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ABSTRACT KEYWORDS
Ecosystem models have emerged as vital tools for evaluating man- End-to-end models;
agement strategies and are increasingly used by policymakers. We 35",[”3;”@ ma”a:,ge’.“e”t;
reviewed the history of modeling and identified research gaps based si%i]a::ginnfc?dlgl)il;mg
on policy needs for ecosystem-based management of Narragansett social-ecological syst,ems
Bay (RI, USA)—a highly-impacted system with a history of research

and monitoring dating back to the 1950s. There is a need to disen-

tangle the impacts of nutrient reductions versus climate change on

species interactions as well as understand the ecological and

socio-economic tradeoffs of management actions. Within this context,

we consider the following to be important for future research and

creation of ecosystem models for Narragansett Bay: (i) account for

multi-scale processes and patterns through two-way model coupling;

(i) incorporate human behavior as part of model predictions; and

(i) lessen the impact of model uncertainty by identifying robust

management strategies that will sustain resources under a range of

potential future scenarios. Ecosystem modeling that builds on prior

models and is informed by knowledge gaps will be a powerful tool

to operationalize ecosystem-based management in Narragansett Bay

and globally, providing sustainable pathways for nature and

people.

1. Introduction

The need to balance ecological and human well-being in the face of rapid environ-
mental change has compelled scientists to work across the natural, physical, and social
sciences in pursuit of ecosystem-based management (EBM; Arkema, Abramson, and
Dewsbury 2006; Berkes 2012). EBM recognizes the need to: (1) address the multiple
and cumulative ways in which humans use and impact the environment (Link and
Browman 2014), (2) account for the interdependence among the physical, biological,
and socioeconomic components within and among systems (McLeod et al. 2005), and
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(3) better understand how society can support the resilience and robustness of eco-
system goods and services (Levin and Lubchenco 2008). To accomplish these goals,
EBM requires a diversity of disciplinary input from environmental science, ecology,
economics, mathematics, as well as the physical, earth, social, and political sciences.
One way to synthesize these inputs while also exploring tradeoffs across objectives is
using ecosystem models. Ecosystem models are a powerful tool for EBM; they have
been used to study nutrient loading (Alvarez-Romero et al. 2014), land use (Mango
et al. 2011), and fisheries management (Latour, Brush, and Bonzek 2003; Christensen
and Walters 2005). However, ecosystem models are challenging to build and parame-
terize. This is often because of the large data needs, complexity in interactions among
components, and the uncertainty in data inputs particularly for human behavioral
processes (Link et al. 2012).

Ecosystem modeling can be used for all types of aquatic environments. However,
modeling estuaries and coastal ecosystems differ from that of other systems (Ji 2017).
Estuaries are located where oceanic, riverine, and terrestrial ecosystems meet, thus
introducing a great deal of variability in physical, biological, and social processes. As
a result, estuaries are characterized by strong spatial and temporal gradients, which
can introduce additional difficulty to modeling (Elliott and Whitfield 2011). For exam-
ple, variables like salinity (Berounsky and Nixon 1993; Telesh and Khlebovich 2010)
and plankton abundance (Soetaert and Van Rijswijk 1993; Park and Marshall 2000)
can differ greatly from the top of an estuary to the outlet into the ocean. Humans
have long used estuaries as hubs of development and there is heterogeneity in uses
that range from transportation of goods, fishing, and tourism (Lotze et al. 2006). These
multifaceted characteristics of estuaries and their interactions across space and time
present unique challenges to scientists attempting to model processes, as well as to
managers forming policies for sustainable use.

The goal of this study is to review the history of modeling for Narragansett Bay
(Rhode Island, USA) in order to provide a lens for future research that better serves
ecosystem-based management (EBM). In this review, we consider Narragansett Bay as
a study site and provide some historical context on the setting (Sec. 1.1). Then we
classify previous modeling approaches and their characteristics, restricting our exam-
ination to only those performed with Narragansett Bay as its focal area (Sec. 2). We
summarize the main findings and synthesize across studies (Sec. 3.1), and with input
from managers, identify research needs to be able to take EBM from concept to reality
(Sec. 3.2). Finally, within the context of past modeling efforts and current management
needs, we provide suggestions for how these knowledge gaps could be filled using
modeling methods (Sec. 3.3).

1.1. Study site and context

Narragansett Bay waters cover an area of 328km? (4766km?* watershed and 685km
coastline), making it the largest estuary along the New England (USA) coast. It has
a long history of settlement dating back to the early 16th century (Chinman and
Nixon 1985; Boothroyd and August 2008) and shares its name with the Indigenous
Tribe that occupied most of present-day Rhode Island, the Narragansett people. Archival
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sources and oral tradition indicate that before European contact, the Narragansett
People, whose descendants still exist today, were primarily a hunting and fishing culture
relying on the bay’s natural resources for their subsistence (Herndon and Sekatau 1997).

With the settlement of European colonialists, Narragansett Bay continued to play
an important role in the development of the state of Rhode Island, both for its fish-
eries resources and as a passage for maritime trade. Although the bay experienced
rapid population growth during colonial times, industries were low impact into the
late 1700s (Desbonnet and Lee 1991). Major increases in nutrients (nitrogen and
phosphorous) began around the late 1800s with the development of sewer systems
during the Industrial Revolution (Desbonnet and Lee 1991; Nixon 1995). By the late
1900s, nutrient inputs into the bay had increased at least 500% as a result of human
activities (Nixon 1997). During this period and over just a 50-year time span, average
spring-summer water temperatures in Narragansett Bay increased 1.5°C (Collie, Wood,
and Jeffries 2008). As human population increased in the areas surrounding the bay,
pollution and nutrient loading from sewage outfalls and land development also increased
(Hamburg et al. 2008; Vadeboncoeur, Hamburg, and Pryor 2010), coinciding with
changes to species composition and decreases in fisheries yields (Oviatt et al. 2003;
Collie, Wood, and Jeffries 2008). In the last several decades, concerted efforts have
been made to reduce these inputs (Oviatt et al. 2017), in part due to interest in
restoring fisheries, promoting tourism, developing aquaculture, and a general desire
to improve the water quality of the bay. These efforts, which included upgrading
wastewater treatment systems, have decreased nitrogen input by over 50% in the last
decade (Oczkowski et al. 2018). While there have been improvements, the bay still
faces challenges related to nitrogen and phosphorus runoff (Schmidt et al. 2020).

There is a long history of data collection and scientific study in Narragansett Bay,
which has paved the way for the creation of models. Ongoing data collection and
monitoring activities gather data for a variety of purposes to inform multiple stake-
holders (Table 1). Temperature, salinity, nutrient concentrations (e.g., nitrogen, phos-
phorus), phytoplankton, invertebrates, and fish abundance have been measured weekly
in the bay for nearly 60years. Other biophysical processes (e.g., zooplankton biomass)
have been monitored weekly for shorter time periods, while other measurements (e.g.,
benthic metabolism, water circulation) have been more opportunistic (project-based)
and began within the last 25years. To our knowledge, there are no regularly collected
socioeconomic datasets for Narragansett Bay, except for fisheries catch. While past
modeling efforts have made use of these datasets (Table 1), the majority of the models
only represent one component of the larger ecosystem. There is still a need to create
linked and multi-scale models, or ecosystem models, to understand how social-ecological
processes interact.

The Rhode Island Department of Environmental Management (RIDEM) is charged
with managing the Narragansett Bay ecosystem, including its water quality and marine
resources. Ecosystem modeling focused on water quality and lower trophic levels has
been sought after by state managers to understand the bottom-up drivers of coastal
hypoxia, a detriment to many marine species. Various models have been evaluated by
state managers to inform water quality conditions for Narragansett Bay and how
nutrient loading should be regulated. Hydrodynamic modeling using the Regional
Ocean Modeling System (ROMS) and Environmental Fluid Dynamics Code (EFDC)
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Table 1. Current data availability for Narragansett Bay (RI, USA) including model parameter, sampling
frequency, data duration, and variables measured.

Model Institution Sampling
parameter name Type of institution frequency Duration Data type
Marine Save the Non-governmental ~ Annual 1994-2021  Species, Abundance
mammals Bay Organization
Birds RIDEM Government Annual 1980-2021  Species, Abundance
Fish URI Academic Weekly, Trawl 1955-2021  Species, Abundance, Biomass,
Surface and Bottom
Temperature
Fish RIDEM Government Monthly, Trawl 1990-2021  Species, Abundance, Biomass,
Water Temperature
(surface, bottom)
Fish RIDEM Government Seasonal, Trawl 1979-2021  Species, Abundance, Biomass,
(Spring/Fall) Water Temperature
(surface)
Fish RIDEM Government June-October, 1988-2021  Species, Abundance, Water
Seine Temperature (surface),
Weather Conditions,
Salinity, Dissolved Oxygen
Crustacean RIDEM Government Summer 2006-2021  Species, Abundance
(June-August),
Trap
Shellfish RIDEM Government Seasonal 1992-2021  Species, Abundance
(Summer/Fall),
Dredge
Fisheries RIDEM Government Bi-Monthly 1982-2021  Species, Abundance, Biomass,
Catch— Effort
Recreational
Fisheries RIDEM Government Daily 2004-2021  Species, Biomass, Effort
Catch—
Commercial
Fisheries RIDEM Government Annually 1950-2004  Species, Biomass
Catch—
Commercial
Benthos EPA Government Every 5years 2006-2021  Species, Biomass
Water Quality EPA Government Every 5years 2006-2021 P, N, Water Clarity, Chl a, DO
Sediment EPA Government Every 5years 2006-2021  Sediment Contaminants,
Quality Sediment Toxicity
Phytoplankton URI Academic Weekly 1955-2021  Species, Abundance, Water
Temperature (surface,
bottom), Irradiance,
Salinity, DIN, Chl a
Zooplankton URI Academic Weekly 1970-2021  Abundance, Biomass
Nutrients URI Academic Weekly 1976-2021  Water Temperature (surface),
Salinity, DIN, PO,, SiO, TN,
TP
Circulation URI Academic Opportunistic? 1995-2021  Flow velocity
Benthos URI Academic Annually 2000-2021  Species, Abundance, Biomass,
Water Temperature
(surface)
Water Quality URI Academic Every 15 mins 2000-2021  Water Temperature (surface),
Salinity, pH, DO, Chl a
Benthic URI Academic Opportunistic? 1970s-2021  Sediment oxygen demand,
Metabolism N,, DIN, PO,, and SiO,
fluxes
Macroalgae URI Academic Monthly 2005-2021  Species, Abundance, Biomass
Blooms

Data collection are conducted by various research groups including: University of Rhode Island (URI), U.S. Environmental
Protection Agency’s (EPA) National Coastal Condition Assessment (formerly, Environmental Monitoring and Assessment
Program), Rhode Island Department of Environmental Management (RIDEM), and Save the Bay (a non-governmental
organization).

a0pportunistic sampling frequency means that these measurements are not taken on a regular basis but are instead
project-specific and may occur numerous times one year, then not again for a few years.
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coupled with the EcoGEM and Water Quality Analysis Simulation Program (WASP),
respectively, have been used to understand how estuarine circulation allow for nutrients
to be available for phytoplankton assimilation (Kremer et al. 2010; Vaudrey 2016;
Rashleigh et al. 2015; Ullman et al. 2019). Such modeling has provided insight into
the circulation of the bay, its influence on nutrient standing stocks, and the connec-
tivity to eutrophication and subsequently hypoxia.

Management of the bay’s marine resources, such as recreational and commercial
fish and invertebrates, uses scientific monitoring and analytics to support informed
decision making on regulatory measures. The resources are managed through various
fisheries management plans that utilize a spectrum of management tools (e.g., size
limits, possession limits, temporal restrictions, limited access, gear restrictions, spatial
closures) to ensure sustainable fisheries. The State’s fisheries management is collabo-
rative with federal and state agencies and regional management entities (such as the
New England Fisheries Management Council, Mid-Atlantic Fisheries Management
Council, Atlantic States Marine Fisheries Commission), given the migratory, trans-
boundary nature of many species. Instances of ecosystem-based management for
Narragansett Bay fish and invertebrates have primarily been tied to regional fisheries
management efforts. For example, Atlantic menhaden total allowable catch is informed
by ecological reference points for the species, which consider both the single species
population dynamics of menhaden and the foraging needs of Atlantic striped bass
(Chagaris et al. 2020; Anstead et al. 2021). These reference points are informed by
food web modeling using Ecopath w/Ecosim of the northwest Atlantic continental
shelf (Anstead et al. 2021). However, specific ecosystem minded management efforts
in Narragansett Bay do exist. To ensure forage fish are available for both harvest and
ecosystem function, the commercial menhaden fishery is managed in the bay using
various harvest caps and triggers (informed predicted biomass estimates from a deple-
tion model and spotter pilot-based abundance estimates) to open and close the fishery.
The caps and triggers are designed to ensure that menhaden can also support higher
tropic levels of the bay ecosystem, such as predatory piscivores.

2. Methods

When reviewing models, our inclusion criteria were peer-reviewed studies with simulation
models (not statistical or correlative models) performed for all, or greater than 50% total
area, of Narragansett Bay. One exception to our inclusion criteria was ecosystem services
models. While not used for predictive purposes, they are still important tools for stake-
holder engagement, decision-making, and ultimately EBM, and therefore included here.
We built on the model classification scheme of Piroddi and colleagues (2015) to group
peer-reviewed published studies of Narragansett Bay into six model classes that account
for various aspects of the physical, biological, or human components of the ecosystem.
The six model classes included: (1) physical; (2) hydro-biogeochemical; (3) food-web;
(4) agent-based; (5) economic input-output; and (6) ecosystem services (Figure 1).

To identify future research needs, we (including coauthors JM and CM from the
Rhode Island Department of Environmental Management) worked to isolate the largest
knowledge gaps impeding EBM. These knowledge gaps were also mentioned by recent
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Ecosystem Services ® Recreational use eTourism eAgriculture eWastewater
Management strategy Informing management
impacts decisions

Economic Input/Output e Monetary flow eEmployment e Demand eProfit

Economic drivers of Human behavior drives
human behavior monetary flow
Agent—Based ® Fisher dynamics e Fishing effort eBehavior of resource users
Resource use Resource availability

Food Web e Lower and upper trophic organisms eFisheries harvest e Foraging relationships

Predation on plankton Plankton as a food source
Hyd rO-BiOgeOChemica| ® Phytoplankton e Zooplankton e Macroalgae
Primary production & l I
grazing Physical forcings
Physica| elight attenuation eNutrient loading eSalinity e Sedimentation e Bioturbation

Figure 1. Box model of different model classes identified for Narragansett Bay (RI, USA), as well as
their connections to one another.
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studies (Table 2) as potential next steps for improving predictive modeling of
Narragansett Bay (see Sec. 3.3 for further detail).

3. Results and discussion
3.1. Reviewing modeling approaches for Narragansett Bay

Many types of models have been developed for Narragansett Bay, but the majority
have focused on physical processes without attempts to link them to other parts of
the ecosystem (Table 2). Over a period of four decades, there has also been an emphasis
on hydro-biogeochemical models of plankton dynamics, focusing entirely on the lower
trophic levels of the food web. Much less effort has been devoted to other ecosystem
components, including the higher trophic levels, and even less attention has been given
to the integration of human dimensions, specifically behavior and decision-making of
resource users.

Physical models, the most prevalent model type created for Narragansett Bay (Table
2), are concerned with predicting the distribution (e.g., transport, diffusion) of one
or more of an ecosystem’s physical components. Topics of the existing physical models
in Narragansett Bay range from the mobility of trace metals (Santschi et al. 1983,
1987), freshwater and salinity inputs (Pilson 1985), and nutrient loading into the bay
(Vadeboncoeur, Hamburg, and Pryor 2010). These models have important management
implications, informing how managers should address pollutants in aquatic systems as
well as characterizing the residence times of water and nutrients that are important
for considering the “self-cleaning” properties of Narragansett Bay.

Additional physical models of Narragansett Bay have important implications for
other components of the ecosystem. These models have focused on topics such as
advection and dispersal (Kremer et al. 2010), residence and exposure time (Abdelrhman
2007), light attenuation (Abdelrhman 2016, 2017), sedimentation rates (Doering and
Oviatt 1986), and larval transport (Mcmanus et al. 2020). In some cases, physical
characteristics can even be predictive of biological processes. For example, Shull (2001)
used a physical model to describe how benthic deposit feeders and sedimentation were
important drivers of bioturbation in Narragansett Bay, and Abdelrhman and Cicchetti
(2012) quantified how an intermediate nitrogen load maximizes the bioturbation
activities of benthic invertebrates. Implications of these physical studies are especially
important for managing water quality and the health of algae and seagrass beds. These
studies demonstrate that physical processes can be used as proxies for making biological
predictions.

Hydro-biogeochemical models take physical models one step further by focusing
on predicting the response dynamics of lower-level trophic groups such as phytoplank-
ton and zooplankton. Narragansett Bay, like many estuaries, has a long history of
studying plankton dynamics (Kremer and Nixon 1978). Several of these models use
mechanistic approaches incorporating physical forcing, nutrient cycling, food-web
structure (limited to lower-trophic levels), as well as biological processes such as
growth, predation, respiration, and decay (Kremer and Nixon 1978; Kremer and Kremer
1982; Nixon, Granger, and Nowicki 1995) in order to predict the population dynamics
of plankton groups. Another approach that has proven effective in simplifying these
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models is the use of empirically-based relationships to represent certain key processes
(Brush et al. 2002; Brawley et al. 2003; Brush and Brawley 2009; Brush and Nixon
2017). This method integrates multiple processes into simplified bulk functions, result-
ing in a less complex model that is still robust in its prediction ability (Brush and
Nixon 2010, 2017; Borkman and Smayda 2016). Hydro-biogeochemical models have
been important for simulating hypoxic events, climate change, and nutrient inputs in
Narragansett Bay (Vaudrey 2016; Brush and Nixon 2017).

Food web models are another important model class and tend to include both lower
and higher trophic level organisms. One example is the Ecopath model (Christensen
and Pauly 1992; Christensen and Walters 2004) which has now been used multiple
times in Narragansett Bay, first to predict the carrying capacity of shellfish aquaculture
production (Byron et al. 2011) and more recently to create a fisheries-focused
time-dynamic food web model capable of forecasting organism biomass (Innes-Gold
et al. 2020). These models operate using principles in energy transfer that is mediated
by predator-prey interactions and human removal. The Narragansett Bay Ecopath
models included mid and higher trophic groups like invertebrates and fishes, as well
as lower trophic level groups like benthic algae and plankton but had no representation
of hydrodynamics or physical forcings. One potential way around this drawback is to
link food web models to physical models, which also makes them more relevant to
managers. For example, the Byron et al. (2011) model was updated and used by the
EPA to explore how changing nitrogen availability would impact the upper trophic
level functional groups (Rashleigh et al. 2015), using data from a model of nitrogen
loading to Narragansett Bay (Vadeboncouer, Hamburg, and Pryor 2010). Another
example of a food web model including lower trophic level data is the Atlantis model
for the northeastern US (Link, Fulton, and Gamble 2010; Olsen et al. 2016), which
incorporated information from physical forcing components (e.g., upwelling time series,
temperature, and salinity) as well as socioeconomics (e.g., catch and effort of various
fishing fleets). However, the spatial scale of the model (i.e., the entire northeastern
US) is too broad for the purposes of informing managers of Narragansett Bay.

Food web models for Narragansett Bay have been linked to economic input-output
models (Byron, Jin, and Dalton 2015). Economic models are used to assess the impli-
cations (e.g., employment, income, tax revenues) of a particular action or policy across
industries or socioeconomic groups (e.g., different consumer income levels). Byron
and colleagues (2014) were able to assess the consequences of changes in certain
fisheries stocks across multiple marine-based industries.

One approach that has embraced both the complexity and diversity of human
behavior is agent-based modeling whereby individual behaviors or decisions, as well
as their interactions, have been modeled with the goal of considering their collective
consequence on the system (Dreyfus-Ledn 1999; Soulié and Thébaud 2006). For
example, Holland and Sutinen (1999) accounted for the heterogeneity of human fishing
behavior in Narragansett Bay by incorporating information from ethnographic inter-
views of skippers of large trawlers to predict fishing locations. This was based on
variables like average revenue, total effort in the past, trip length, and surface area.
Such an approach has been useful for managers to consider how individual fishers
may respond to management controls on total catch or effort levels in Narragansett
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Bay (Holland and Sutinen 1999). There is potential to link agent-based models to
biologically focused models. For example, Innes-Gold et al. (2021) created an
agent-based model of the Narragansett Bay recreational fishery for piscivorous fish
and linked it to the existing Ecopath model (Innes-Gold et al. 2020) to explore how
dynamic human behavior influenced the food web and vice versa.

Finally, ecosystem service models combine the physical, biological, and socioeco-
nomic components of a system under one conceptual framework. The focus of these
models is on the value of natural resources to human and societal well-being as well
as the flow, provision, and use of goods and services produced by nature (Daily et al.
2009; Villa et al. 2011; Boumans et al. 2015). One such model that was developed for
Narragansett Bay has been actively used in dialogues between federal and local gov-
ernment agencies, as well as non-governmental stakeholders. It allows users to explore
possible management actions including the treatment of wastewater, sewage reductions,
and infrastructure development and visualize the results by projecting economic, social,
and environmental indicators (Fiksel et al. 2014).

3.2. Identifying management-relevant knowledge gaps for Narragansett Bay

From our review (Sec. 3.1) and RIDEM’s current management efforts (Sec. 1.1), we
have identified the following topics as knowledge gaps impeding ecosystem-based
management (EBM) for Narragansett Bay.

3.2.1. Isolating the effects of nutrient reduction vs. climate change on ecosystem
functioning
Two major sources of environmental uncertainty—the effects of nutrient reduction
(a local-scale issue) and climate change (a global-scale issue)—are now complicating
managers and scientists’ understanding of future trajectories in Narragansett Bay. In
2003, a fish kill occurred due to hypoxic conditions and resulted in more than one
million dead fish washed ashore (Rhode Island Department of Environmental
Management 2003). This event galvanized various stakeholders and added new urgency
to addressing water quality issues in the bay, adding to many efforts that had been
taking place for decades (Rhode Island Department of Environmental Management
2003). Subsequently, concerted efforts to reduce nutrient input into Narragansett Bay
have resulted in fewer hypoxia events and improved water quality (Oviatt et al. 2017).
One concern, however, is the potential tradeoff that exists between nutrient
reduction and overall productivity. A reduction in total suspended solids and nitro-
gen inputs have resulted in decreased phytoplankton productivity, particularly in
the most southern area of Narragansett Bay (Borkman and Smayda 2016). Furthermore,
Narragansett Bay has been experiencing a concurrent decrease in the magnitude
and frequency of the winter-spring diatom bloom. This bloom is the signature
ecological event in many northern U.S. estuaries, providing a major source of
nutrient flux and benthic metabolism (Nixon et al. 2008; Fulweiler and Nixon 2009;
Nixon et al. 2009). In recent decades, however, warmer winters associated with
climate change have been tied to years when the bloom failed to occur (Oviatt
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et al. 2017), potentially due to increased zooplankton grazing (Oviatt, Keller, and
Reed 2002).

Decreased primary productivity in Narragansett Bay, due in part to lowered nutrient
inputs, may now be exacerbated by the effects of climate change. In Narragansett Bay,
the temperature has risen 1.5°C since 1950 (Fulweiler et al. 2015). As a result, there
have been clear shifts in species assemblages with warm-water species abundance and
residence times continually increasing (Oviatt et al. 2003; Collie, Wood, and Jeffries
2008). Climate impacts on organisms, ecosystems, and the services they support have
increasingly been explored through climate-driven models (Brander 2015). Studies
point to the need to investigate the interacting roles of climate change and nutrients
in affecting the bay’s food web and overall human well-being (Fiksel et al. 2014).
Various stakeholders, including commercial fishers, have voiced similar interests in
understanding and mitigating the root causes of perceived losses in the bay’s fisheries,
with nutrient reductions being commonly blamed (Cox, Haas, and Markey 2018;
Schumann 2018).

3.2.2. Identifying ecological vs. socio-economic tradeoffs

Another major knowledge gap for managers is the need to understand the tradeoffs
between harvesting a species (i.e., socio-economic benefits) and its role within the
food-web and wider ecosystem (i.e., ecological benefits). For example, Atlantic men-
haden (Brevoortia tyrannus), valued for its use as fish meal, fish oil, and bait for other
fisheries and aquaculture farms, currently supports the largest directed fishery on the
U.S. East Coast (Buchheister, Miller, and Houde 2017). Menhaden, however, also serve
as prey for other commercially and recreationally important species including striped
bass (Morone saxatilis), bluefish (Pomatomus saltatrix), and weakfish (Cynoscion regalis;
Buchheister, Miller, and Houde 2017; McNamee 2018). Managing menhaden requires
an understanding of its value as a harvested species against its food web role as prey
for other species that have socio-economic implications.

Similarly, for wild and farmed shellfish, managers must consider the value of harvest
against the value of ecosystem services such as water filtration, benthic-pelagic cou-
pling, erosion and flood risk mitigation, and serving as habitat for other species. A
major hindrance to understanding these tradeoffs is the lack of data including stake-
holder perceptions and other drivers related to human behavior and interactions with
ecosystem services not valued in the traditional economic marketplace (Byron, Jin,
and Dalton 2015). While some stakeholders have expressed enthusiasm for growing
Rhode Island’s aquaculture industry, others would prefer that this growth be restricted
(Lord 2008). This underscores the need for managers and scientists to work together
for continued stakeholder engagement.

An additional example of ecological and socio-economic tradeoffs relates to water
quality and tourism. As discussed above, nutrient levels and temperature interact to
have both ecological impacts as well as social consequences. Beach tourism and visi-
tation goes down when water quality is poor and advisories are issued (Busch 2009;
Pendleton et al. 2011). In Rhode Island, recreational users have been found to prioritize
esthetic value coastal waters and when algal blooms and macroalgae such as Ulva sp.
wash up on beaches, local economies that depend on tourism suffer (Dalton and
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Thompson 2013). Recently, it was found that users’ perceptions of water quality in
Narragansett Bay are influenced by not only observations but also personal beliefs
(Hamel, Lacasse, and Dalton 2021). However, there is a need to more explicitly link
water quality to beach usage in order to fully understand the ways coastal resource
users are impacted by and respond to changes in the bay’s water quality.

3.3. A Roadmap for future research in Narragansett Bay

In order to explore the future research priorities discussed below, it will be essential
to employ a multi-model approach and link models that represent different ecosystem
subcomponents. This requires an interdisciplinary team to coordinate efforts, as the
different subcomponents span a variety of fields. While this is a significant undertaking,
it has been successful in other locations. For example, the Alaska Climate Integrated
Modeling project used a multi-model approach to characterize and forecast climate-driven
changes to the eastern Bering Sea, spanning from hydrodynamics all the way up to
fisheries (Hollowed et al. 2020). The multi-model approach taken in this project, and
others (e.g., Kaplan et al. 2019; Lotze et al. 2019) provides a framework for how to
evaluate ecosystem-level questions in other marine systems, such as the two research
areas listed below.

3.3.1. Employ two-way model coupling to disentangle the effects of nutrient
reduction vs. climate change on ecosystem functioning

Nutrient inputs and climate change are multi-scale issues. For example, nutrient input
in Narragansett Bay is not limited to point-sources of wastewater outfall. Transport
of waters from deep slope and shelf waters must also be considered (Kincaid, Bergondo,
and Rosenberger 2008; Ullman et al. 2014), as well as nutrient transport from B.
tyrannus migration into Narragansett Bay (Durbin and Durbin 1998). Similarly, climate
change will act on multiple scales, with regional scale changes in sea-level altering
local shorelines and precipitation patterns, ultimately modifying the interaction of
marine and estuarine waters as well as local input of freshwater into estuaries, respec-
tively. As we have seen in our review of past models (Table 2), one way to explicitly
model multi-scale processes is to link, or couple multiple models together (Link, Fulton,
and Gamble 2010; Byron, Jin, and Dalton 2015; Innes-Gold et al. 2021).

Ecologists have long argued for a philosophical shift away from a top-down and
bottom-up dichotomy, and toward a more holistic view that both processes are sig-
nificant and occurring simultaneously (Hunt and McKinnell 2006; Frank et al. 2007).
Although two-way coupling is more computationally intensive, the alternative, assuming
only a one-way linkage may be risky for forecasting. For example, when coupling
biogeochemical lower trophic level models with higher trophic level food-web models,
one approach would be to use the biogeochemistry model to simulate plankton dynam-
ics forward in time, which is then used as input to a food-web model to simulate
wider effects on higher trophic levels (Travers et al. 2009). This bottom-up approach
(i.e., forcing), however, leaves out the potential of predation mortality to in turn affect
prey (i.e., density dependence [Travers et al. 2009; Rose et al. 2010]) and other top-down
effects. The major assumption, and risk, of only including one-way linkage is that the
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dominance and directionality of this linkage remains constant, even for unobserved,
future scenarios driven by climate change.

3.3.2. Integrate human behavior into simulation models to understand ecological
vs. socio-economic tradeoffs

Identifying and navigating socio-economic and ecological tradeoffs requires that suf-
ficient data are available to explore not only how the environment and food web will
respond to management scenarios, but also how people will respond. Human behavior,
despite being identified as a key source of uncertainty in management (Arlinghaus,
Cooke, and Potts 2013; Fulton et al. 2011), is most frequently overlooked in modeling.
Therefore, better integration of human dimensions into ecosystem modeling and pre-
diction represents one of the most relevant advances that scientists can work toward
in support of EBM.

The development of agent-based modeling (ABM) has proven to be a promising
approach for integrating multiple drivers of decision-making, while also embracing the
unique attributes of individuals and their interactions as a means of characterizing the
complexity of human behavior (An 2012; Milner-Gulland 2012). There are numerous
examples from the agent-based modeling literature wherein economic considerations
are used to drive human behaviors in a fisheries context (e.g., Gao and Hailu 2013;
Tilman, Levin, and Watson 2018; Bailey et al. 2019). However, human behavior is
heavily influenced by multiple non-economic factors, including existing social ties and
cultural norms, as well as individual perceptions (Symes and Phillipson 2009).
Non-economic considerations may be particularly important for Narragansett Bay and
other estuaries, where recreational boating accounts for close to two thirds of all
human activities (Dalton, Thompson, and Jin 2010).

The agent-based model of the Narragansett Bay recreational fishery focused solely
on non-economic drivers of behavior and linked it to a food web model (Innes-Gold
et al. 2021). While this model demonstrated effective methods of how to link human
behavior and biological models, it was largely theoretical due to a lack of data on
fisher behavior. In addition, agent-based modeling could also be used to explore the
social-ecological tradeoffs relating to water quality and beach-goers. This kind of model
could utilize existing data on how perceptions and beliefs influence water use (Hamel,
Lacasse, and Dalton 2021) to quantify the socio-economic impacts of changing water
quality.

3.3.3. Lessen the impact of model uncertainty by identifying robust management
strategies
While all the models identified in Table 2 were predictive, uncertainty in these pre-
dictions was rarely acknowledged or quantified. If uncertainty was addressed, little
attention was given to communicating what this uncertainty means for managers. This
uncertainty represents an ongoing communication challenge between scientists and
managers.

An important strategic use for ecosystem models is in the comparison of multiple
scenarios or model types (e.g., management strategy evaluation or model ensemble;
Fulton 2010; Steele 2012). Managers and scientists should compare predictions across
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multiple models and identify management actions that are robust to uncertainty about
the future (e.g., Kaplan et al. 2019). Thanks to increases in computing power (Lempert
and Schlesinger 2000), quantitative decision-support methods allow for predictions to
evaluate different management actions, ultimately allowing for a large ensemble of
plausible scenarios to be presented to policy makers. This type of decision-support
analysis has been increasingly deployed for climate change policy analysis (Lempert
and Schlesinger 2000), including estuarine flood risk management (Wilby and Keenan
2012). By using models to explore the realm of possible outcomes, this type of analysis
can begin to highlight management actions that would be robust against multiple
potential futures.

The caveat with looking for robust strategies is that they are designed to address
a range of possibilities and would likely be sub-optimal for any one particular outcome.
Therefore, the implementation of robust strategies will be most effective when man-
agement frameworks are built to be flexible and adaptable (Haasnoot et al. 2013;
Arlinghaus et al. 2017). Numerous examples exist that illustrate that excessively rigid
management systems (Schindler and Hilborn 2015; Arlinghaus et al. 2017; Cline,
Schindler, and Hilborn 2017) can ultimately result in lost revenue and opportunities.
Ecosystems will continue to change in unpredictable ways, meaning that policymaking
and implementation must balance the need for stable regulations with the need to
adjust course as necessary within EBM frameworks.

4. Conclusions

The complexity of estuaries and the multiple ecosystem services they provide present
considerable challenges from both a modeling and management perspective. The scope
of ecosystem models has grown to include the physical, biological, and human com-
ponents of the ecosystem, but to meet EBM needs, these components must not be
treated as independent factors. Increasingly, experts from traditionally separated
disciplines are now spanning these boundaries and giving rise to a new type of sci-
entist who bridges and connects disciplines (Palmer 2018). This type of interdisci-
plinary collaboration will be key to address the knowledge gaps surrounding
ecosystem-level change and to conduct research in a fashion that will be most useful
to managers.

From our review, it is apparent that different models have been created to address
different questions in Narragansett Bay. The amount of data available and previously
created models opens exciting future possibilities to use model coupling to ask
large-scale ecosystem questions. However, it remains important to keep in mind that
the integration of ecosystem components through modeling is a means to answer a
question, rather than a goal. Overall, our review of past models and current manage-
ment needs has allowed us to provide general recommendations for future estuarine
ecosystem modeling efforts, including a focus on interactive environmental stressors
and social-ecological tradeoffs. Despite centuries of species extraction, habitat degra-
dation, and eutrophication altering their ecosystem functioning, estuaries retain the
capacity to recover and ecosystem modeling will be a powerful tool for moving toward
this goal.
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