the target.

DISCUSSION

One of the most important outcomes of this
research is the potential decrease in cost that could
result from solutions under the enhanced I/A septic
system scenario (Figure 3, Scenario 2). The CCC and

the BCWC were particularly interested in this find-
ing. For this reason, we determined that improving I/
A septic system technologies will be key to developing
cost-effective solutions. Furthermore, ensuring that
efficient septic system technologies operate as
expected through additional testing and learning
could prove extremely valuable in long-term water
quality management. This can be especially useful for
adaptive management, or circumstances in which
monitoring can reduce uncertainty in causal models
and ensure that objectives are met and re-evaluated
(Williams et al. 2009). Using our results from the sce-
nario and sensitivity analyses, decisions can be modi-
fied in response to changing nitrogen removal rates
of certain management actions to reduce model
uncertainties. Adaptive management could encourage
state and local watershed managers to learn what
works well and why as they phase in and out of
implementing management actions to meet a TMDL,
particularly source control options like I/A septic sys-
tems. This finding has prompted research into the
value of resolving some of the uncertainty of these
actions.

Another key finding from this research is that
increasing removal rates of enhanced I/A septic sys-
tems could increase the potential impact on ecosys-
tem services. Under Scenario 2, the MOEA generated
solutions with combinations and quantities of the
management actions that performed better than Sce-
nario 1 in terms of their impact on ecosystem services
(Figure 4). Those solutions tended to remove a large
amount of nitrogen. This result is due to the relation-
ship between greater nitrogen removal per quantity
of enhanced I/A septic systems chosen in Scenario 2
relative to Scenario 1, potential effects on ecological
indicators (e.g., shellfish, fish, nitrogen-processing
bacteria, suspended plankton, cyanobacteria, shore-
line salt marsh, seagrass habitat), and potential
impacts to recreational opportunity, shoreline erosion
and flood control, and socio-cultural amenity values
(Martin et al. 2018). This finding proves that there is
a benefit for solutions to exceed the nitrogen load
reduction target and reinforced our proposal to inves-
tigate the effectiveness of enhanced I/A septic system
technologies.

From a management perspective, it is appealing to
have many options to achieve a nitrogen load reduc-
tion target and to be able to implement them at low
cost. Some of the least expensive solutions generated
in this study also have some of the highest permitting
complexity (Figure 3; Supporting Information). Deci-
sion making in this context depends on stakeholder
preferences for trading off high permitting complexity
for low cost. We and the BCWC think this tradeoff is
satisfactory and worth further investigation for rea-
sons that are specific to Cape Cod. For example, there

FIGURE 4. Pareto optimal solutions under Scenario 1 (blue points)
and Scenario 2 (purple points). The solutions are presented as
points plotted in terms of two objectives: life cycle cost and ecosys-
tem services. Arrows depict the direct of preference for each objec-
tive: maximize ecosystem services and minimize cost. Sensitivity
iteration is for high removal rates for all actions.
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is growing interest in incorporating some of Cape
Cod’s most important cultural icons into water quality
management actions, such as wetland restoration of
cranberry bogs (MDAR 2016) and shellfish aquacul-
ture (CCC 2015). Additionally, many of the manage-
ment actions discussed in this article are in piloting
and testing phases on Cape Cod, and there are permit-
ting incentives to partner and investigate the effective-
ness of implementing the management actions.

The most significant finding from the sensitivity
analysis is that a lot of the variation in result is due
to changes in the potential nitrogen removal rate of
wetland restoration. We determined that managers

can achieve better objective values for cost, stake-
holder acceptability, and permitting complexity when
the nitrogen removal rates of wetland restoration are
high or most likely (circled solutions in Fig-
ure 3e,3f,3g,3h). These findings could motivate man-
agers and scientists to investigate the opportunities
for wetland restoration of cranberry bogs to earn
nitrogen removal credit not only in Three Bays but
across Cape Cod. Our methods only accounted for
the potential nitrogen-removing performance of recov-
ered vegetation based on a single available study
(Ballantine et al. 2017); less information is avail-
able to understand the potential nitrogen-removing

FIGURE 5. Pareto optimal solutions for different sensitivity iterations of nitrogen removal rates. Panels (a) shows solutions under Scenario 1
and low nitrogen removal rates. Panel (b) shows solutions under Scenario 2 and low nitrogen removal rates. Panel (c) shows solutions under
Scenario 1 and a high nitrogen removal rate for wetland restoration, all else low. Each set of solutions is presented as a plot of lines that

implement different quantities of management actions. Each column refers to the quantity of each management action. Each line represents a
different solution that meets or exceeds the nitrogen load reduction target but differs in the amount of each management action selected.
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performance of modifying other cranberry bog habi-
tats, such as ponds or streams (MDEP 2007). One
potential emphasis of future research and adaptive
management could be on learning whether different
configurations of wetland habitat and water features
could achieve higher nitrogen removal and, conse-
quently, better objective values.

Organizing the research using SDM proved valu-
able. Our partners found the process simple and easy
to implement, and using a Pareto optimal approach
helped our partners and other stakeholders in the
region understand important tradeoffs associated
with solutions that achieve a national water quality
mandate. Remaining challenges for investigating
multiple objectives in an SDM context emphasize
how data are modeled and communicated, which can
be affected by linguistic and epistemic uncertainties
(Regan et al. 2002). Further research will be per-
formed to reduce these uncertainties through clarifi-
cation and learning about the models and methods
used. Effectively sorting through tradeoffs, for exam-
ple, assigning decision maker preferences on the
objectives and ranking solutions, will require addi-
tional analytical prioritization methods (e.g., multi-
criteria decision analysis; Martin et al. 2017). Other
feedback on the results has prompted additional
research on how the process can be replicated in
other watersheds with similar problem formulations.
Lastly, this analysis does not attempt to factor in spa-
tial location or time to achieve a nitrogen load reduc-
tion target, though such research is currently
underway.

CONCLUSIONS

In this article, we integrated research disciplines
and causal models to investigate decision maker
objectives for meeting a national water quality man-
date. Our case study provided an alternative view-
point to water quality management, especially
research oriented at using decision-focused
approaches and developing numerous solutions that
trade off outcomes in multiple management objec-
tives. Our partners at the BCWC played a critical
role in developing each step of the SDM process and
noted the value of organizing this research around a
formalized approach such as SDM.

Each of the management actions we investigated is
subject to further research to better understand their
performance and uncertainties. We utilized natural
and social science methods and many data sources
for this investigation, and the data may likely change
with monitoring and testing of the management

actions. Findings from our scenario and sensitivity
analyses should be a motivation for learning and
adaptive management. Likewise, the Pareto optimal
solutions are not solutions in an absolute sense.
Rather, they are useful for our partners to discuss
with other stakeholders and use as guidance to
develop strategies for implementing the management
actions in a way that resemble the Pareto optimal
solutions. For these reasons, we consider our results
preliminary in that the models are placeholders for
more precise estimates when they become available
and the Pareto optimal solutions as effective planning
aspirations to make progress in terms of water qual-
ity management. This article provides context and
documentation for implementing additional phases of
SDM and organizing further research.

SUPPORTING INFORMATION

Additional supporting information may be found
online under the Supporting Information tab for this
article: Methodological assumptions for developing
objective functions; spreadsheet of Pareto optimal
solutions.
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