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Optimization of Salt Marsh Management at the Rachel
Carson National Wildlife Refuge, Maine, Through Use of

Structured Decision Making

By Hilary A. Neckles," James E. Lyons,! Jessica L. Nagel," Susan C. Adamowicz,2 Toni Mikula,?
Kathleen M. O'Brien,2 Bri Benvenuti,2 and Ryan Kleinert2

Abstract

Structured decision making is a systematic, transparent
process for improving the quality of complex decisions by
identifying measurable management objectives and feasible
management actions; predicting the potential consequences
of management actions relative to the stated objectives; and
selecting a course of action that maximizes the total ben-
efit achieved and balances tradeoffs among objectives. The
U.S. Geological Survey, in cooperation with the U.S. Fish
and Wildlife Service, applied an existing, regional frame-
work for structured decision making to develop an example
of a prototype tool for optimizing tidal marsh management
decisions for selected marsh management units at the Rachel
Carson National Wildlife Refuge in Maine. The goal was to
create a prototype that could be available for future imple-
mentation. Refuge biologists, refuge managers, and research
scientists identified multiple potential management actions to
improve the ecological integrity of seven marsh management
units within the refuge and estimated the outcomes of each
action in terms of regional performance metrics associated
with each management objective. Value functions previously
developed at the regional level were used to transform metric
scores to a common utility scale, and utilities were summed
to produce a single score representing the total management
benefit that could be accrued from each potential management
action. Constrained optimization was used to identify the set
of management actions, one per marsh management unit, that
could maximize total management benefits at different cost
constraints at the refuge scale.

Management costs were estimated using limited available
information, and estimated costs of individual management
actions reflected relative differences among actions rather
than actual expected expenditures. Results from this prototype
showed how, for the objectives, actions, and estimated out-
comes used for this example, total management benefits may
increase consistently up to a certain estimated cost, and may

'U.S. Geological Survey.
2U.S. Fish and Wildlife Service.

continue to increase, at a lower rate, with further expenditures.
Potential management actions in optimal portfolios at moder-
ate total estimated costs included breaching or removing dikes,
roads, or embankments; planting Spartina alterniflora (smooth
cordgrass); and digging runnels, or shallow creeks, on the
marsh platform to improve surface-water drainage. Potential
management actions in optimal portfolios at high estimated
costs (for example, up to $550,000) included breaching
embankments to restore tidal exchange followed by planting
salt marsh vegetation. The potential management benefits were
derived from predicted increases in the numbers of tidal marsh
obligate birds and spiders (as an indicator of trophic health),
and expected improvement in the capacity of marsh eleva-
tion to keep pace with sea-level rise and reduced duration of
marsh-surface inundation. The prototype presented here does
not resolve current management decisions; rather, it provides a
framework for decision making at the Rachel Carson National
Wildlife Refuge that can be updated for implementation as
new data and information become available. Insights from this
process may also be useful to inform future habitat manage-
ment planning at the refuges.

Introduction

The National Wildlife Refuge System (NWRS) protects
extensive salt marsh acreage in the northeastern United States.
Much of this habitat has been degraded by a succession of
human activities since the time of European settlement (Gedan
and others, 2009), and accelerated rates of sea-level rise
exacerbate these effects (Gedan and others, 2011; Kirwan and
Megonigal, 2013). Therefore, strategies to restore and enhance
the ecological integrity of national wildlife refuge (NWR) salt
marshes are regularly considered. Management may include
such activities as reestablishing natural hydrology, augmenting
or excavating sediments to restore marsh elevation, control-
ling invasive species, planting native vegetation, minimizing
shoreline erosion, and remediating contaminant problems.
Uncertainty stemming from incomplete knowledge of system
status and imperfect understanding of ecosystem dynamics
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commonly hinders management predictions and selection of
the most effective management options. Consequently, tools
for identifying appropriate assessment variables and evaluat-
ing tradeoffs among management objectives are valuable to
inform marsh management decisions.

Structured decision making is a systematic approach to
improving the quality of complex decisions that integrates
assessment metrics into the decision process (Gregory and
Keeney, 2002). This approach involves identifying measurable
management objectives and potential management actions,
predicting management outcomes, and evaluating tradeoffs
to choose a preferred alternative. From 2008 to 2012, the
U.S. Geological Survey (USGS) and U.S. Fish and Wildlife
Service (FWS) used structured decision making to develop a
framework for optimizing management decisions for NWR
salt marshes in the FWS Northeast Region (that is, salt
marshes in the coastal region from Maine through Virginia).
The structured decision-making steps were applied through
successive “rapid prototyping” workshops, an iterative pro-
cess in which relatively short periods of time are invested to
continually improve the decision structure (Blomquist and
others, 2010; Garrard and others, 2017). The decision frame-
work includes regional management objectives addressing
critical components of salt marsh ecosystems, and associated
performance metrics for determining whether objectives are
achieved (Neckles and others, 2015). The regional objectives
structure served as the foundation for a consistent protocol for
monitoring salt marsh integrity at these northeastern coastal
refuges, in which the monitoring variables are linked explic-
itly to management goals (Neckles and others, 2013). From
2012 to 2016, this protocol was used by the FWS to conduct
a baseline assessment of salt marsh integrity at all 17 refuges
or refuge complexes in the FWS Northeast Region with salt
marsh habitat (fig. 1).

The Rachel Carson National Wildlife Refuge protects
about 923 hectares of salt marsh along 80 kilometers of
the southern Maine coast (fig. 24—D). Spanning 12 differ-
ent estuaries, the salt marsh in the refuge provides critical
nesting and wintering habitat for birds of highest conserva-
tion priority, including Ammodramus caudacutus (saltmarsh
sparrows) and Anas rubripes (American black ducks), in the
New England and mid-Atlantic coast bird conservation region
of the U.S. North American Bird Conservation Initiative
(FWS, 2007; Steinkamp, 2008; National Audubon Society,
undated; U.S. North American Bird Conservation Initiative,
2020). The salt marsh also provides important foraging
habitat for wading birds, such as Ardea alba (great egret)
and Egretta thula (snowy egret), during breeding and migra-
tory seasons. The primary concerns for salt-marsh integrity
at this refuge are marsh degradation associated with historic
hydrologic alterations, and marsh submergence and erosion
associated with rising sea level (FWS, 2007; Adamowicz and
others, 2020). Salt-marsh management goals set by the FWS
for the refuge focus on protecting and restoring critical habitat
for breeding, migrating, and wintering birds of conservation

concern. The goal of this study was to show how the regional
structured decision-making framework could be used to help
prioritize future salt marsh management options for the refuge.

Purpose and Scope

This report describes an example of applying the regional
structured decision-making framework (Neckles and oth-
ers, 2015) to a selection of marsh management units in the
Rachel Carson National Wildlife Refuge. The purpose of this
example was not to resolve current management decisions,
but rather to provide a refuge-specific prototype for future
implementation. For this example, the regional framework was
parameterized to local conditions through rapid prototyping,
producing a decision model for the refuge that can be updated
easily as relevant data and information become available.
Included in this example are a suite of potential management
actions to achieve objectives in seven marsh management
units at the refuge, estimated costs for implementing each
potential action, predictions for the outcome of each manage-
ment action relative to individual management objectives, and
results of constrained optimization to maximize management
benefits subject to cost constraints. Management costs were
estimated using limited available information, and estimated
costs for individual management actions reflected relative
differences among actions rather than expected actual expen-
ditures. Such a decision structure can be used to understand
how specific actions may contribute to achieving management
objectives and identify an optimum combination of actions, or
“management portfolio,” to maximize management benefits at
the refuge scale for a range of potential budgets. The prototype
presented here provides an example framework for continually
improving the quality of complex management decisions at
the Rachel Carson National Wildlife Refuge.

Description of Study Area

Salt marsh habitat at the Rachel Carson National Wildlife
Refuge is divided into 23 marsh management units. Seven of
these units were selected for this prototype and are the subject
of this report: Biddeford Pool marsh management unit, in
Biddeford, Maine (fig. 2B); Granite Point marsh management
unit, at the mouth of the Little River estuary on the border
of Biddeford and Kennebunkport, Maine (fig. 2B); Marshall
Point marsh management unit, within the Sampson Cove
estuary system in Kennebunkport (fig. 258); Furbish, Bourne,
and Moody marsh management units, within the Ogunquit
River estuary system in Wells, Maine (fig. 2C); and Brave
Boat marsh management unit, within the Brave Boat Harbor
estuary system on Cutts Island, Maine (fig. 2D). All of the
marsh management units contain low to moderate density of
ditching from historic salt hay farming and mosquito control
efforts, and portions of the Biddeford Pool, Marshall Point,
Moody, and Brave Boat marsh management units have rem-
nants of ditch plugs that were installed around 2000 in attempt
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Figure 1. Map showing national wildlife refuges and national wildlife refuge complexes of the U.S. Fish and Wildlife Service where salt
marsh integrity was assessed from 2012 to 2016 using the regional monitoring protocol.
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to increase migratory bird habitat. Roads and homes pre-
vent marsh deposition of overwash sediments from the

ocean front dune, and at the time of the baseline assessment,
embankments or roads restricted tidal exchange within all

of the marsh management units selected for this prototype
except Granite Point. The majority of land (66—90 percent)
within 1 kilometer of most of the marsh management units

is categorized under natural land uses (land classified by

the 2011 National Land Cover Database as categories other
than agricultural or developed; Multi-Resolution Land
Characteristics Consortium, 2020). A smaller proportion of
land within | kilometer of the Furbish, Bourne, and Moody
marsh management units is classified as natural (45-50 per-
cent) on account of dense beachfront development shoreward
of these salt marshes. During 201216, average salt marsh
surface-water salinities in the summer ranged from about 26
to 33 parts per thousand (polyhaline to euhaline as defined by
Cowardin and others, 1979) within the marsh management
units (FWS, 2016).

Regional Structured Decision-Making
Framework

A regional framework for assessing and managing salt
marsh integrity at northeastern NWRs was developed through
collaborative efforts of FWS regional and refuge managers
and biologists, salt marsh research scientists, and structured
decision-making experts. This process followed the discrete
steps outlined by Hammond and others (1999) and Gregory
and Keeney (2002):

1. Clarify the temporal and spatial scope of the manage-
ment decision.

2. Define objectives and performance measures to evaluate
whether objectives are achieved.

3. Develop alternative management actions for achieving
objectives.

4. Estimate the consequences or likely outcomes of man-
agement actions in terms of the performance measures.

5. Evaluate the tradeoffs inherent in potential alternatives
and select the optimum alternatives to maximize man-
agement benefits.

This sequence of steps was applied through successive work-
shops to refine the decision structure and incorporate newly
available information. Initial development of the structured
decision-making framework occurred during a week-long
workshop in 2008 to define the decision problem, specify
management objectives, and explore strategies available to
restore and enhance salt marsh integrity. During 2008 and

2009, workshop results were used to guide field tests of salt
marsh monitoring variables (Neckles and others, 2013).
Subsequently, in 2012, data and insights gained from these
field tests were used in a two-part workshop to refine manage-
ment objectives and develop the means for evaluating manage-
ment outcomes (Neckles and others, 2015).

From the outset, FWS goals included development of
an approach for consistent assessment of salt marsh integrity
across all northeastern NWRs (fig. 1). Within this regional
context, staff at a given refuge must periodically determine
the best approaches for managing salt marshes to maximize
habitat value while considering financial and other constraints.
The salt marsh decision problem was thus defined as apply-
ing to individual NWRs over a 5-year planning horizon. The
objectives for complex decisions can be organized into a
hierarchy to help clarify what is most important to decision
makers (Gregory and others, 2012). The hierarchy of objec-
tives for salt marsh management decisions (table 1) was based
explicitly on the conservation mission of the NWRS, which
is upheld through management to “ensure that the biological
integrity, diversity, and environmental health of the System
are maintained for the benefit of present and future genera-
tions of Americans,” as mandated in the National Wildlife
Refuge System Improvement Act of 1997 (16 U.S.C. §668dd
note). Two fundamental objectives, or the overall goals for salt
marsh management decisions, were drawn from this policy to
maximize (1) biological integrity and diversity, and (2) envi-
ronmental health, of salt marsh ecosystems. Participants in the
regional prototyping workshops deconstructed these overall
goals further into lower-level objectives relating to salt marsh
structure and function and identified performance metrics to
evaluate whether objectives are achieved (table 1). In addi-
tion, performance metrics were weighted to reflect the relative
importance of each objective (Neckles and others, 2015).

The hierarchy of objectives for salt marsh management
(table 1) provides the foundation for identifying possible man-
agement actions at individual NWRs and predicting manage-
ment outcomes. Workshop participants developed preliminary
influence diagrams (app. 1), or conceptual models relating
management actions to responses by each performance metric
(Conroy and Peterson, 2013), to guide this process. To allow
metric responses to be aggregated into a single, overall perfor-
mance score, participants also defined value functions relating
salt marsh integrity metric scores to perceived management
benefit on a common, unitless “utility” scale (Keeney and
Raiffa, 1993). Stakeholder elicitation was used to determine
the form of each value function relating the original metric
scale to the utility scale, ranging from 0, representing the low-
est management benefit, to 1, representing the highest benefit
(app. 2). Neckles and others (2015) provided details regarding
development of the structured decision-making framework
and a case-study application to Prime Hook National Wildlife
Refuge in Delaware.
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Table 1. Objectives hierarchy for salt marsh management decision problems.

[Two fundamental objectives (overall goals of the decision problem) draw directly from U.S. Fish and Wildlife Service (FWS) National Wildlife Refuge System
policy to maintain, restore, and enhance biological integrity, diversity, and environmental health within the refuge. These are broken down into lower level
objectives focused on specific aspects of marsh structure and function. Values in parentheses are weights assigned to objectives, reflecting their relative impor-
tance. Weights on any branch of the hierarchy (that is, objectives that are at the same level of the hierarchy under a fundamental objective) sum to one.

The weight for each metric is the product of the weights from each level of the hierarchy leading to that metric. See also Neckles and others (2015).NA,

not applicable]

FWS regional objective Performance metric Unit of measurement

Maximize biological integrity and diversity' (0.5)

Maximize cover of native vegetation (0.24) Cover of native vegetation Percent
Maximize abundance and diversity of native =~ NA NA
nekton (0.18):
Maximize nekton abundance (0.50) Native nekton density Number per square meter
Maximize nekton diversity (0.50) Native nekton species richness Number of native species
Maintain sustainable populations of obligate ~ Abundance of specific tidal marsh obligate birds Number per marsh management unit
salt marsh breeding birds (0.20) (Tringa semipalmata [willet], saltmarsh spar- from call-broadcast surveys, summed
row, Ammospiza nelsoni [Nelson’s sparrow], across all sampling points in unit

unknown sharptailed sparrow)?

Maximize use by nonbreeding wetland birds ~ Abundance of American black duck as indicator Relative abundance for refuge during

(0.20) species wintering waterfowl season (low,
medium, high)?
Maintain trophic structure (0.18) Density of spiders as indicator taxon Number per square meter

Maximize environmental health' (0.5)

Maintain natural hydrology (0.44): NA NA
Maintain natural flooding regime (0.50) Percent of time marsh surface is flooded relative  Absolute deviation from reference in
to ideal reference system percentage points
Maintain natural salinity (0.50) Surface-water salinity relative to ideal reference ~ Absolute deviation from reference in
system parts per thousand
Maintain the extent of the marsh platform Change in marsh surface elevation relative to 0=Change in elevation is less than
(0.44) sea-level rise amount of sea-level rise; 1=change

in elevation greater than or equal to
amount of sea-level rise

Minimize use of herbicides (0.12) Rate of application 0=No herbicide applied; 1=herbicide
applied

'Fundamental objectives of salt marsh management decisions.

2Species composition adjusted from regional performance metric to reflect bird geographic ranges relative to the Rachel Carson National Wildlife Refuge.
“Unknown sharptailed sparrow” includes saltmarsh sparrow, Nelson’s sparrow, and hybrids between the two species.

3Relative abundance based on local knowledge.
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Application to the Rachel Carson
National Wildlife Refuge

In January 2018, FWS regional biologists, biologists and
managers from seven northeastern NWR administrative units
and USGS and Yale University research scientists (table 2)
participated in a 1.5-day rapid-prototyping workshop to apply
the regional structured decision-making framework to the
Maine Coastal Islands, Monomoy, Moosechorn, Parker River,
Rachel Carson, and Stewart B. McKinney National Wildlife
Refuges. Participants worked within refuge-specific small
groups to focus on management issues at individual refuges.
Plenary discussions of common patterns of salt marsh deg-
radation, potential management strategies, and mechanisms
of ecosystem response offered additional insights to enhance
refuge-specific discussions.

Participants identified a range of possible management
actions for achieving objectives within each marsh manage-
ment unit at the Rachel Carson National Wildlife Refuge

Table 2. Participants in the workshop convened at the Rachel
Carson National Wildlife Refuge, Maine, to apply a regional
framework for optimizing salt marsh management decisions to six
national wildlife refuges in January 2018.

[FWS, U.S. Fish and Wildlife Service; NWR, National Wildlife Refuge;
USGS, U.S. Geological Survey]

Affiliation Participant
FWS NWR specialists

Maine Coastal Islands NWR Sara Williams
Monomoy NWR Matthew Hillman
Moosehorn NWR Maurice Mills
Moosehorn NWR Keith Ramos
Moosehorn NWR Ray Brown
Parker River NWR Nancy Pau
Parker River NWR Bill Peterson
Rachel Carson NWR Kathleen O’Brien
Rachel Carson NWR Ryan Kleinert
Rachel Carson NWR Bri Benvenuti
Stewart B. McKinney NWR Richard Potvin
Stewart B. McKinney NWR Kristina Vagos

FWS regional experts

Northeast Regional Office Rachel Katz
Northeast Regional Office Troy Wilson
Rachel Carson NWR Susan Adamowicz

Research scientists

USGS Eastern Ecological Science Center James Lyons
Hilary Neckles

Laurel Low

USGS Eastern Ecological Science Center

Yale University School of Forestry and
Environmental Studies

and estimated the total cost of implementation over a 5-year
period; the specific years of implementation were not identi-
fied in this prototype. True costs were unavailable; rather,
management costs were estimated to reflect their relative
magnitudes across a range of management actions. Potential
actions to enhance salt marsh integrity included restoring
hydrologic connections, enhancing drainage from certain areas
of the marsh platform, or altering marsh elevation or vegeta-
tion succession (table 3, in back of report). Participants pre-
dicted the outcomes of each management action 5 years after
initial implementation in terms of salt marsh integrity perfor-
mance metrics. For most metrics, baseline conditions within
each unit measured during the 2012—16 salt marsh integrity
assessment (FWS, 2016) were used to predict the outcomes of
a “no-action” alternative. Baseline conditions were estimated
by using expert judgement for three metrics that lacked assess-
ment data (abundance of American black ducks, density of
spiders, change in marsh surface elevation relative to sea-level
rise). Regional influence diagrams relating management strate-
gies to outcomes aided in predicting consequences of manage-
ment actions (app. 1). Although the influence diagrams incor-
porated the potential effects of stochastic processes, including
weather, sea-level rise, herbivory, contaminant inputs, and
disease, on management outcomes, no attempt was made to
quantify these sources of uncertainty during rapid prototyping.
Management predictions also inherently included consider-
able uncertainty surrounding the complex interactions among
controlling factors and salt marsh ecosystem components.

Following the workshop, the potential management ben-
efit of each salt marsh integrity performance metric was calcu-
lated by converting salt marsh integrity metric scores (table 3,
workshop output) to weighted utilities (table 4, in back of
report) using regional value functions (app. 2). Weighted
utilities were summed across all salt marsh integrity metrics
for each action; this overall utility therefore represented the
total management benefit, across all objectives, expected to
accrue from a given management action (table 4). Constrained
optimization (Conroy and Peterson, 2013) was used to find the
management portfolio (the combination of actions, one action
per marsh management unit) that maximizes the total manage-
ment benefit across all units under varying cost scenarios for
the entire the refuge. Constrained optimization using integer
linear programming was implemented in the Solver tool in
Microsoft Excel (Kirkwood, 1997).

Budget constraints were increased in $5,000 incre-
ments up to $10,000; in $10,000 increments up to $50,000; in
$25,000 increments up to $100,000; in $50,000 increments up
to $300,000; in $100,000 increments up to $1 million; and in
$500,000 increments thereafter. The upper limit to potential
costs was not determined in advance; rather, it reflected the
total estimated costs of the proposed management actions. A
cost-benefit plot of the portfolios identified through the opti-
mization analysis was used to identify the efficient frontier for
resource allocation (Keeney and Raiffa, 1993), which is the set
of portfolios that are not dominated by other portfolios at simi-
lar costs (or the set of portfolios with maximum total benefit



for a similar cost). The cost-benefit plot also revealed the

cost above which further expenditures would yield diminish-
ing returns on investment. To exemplify use of the decision-
making framework to understand how a given portfolio

could affect specific management objectives, the refuge-scale
management benefits for individual performance metrics were
compared between one optimal portfolio and those predicted
with no management action taken.

Results of Constrained Optimization

Potential management actions identified to possibly
improve marsh integrity at selected marsh management units
in the Rachel Carson National Wildlife Refuge included
restoring natural hydrology and reducing the degree of tidal
restriction through various mechanisms, including restoring
tidal channels, breaching or removing dikes or embankments,
or installing culverts or water control structures. Additional
management actions were directed toward building eleva-
tion by adding sediment to the marsh surface and creating
elevated nesting habitat for marsh birds, and at facilitating
marsh migration by acquiring adjacent uplands (table 3).

Results of Constrained Optimization 1"

For estimated costs ranging from $0 to $865,000, the esti-
mated management benefits for individual actions across all
metrics, measured as weighted utilities, ranged from 0.497
(for implementing control of Phragmites australis, hereafter
referred to as Phragmites, in the Furbish marsh management
unit) to 0.963 (for breaching the berm to restore tidal exchange
followed by vegetation planting in the Marshall Point marsh
management unit), out of a maximum possible total manage-
ment benefit of 1.0 (tables 3 and 4). In most marsh manage-
ment units, the alternative with both the lowest management
benefit and lowest cost was the “no-action” alternative;
however, in the Furbish marsh management unit, controlling
Phragmites through herbicide use yielded a lower total man-
agement benefit than implementing no management actions.
Constrained optimization was applied to identify the opti-
mal management portfolios over 5 years for a range of total
estimated costs to the refuge. As total cost increased from $0
(no action in either unit) to about $565,000, the total manage-
ment benefit at the refuge scale increased from 3.972 to 6.226
(a 57-percent increase; table 5) out of a possible maximum of
7.0 (the maximum possible management benefit of 1.0 for any
management action, summed across the seven marsh manage-
ment units). Graphical analysis showed a fairly consistent
increase in management benefit as estimated costs increased to

Table 5. Actions included in various management portfolios to maximize the total management benefits subject to increasing cost

constraints at the Rachel Carson National Wildlife Refuge, Maine.

[Letter designations for actions refer to specific actions and are listed in table 3 and table 4. Portfolios represent the combination of potential actions, one

per marsh management unit, that maximized the total management benefit across all units, subject to a refuge-wide cost constraint. The management actions
constituting individual portfolios were selected using constrained optimization. The total cost represents the sum of costs estimated for each action included in
the portfolio. The maximum possible total management benefit for the refuge is 7.0, derived as the maximum possible total management benefit of 1.0 for any

management action within one management unit, summed across seven units]

Marsh management unit

Portfolio Granite  Marshall . Brave Biddeford Total cost Total manage-

Point Point Furbish Boat Bourne  Moody Pool (dollars) ment benefit
1 A A A A A A A 0 3.972
2 A A A B F A F 4,824 4.067
3 F A A B F E F 7,224 4.074
4 F C A B F E F 13,224 4.084
5 F F A B F E F 23,724 4,131
6 A D A A F A F 39,504 4.515
7 F D A B F E F 42,904 4.533
8 F D A B F C F 73,404 4.798
9 F D D B F C F 92,904 4.846
10 F D A E F C F 135,404 5.072
11 F D D E F C F 154,904 5.119
12 F D D E C C F 249,180 5.384
13 1 D D E F C F 283,504 5.426
14 1 D D E C C F 377,780 5.691
15 1 D C E F C C 470,404 5.961
16 1 D C E C C C 564,680 6.226
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$43,000 (fig. 3, portfolio 7). Portfolio 7 represented the turn-
ing point in the cost-benefit analysis; as expenditures increased
beyond the cost of portfolio 7, total management benefit con-
tinued to increase at a lower rate (fig. 3).

Several patterns emerged relative to the potential man-
agement actions selected by constrained optimization within
the set of portfolios that yielded the greatest total manage-
ment benefit per unit cost (portfolios 2 through 7, table 5).

All of these portfolios included actions to improve hydrologic
conditions in multiple marsh management units. In most units,
the primary hydrologic restoration that was selected involved
breaching or removing dikes, roads, or embankments (Granite
Point, Marshall Point, Brave Boat, and Moody marsh manage-
ment units). In the Biddeford Pool marsh management unit,
planting Spartina alterniflora (smooth cordgrass) was selected
consistently, and in the Bourne marsh management unit,
digging runnels, or shallow creeks, on the marsh platform to
improve surface-water drainage was selected consistently. In
contrast, some management actions were never included in the
portfolios yielding the greatest benefit per cost. For example,
creating elevated nesting habitat for marsh birds and applying
thin layer deposition were identified as possible management
actions in most marsh management units, but were never
selected in a management portfolio. No management actions
in the Furbish marsh management unit were included in port-
folios 2 through 7.

6.8 T T T

Examination of the refuge-scale metric responses to
actions included in portfolio 7, which is the turning point in
the cost-benefit plot (fig. 3), revealed how implementation
could affect specific management objectives. The actions
included were predicted to achieve large gains in the overall
management benefits derived from increased density of spiders
(as an indicator of trophic health) and the improved capac-
ity of marsh elevation to keep pace with sea-level rise, and
modest gains in the benefits derived from increased numbers
of tidal marsh obligate birds and reduced duration of flooding
(fig. 4). Ecologically, the combination of actions in portfolio
7 may result in an average 18-percent increase in tidal marsh
obligate bird counts (averaged across all marsh management
units), 48-percent decrease in the deviation of surface flooding
from the ideal reference condition, and 614-percent increase in
spider density (derived as the average difference between the
predicted metric scores for the actions implemented in portfo-
lio 7 and the “no-action” alternative; table 3). Implementation
of actions in this portfolio was predicted to improve the capac-
ity for marsh elevation to keep pace with sea-level rise in one
marsh management unit. The management benefits predicted
for portfolios 2 through 6, at total costs up to $39,500, were
derived primarily from expected increases in densities of
spiders and numbers of tidal marsh obligate birds (table 3,
table 4).

58

53

Total management benefit [dimensionless]

48 r 1
67 EXPLANATION
43 ol Management portfolio—Actions and salt marsh units | |
that create each portfolio are listed in table 5
v —— Frontier of most-efficient resource allocation
38 1 1 1 1
0 100,000 200,000 300,000 400,000 500,000 600,000

Total cost, in dollars

Figure 3. Graph showing predicted total management benefit of various portfolios, expressed as
weighted utilities, relative to total cost at the Rachel Carson National Wildlife Refuge in Maine. Each
portfolio (dot with number) represents a combination of seven management actions, one per marsh
management unit, as identified in table 5. The line represents the efficient frontier for resource

allocation.
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Native vegetation cover

Nekton density

Nekton species richness

Tidal marsh obligate breeding birds
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Figure 4. Bar chart showing predicted management benefit at the refuge scale for individual
performance metrics, expressed as weighted utilities, resulting from implementation of the
management actions included in portfolio 7, in comparison to the management benefit from the
baseline “no-action” portfolio, at the Rachel Carson National Wildlife Refuge in Maine. Baseline
(“no action”) predicted management benefit for marsh surface elevation change is 0. The actions

included in each portfolio are listed in table 5.

Considerations for Optimizing Salt
Marsh Management

A regional structured decision-making framework for
salt marshes in NWRs in the northeastern United States was
applied by the USGS, in cooperation with the FWS, to develop
a tool for optimizing management decisions at selected marsh
management units in the Rachel Carson National Wildlife
Refuge. Use of the existing regional framework and a rapid-
prototyping approach permitted NWR biologists and manag-
ers, FWS regional authorities, and research scientists to con-
struct a decision model for the refuge within the confines of a
1.5-day workshop. This preliminary prototype provides a local
framework for decision making while revealing information
needs for future implementation. Insights from this process
may also be useful to inform future habitat management plan-
ning at the refuge.

The suite of potential management actions and predicted
outcomes included in this prototype (table 3) were based on
current understanding of the Rachel Carson National Wildlife
Refuge salt marshes and hypothesized process-response
pathways (app. 1). Tidal flooding is the predominant physical
control on the structure and function of salt marsh ecosys-
tems (Pennings and Bertness, 2001), and there is widespread
scientific effort to elucidate how salt marshes may respond to
accelerating rates of sea-level rise and management strategies
to enhance their sustainability (Kirwan and Megonigal, 2013;
Roman, 2017). In particular, many salt marshes throughout
the northeastern United States are degraded by roads, dikes,

railroads, or other obstructions to tidal flow, and salt marsh
restoration focuses frequently on reestablishing tidal flow
(Konisky and others, 2006; Roman and Burdick, 2012). In
this prototype, actions to partially restore tidal hydrology
through breaching dikes and causeways were predicted to
improve overall management benefit for a relatively low cost.
However, a growing body of literature suggests that removing
tidal restrictions may not restore high salt marsh vegetation
that provides critical habitat for at-risk species such as salt-
marsh sparrows (Elphick and others, 2015). In addition, costs
associated with improving the resiliency of the marsh platform
in preparation for tidal restoration were not considered in

this exercise.

Multiple, interacting factors influence the long-term suc-
cess of restoration actions in prolonging marsh integrity and
improving marsh resilience (Roman, 2017). Future iterations
of this decision model can incorporate realistic costs and
improved understanding of marsh responses to management
actions. In particular, during construction of the regional deci-
sion model, a lack of widely available data on rates of vertical
marsh growth led to the adoption of a very coarse scale of
measurement for change in marsh surface elevation relative to
sea-level rise (table 1). From 2013 to 2016, surface elevation
tables (Lynch and others, 2015) were installed in each marsh
management unit to obtain high-resolution measurements of
change in marsh surface elevation. Incorporating this infor-
mation into subsequent iterations of this structured decision-
making framework would likely improve predictions related
to the potential for marsh surface elevation to keep pace with
sea-level rise.
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Results of constrained optimizations (table 5) based on
the objectives, management actions, and predicted outcomes
included in this prototype identified five areas in which
to improve the utility of the prototype for refuge decision
making. First, various management actions are used in the
northeastern United States in attempt to build the resilience
of salt marshes threatened by accelerated sea-level rise and
subsequent inundation. Thin-layer deposition of sediments
to raise marsh elevation is increasingly proposed to enhance
salt marsh sustainability (Wigand and others, 2017), but this
prototype suggests sediment enhancement may be cost pro-
hibitive for widespread implementation at the Rachel Carson
National Wildlife Refuge and that additional actions may be
necessary to achieve the best possible outcome. Alternative
options to reduce the depth and duration of surface flooding,
such as digging runnels to improve surface drainage, could be
more feasible. However, salt marsh response to these manage-
ment actions may depend on site-specific factors (Wigand and
others, 2017). At Rachel Carson National Wildlife Refuge,
although runnel creation was predicted to improve surface
drainage of the Bourne marsh management unit substantially,
runnel creation was not expected to yield significant increases
in total management benefit in the Furbish marsh management
unit, where baseline conditions indicated that the duration of
surface flooding was already within 10 percent of the desired
condition (table 3, table 4). By revealing how individual man-
agement actions contribute to total management benefit, this
prototype offers insight into potential factors influencing the
achievement of objectives across different marsh management
units and where managers may want to consider additional
options to enhance marsh resilience.

Second, constructing microtopography as nesting habitat
(Benvenuti, 2016; Hartley and Weldon, 2020) has been pro-
posed for increasing reproductive success of saltmarsh spar-
rows. The efficacy of this management technique is supported
by anecdotal evidence of saltmarsh sparrows using naturally
elevated areas (for example, natural sediment deposits and
small berms) and is being evaluated through pilot testing
(Hartley and Weldon, 2020). The lack of information to pre-
dict management benefits may have contributed to the exclu-
sion of building elevated nesting habitat from optimal portfo-
lios, suggesting that this and other methods to improve nest
success might warrant further investigation. Future iterations
of the decision model might consider additional actions target-
ing saltmarsh sparrows. For example, studies have suggested
the acquisition of adjacent parcels for inland marsh-migration
(Wiest and others, 2014) and manipulation of tidal hydrol-
ogy (Hartley and Weldon, 2020) as actions that may support
saltmarsh sparrow nesting success, but these mechanisms need
further study. Ultimately, limiting declines of saltmarsh spar-
row populations will likely depend on creating high-quality,
high-elevation marsh habitat (Hartley and Weldon, 2020).

Third, the conversion of uplands to wetlands driven
by sea-level rise may be the most important determinant of
future marsh area. In the absence of anthropogenic barriers to
marsh migration, land conversion is controlled by the slope

and cover of coastal uplands; the stresses to upland vegetation
caused by salinity and inundation; and synergistic disturbance
events such as storms and insect outbreaks (Kirwan and
Gedan, 2019). In this prototype, cutting and removing trees
was identified as a possible management action to facilitate
marsh migration in three marsh management units (table 3),
but this action was never selected during optimization exer-
cises. Deconstructing the objective of maintaining the extent
of the marsh platform into subordinate objectives and perfor-
mance metrics related to both horizontal and vertical gains and
losses may help focus decision making on the various drivers
of marsh area.

Fourth, although reducing the extent of Phragmites is a
management concern in the Furbish marsh management unit,
Phragmites control through use of herbicides was not selected
for any optimal portfolio. The transparency of the structured
decision-making framework reveals the tradeoffs associ-
ated with applying herbicide to reduce the spread of inva-
sive plants. In this instance, controlling invasive plants was
predicted to yield very slight increases in the percent cover
of native vegetation and the density of nekton (table 3), and
the change in management benefits associated with achiev-
ing these specific objectives was not detectable (table 4).
However, spraying herbicide, which is a potential environ-
mental contaminant, had direct negative consequences on
the objective to minimize herbicide use and was predicted to
decrease the total management benefit (table 4). Thus, the ben-
efits associated with use of herbicide to reduce invasive plants
may not offset the negative value of applying environmental
contaminants. These results emphasize the importance that
refuge managers have placed on controlling spread of invasive
plants through various methods, including tidal restoration and
hand pulling (FWS, 2007). This prototype could be adapted to
allow managers to evaluate the relative expected benefits and
detriments of chemical and other control methods.

Finally, the constrained optimizations analyzed in this
report were based on underestimated approximations of man-
agement costs, as they did not include expenditures that may
be necessary in advance to mobilize equipment. A detailed list
of actual expenses is being compiled as salt marsh manage-
ment is undertaken around the region, including staff time for
project planning as well as materials, equipment, contracts,
and staff time for site preparation and implementation. This
will allow future iterations of the decision model to include
more accurate cost estimates.

The prototype model for the Rachel Carson National
Wildlife Refuge provides a useful tool for decision making
that can be updated in the future with new data and informa-
tion. Updates might include changes to the overall objectives
structure as well as improvements to elements of the deci-
sion model. For example, the spatial and temporal variability
inherent in parameter estimates were not quantified during
rapid prototyping. Previously, preliminary sensitivity analy-
sis revealed little effect of incorporating ecological varia-
tion in abundance of marsh-obligate breeding birds on the
optimal solutions for Prime Hook National Wildlife Refuge



(Neckles and others, 2015). This lends confidence to use

of this framework for decision making; however, including
probability distributions for each performance metric in the
decision model could be a high priority for future prototypes.
Importantly, baseline data were unavailable for some metrics
included in this decision model (abundance of American black
ducks, density of spiders, and change in marsh surface eleva-
tion relative to sea-level rise). In particular, although spider
communities have been proposed as sensitive ecological
indicators (Wheater and others, 2000) and spider abundance
was found to increase in a New Jersey salt marsh following
restoration of smooth cordgrass (Gratton and Denno, 2005),
there remains a paucity of data on salt marsh spiders overall.
Spider densities in this prototype were estimated based on

a single study (Ddbel and others, 1990). The effectiveness

of spiders as an indicator of trophic health would depend on
improved understanding of how different spider taxa respond
to salt marsh management actions. Future monitoring of salt
marsh integrity performance metrics will be useful to refine
baseline parameter estimates and to determine the back-
ground rate of change in the absence of management actions;
feedback from measured responses to management actions
around the region will help reduce uncertainties surrounding
management predictions.

The structured decision-making framework applied here
to selected marsh management units in the Rachel Carson
National Wildlife Refuge is based on a hierarchy of regional
objectives and regional value functions relating performance
metrics to perceived management benefits. It will be impor-
tant to ensure that subsequent iterations reflect evolving
management objectives and desired outcomes at regional
and refuge scales. Elements of the decision model could be
further adapted, for example through differential weighting of
objectives or altered value functions, to reflect specific, local
management goals and mandates. Future optimization analy-
ses that use this framework could also incorporate additional
constraints on action selection, such as ensuring that particu-
lar actions within individual marsh management units are
included in optimal management portfolios, to further tailor
the model to refuge-specific needs.
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Appendix 1. Regional Influence Diagrams

The influence diagrams (following the style of proto-
type diagrams in Neckles and others, 2015) in this appendix
(figs. 1.1-1.8) relate possible management strategies to perfor-
mance metrics. Shapes represent elements of decisions, as fol-
lows: rectangles for actions, rectangles with rounded corners
for deterministic factors, ovals for stochastic events, and hexa-
gons for consequences expressed as a performance metric.
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Figure 1.1. Influence diagram used to estimate percent cover of native vegetation in response to implementing certain management

actions.
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Figure 1.2. Influence diagram used to estimate nekton density and species richness in response to implementing certain management

actions.
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Figure 1.3. Influence diagram used to estimate abundance of tidal marsh obligate breeding birds in response to implementing certain

management actions.



28 Optimization of Marsh Management at the Rachel Carson National Wildlife Refuge Through Structured Decision Making

Restore tidal flow

Plant native Available plant food Annual population size
vegetation
Plug ditches
Available animal food Winter survival and Amorican ook
spring recruitment merican blac
ducks
Excavate fill

Integrated marsh
management

Available native
vegetation cover

Apply herbicides to
invasive species

Winter weather

Figure 1.4. Influence diagram used to estimate abundance of American black ducks in winter, as indicator species for nonbreeding

wetland birds, in response to implementing certain management actions.
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Figure 1.6. Influence diagram used to estimate percent of time marsh surface is flooded and salinity of marsh surface water in
response to implementing certain management actions.
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Figure 1.7. Influence diagram used to estimate change in elevation of the marsh surface relative to sea-level rise in response to
implementing certain management actions.
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Appendix 2. Utility Functions for the Rachel Carson National Wildlife Refuge

Utilities [u(x)] are derived as monotonically increasing,
monotonically decreasing, or step functions over the range of
performance metric x. In the functions in figures 2.1-2.10, x,
Low, High, and p are expressed in performance metric units;
Low and High represent the endpoints of the given metric
range for the Rachel Carson National Wildlife Refuge; and p
represents a shape parameter derived by stakeholder elicita-
tion (Neckles and others, 2015). Break points in step functions
were also derived by stakeholder elicitation.
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Figure 2.1. Native vegetation at the Rachel Carson National Wildlife Refuge, Maine.
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Figure 2.2. Native nekton density at the Rachel Carson National Wildlife Refuge, Maine.
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Native nekton species richness at the Rachel Carson National Wildlife Refuge, Maine.
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Figure 2.4. Tidal marsh obligate birds at the Rachel Carson National Wildlife Refuge, Maine.
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Figure 2.5. American black ducks at the Rachel Carson National Wildlife Refuge, Maine.

33



34 Optimization of Marsh Management at the Rachel Carson National Wildlife Refuge Through Structured Decision Making

1
~1
If x < 15, then u(x):O.Sxx
14
o N If x> 15, then u(x)=0.5+(0.5><x_15)
2
<
S 06— —
w
=
[}
E
5
= 04— —
5
0.2 ]
ole l
0 15 30

Spiders, number per square meter

Figure 2.6. Marsh spiders at the Rachel Carson National Wildlife Refuge, Maine.
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Figure 2.7. Duration of surface flooding at the Rachel Carson National Wildlife Refuge, Maine.
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Figure 2.8. Salinity of surface water at the Rachel Carson National Wildlife Refuge, Maine.
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Figure 2.9. Change in marsh surface elevation relative to sea-level rise at the Rachel Carson National Wildlife Refuge, Maine.
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Figure 2.10. Application of herbicides at the Rachel Carson National Wildlife Refuge, Maine.
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