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Abstract

Climate change strains human and natural system sustainability worldwide. Plum Island Estuary, Massachusetts (PIE MA)
salt marshes are socio-environmental ecosystems experiencing two such climate stressors: sea level rise (SLR) and the
mud fiddler crab Minuca pugnax (= Uca pugnax Smith) range expansion. Salt marshes are important sources of ecosystem
functioning and ecosystem services. Uncertainties remain, however, whether SLR and the fiddler crab range expansion will
affect PIE ecosystem functioning and services over time by changing marsh area. We, therefore, determined in this study: (1)
to what degree PIE marshes provide residents with cultural ecosystem services (e.g., recreation); (2) whether SLR and the
fiddler crab range expansion influence marsh area; and (3) whether policy measures influence the direction of marsh services
in the face of SLR and multiple potential impacts of range expanding fiddler crabs. We developed a system dynamics model,
parameterized with data from stakeholder surveys, the [IPCC Report, and a literature review. We modeled low, moderate, and
high SLR both with fiddler crabs enhancing marsh erosion and growth, and with and without mitigation strategies on marsh
area and recreation. The multi-stressor effects of fiddler crab erosion enhancement and high SLR rates decreased marsh area
by 2250. Future losses to marsh area caused declines in recreational days. Policy interventions (e.g., erosion reduction and
tidal flood mitigation) largely mitigated these losses. Fiddler crab marsh growth by itself also strongly mitigated the effects
of SLR. These results provide critical transdisciplinary insight for residents, scientists, and practitioners working to enhance
PIE sustainability, and for researchers studying how to support environmental sustainability at scale.
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Introduction production), plant—microbe interactions, biodiversity, and

species range limits (Beamish et al. 2004; Mcdonald et al.

Human activities affect nearly all ecosystems at various
spatial and temporal scales (Burrows et al. 2011). Global
environmental alterations including climate change, natural
resource overexploitation, and land use changes are plac-
ing significant burdens on ecosystem resiliency and sus-
tainability by altering ecosystem functioning (i.e., primary

Handled by Barbara Neumann, Research Institute for
Sustainability - Helmholtz CentrePotsdam (RIFS), Germany.

< Michael S. Roy
Michael.Roy120@ gmail.com

Department of Biology, University of Massachusetts Boston,
100 William T. Morrissey Blvd., Boston, MA 02125, USA

School for the Environment, University of Massachusetts
Boston, 100 William T. Morrissey Blvd., Boston, MA 02125,
USA

Published online: 27 October 2023

2008; Paradis et al. 2008; Poloczanska et al. 2016; Rudg-
ers et al. 2020; Trisos et al. 2020). Large-scale natural sys-
tem disruptions limit provisioning of ecosystem services to
humans, such as food production (e.g., crop pollination),
disease mitigation (e.g., bat and bird consumption of mos-
quitos), protection from storms (e.g., wave energy mitiga-
tion by salt marshes), and support for intrinsic well-being
(e.g., recreation) (Balvanera et al. 2006; Balvanera et al.
2014; Gedan et al. 2009; Milcu et al. 2013; Twilley et al.
2016). Local-scale policy decisions, however, can mitigate
such global or regional environmental changes in coupled
human and natural systems via policies grounded in sys-
tems thinking (i.e., determining system structure, feedbacks,
non-linearities, and leverage points). Sustainability scien-
tists, therefore, need to understand the factors driving human
and natural systems over time that matter to stakeholders
(e.g., government officials and conservationists) to identify
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leverage points for implementation of effective mitigation
policies (Sterman 2012). Therefore, we modeled how cli-
mate policies mitigate two climate stressors in the Plum
Island Estuary (PIE), Massachusetts, the largest continuous
salt marsh in northeastern United States.

The PIE great marsh is an ideal ecosystem to understand
system dynamics for sustainability. Salt marshes represent
the interface between the land and the sea (Barbier et al.
2011). They are ubiquitous around the world but have
been in decline in the northeastern United States (where
PIE marshes are located) over the past 400 years due to
farming, industrialization, land reclamation, invasive spe-
cies, and sea level rise (Bromberg and Bertness 2005). Salt
marshes provide key ecosystem functions and services for
both human and non-human communities (Gedan et al.
2010). PIE marshes in particular serve as critically impor-
tant nursery habitat for species such as salt marsh sparrows
(Wigand et al. 2017). Migratory birds such as the piping
plover use PIE as a stopping area to feed, rest, and breed
(MaCivor et al. 1990). Salt marshes are sources of various
services for human society such as protection from coastal
storms, and support for intrinsic well-being (i.e., cultural
ecosystem services) (Feagin et al. 2010; Gedan et al. 2010).
Cultural ecosystem services provide humans with esthetic,
recreational, and intrinsic connections to nature, represent-
ing a growing research area (Vejre et al. 2010; Milcu et al.
2013; Kobryn et al. 2018). PIE marshes span multiple towns
including Ipswich, Rowley, Newbury, and Newburyport MA
(Langston et al. 2020, for a map of PIE, see Supplemental
Figure SF1), and likely plays a significant role in providing
cultural (i.e., recreational) services to the residents living in
these four towns.

Understanding the extent that PIE marshes provide cul-
tural ecosystem services is particularly important given
that these services could be threatened by sea level rise
and the range expansion of the mud fiddler crab Minuca
pugnax (= Uca pugnax Smith). Due to increased saltwater
inundation, sea level rise is projected to shrink total marsh
area and cause the dominant species of marsh grass to shift
from higher elevation Spartina patens (marsh hay) to lower
elevation S. alterniflora (cordgrass) (Kirwan and Temmer-
man 2009; Gedan et al. 2010). M. pugnax is a burrowing
crab that shifted its historic range north to the Plum Island
Estuary in 2014 likely due to a warming Gulf of Maine
(Sanford et al. 2006; Johnson 2014). The mud fiddler crab
influences ecosystem functioning in its historic range south
of Cape Cod MA. It increases rates of biogeochemical and
nutrient cycling, alters patterns of decomposition, and both
increases and decreases sediment stability (i.e., erosion) in
the S. alterniflora-dominated low marsh (Katz 1980; Bert-
ness 1985; Gribsholt et al. 2003; Holdredge et al. 2010;
Johnson 2014; Smith and Green 2015). The mud fiddler
crab affects ecosystem functioning in similar ways at PIE
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versus its historic (i.e., south of Cape Cod) range (Roy et al.
in review). Whether these changes in PIE will lead to marsh
growth or collapse, however, remains unknown.

Further, it is unclear how changes to the total area of PIE
marshes will impact the ability of this ecosystem to provide
cultural ecosystem services to local human communities.
Reductions in marsh area could change the provisioning of
recreational ecosystem services such as fishing, clamming,
boating, and birding (Gedan et al. 2010; Carus et al. 2016).
Previous research shows feedbacks between environmental
changes (such as sea level rise) and a reduced ability for
ecosystems to provide ecosystem services (Schroter et al.
2005; Vanbergen et al. 2013). Less well known, however, is
the role that mitigation policies play in influencing the direc-
tion, degree, and rate of such feedbacks. These uncertainties
confound the ability for stakeholders to make decisions that
support ecosystem sustainability both globally and in PIE
marshes locally as climate change threats emerge.

To better understand the dynamics of this system to sup-
port PIE as a vital ecosystem and a resource over time for the
public, scientists, and practitioners alike, here we show (1)
to what degree Plum Island Estuary (PIE) marshes provide
residents with cultural ecosystem services (e.g., recreation);
(2) whether sea level rise and the fiddler crab range expan-
sion influence marsh area; and (3) whether policy measures
influence the direction of marsh services in the face of sea
level rise and multiple potential impacts of range expand-
ing fiddler crabs. Our study explicitly applies causal link-
ages and feedbacks among marsh area, ecosystem services,
and policy measures in this coupled human and natural salt
marsh system.

Methods

We utilized a mixed-methods approach that incorporated
surveys of key community stakeholders (e.g., scientists,
conservationists, and educators), system dynamics modeling
(SDM), and data cleaning and calculations of average yearly
recreational days in R version 4.0.2 (R Core Team 2021).

Stakeholder surveys

From December 2020 until April 2021, we distributed
surveys to stakeholders who lived or worked in Ipswich,
Rowley, Newbury, or Newburyport MA. Our survey was
developed using the survey platform software Qualtrics
XM 2020-2021 and administered online by sending a
Qualtrics link to each respondent via email. We sent our
survey to an initial list of stakeholders generated by con-
necting with the PIE Long Term Ecological Research
site (PIE LTER) network. To expand our initial pool of
stakeholder survey respondents, we utilized a snowball
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sampling method (Goodman 1961; Reed 2008). This
involved interviewing each survey respondent who agreed
to be interviewed and asked whether they recommended
we contact additional stakeholders to survey and inter-
view (the results of the interviews are not reported here,
and data from the interviews are out of the scope of the
present research study). We then sent our survey to this
new list of stakeholders and continued the process until
April 2021. Of the 20 stakeholders we sent surveys to, 16
responded and completed their surveys. The SARS-CoV-2
pandemic limited the number of individuals we could sur-
vey due to an inability to meet respondents in person. In
addition, emailing survey stakeholders limited the size of
the respondent pool to individuals who were willing to
provide email addresses and respond.

Data from the survey responses were used to parameter-
ize the social component of our model (outlined below)
and served to answer our first research question: whether
and to what extent PIE marshes provide recreational ser-
vices. For details on our survey questions, see Supplemen-
tal Methods 1 (SM1). For a description of how we utilized

the survey data to parameterize our model, see “System
dynamics model construction”.

System dynamics model construction

Concurrent to the survey, we developed a system dynamics
model (SDM) using STELLA Architect (ISEE Systems ver-
sion 1.8, see Fig. 1). SDM, often utilized in sustainability
science, connects human and natural systems by creating
Stock and Flow Diagrams (SFDs), which define interrela-
tionships among variables within complex systems (Ster-
man 2012; Mavrommati et al. 2013; Nabavi et al. 2017).
SDM has many advantages such as using both numerical
and mental data (i.e., qualitative understanding of system
structure), as well as demonstrating system behavior over
time. However, the goal of SDM is not for predictive ana-
lytics; instead, SDM is utilized to better understand model
behavior and system structure under a variety of scenarios
to inform environmental decision making.

Our system dynamics model determined interrelation-
ships and feedbacks among: (1) PIE marsh area (km?); (2)
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Fig. 1 System dynamics model. STELLA Architect generated stock
and flow diagram of Plum Island Estuary (PIE) socio-environmen-
tal dynamics. Stocks include (listed in boxes) low marsh area (m?),
high marsh area (m?), fiddler crab density (fiddler crabs m™2), upland
border extent (m?), and a filler stock representing available area for
marsh encroachment (m?). The key convertor is rate of sea level

Sea Level Rise

rise. The model was parameterized and validated with data from the
IPCC Fifth Assessment Report, published literature in the PIE LTER
network, a literature review, and Roy et al. in review. Note bolded
parameters define balancing and reinforcing feedback loops related to
the marsh area, recreation, policy demand, and mitigation rate con-
nections
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sediment accretion rates (mm year‘l); (3) tidal inundation
loss rate (% year‘l); (4) PIE upland border extent (kmz);
(5) sea level rise (mm year‘l); (6) fiddler crab population
densities (crabs m~2); (7) mean yearly recreation days (days
year™!); (8) public demand for policy interventions (%
year‘l); and (9) marsh loss mitigation rates (% year‘l). Our
model connects the following stocks: high and low marsh
area (i.e., high and low marsh elevation zones) and their
feedbacks, upland border extent, and fiddler crab densities.
Convertors (rates of change) link these stocks together and
define interrelationships among model feedback loops. The
following describes in detail model structure, parameteri-
zation, and feedback structure. For a visual representation,
see Fig. 1.

To parameterize marsh area, upland border extent, and
sea level rise, we utilized: (1) the IPCC Fifth Assessment
Report (IPCC 2014); (2) a literature review; (3) published
research from the PIE LTER network; and (4) a fiddler crab
caging field experiment in PIE (Roy et al. in review). Data
and model output from Langston et al. (2020) were particu-
larly valuable to compare our model behavior to established
literature on PIE salt marsh change over time (especially
high, low, and total marsh area and upland border extent).
For a description of the three sea level rise rates used in
this study, see “Simulation scenarios”. We defined starting
fiddler crab densities in our model as~ 1 crabs m~2, which
represented fiddler crab densities in 2014 (i.e., their first
recorded incidence in PIE, Johnson 2014; Martinez-Soto and
Johnson 2020). Using Langston et al. (2020), we defined ver-
tical growth rate (i.e., sediment accretion rate) as 3.04 mm
year~! during historical sea level rise (i.e., 2.83 mm year™!)
to 9.33 mm year™' for high sea level rise (18.5 mm year™';
for a description of sea level rise scenarios, see “Simula-
tion scenarios”). We then defined tidal inundation loss rate
based on an assessment by Watson et al. (2018), who indi-
cate that marsh area in southern New England salt marshes
(the closest region to PIE marshes with reported long-term
loss rates) was reduced on average by 17.3% over the last
40 years. Therefore, our starting yearly marsh loss rate due
to low levels of sea level rise was based on their minimum
reported loss rate (1.6%/40 years) and marsh loss rate due
to high levels of sea level rise was based on their maximum
reported loss rate (40.8%/40 years).

To parameterize mean yearly recreation days, we used
data from our stakeholder surveys. All survey data were
cleaned and analyzed using the tidyverse family of packages
version 1.3.1 (Wickham 2021) in the programming language
R (R Core Team 2021). Specifically, we determined the
mean days the residents engage in each recreational activity
across recreational activities per year. To do this, we calcu-
lated the total number of days respondents recreated in each
activity across respondents. We then determined the aggre-
gate recreation time per year by calculating mean yearly
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recreational days across all activities. We defined recreation
in this study as any activity the community engages in at PIE
salt marshes (including salt marsh research). A key assump-
tion in our model is the direct, linear connection between
marsh area and recreation. To our knowledge, there are no
studies that directly connect ecosystem area to mean days
recreating. Vedogbeton and Johnston (2020) in an economic
valuation study, however, indicate that increased marsh area
provides both available habitat structure and services such as
recreation. Therefore, as marsh area increases or decreases
in our model, so does potential mean days recreating. Due
to the inherent uncertainty here, we kept the relationship
between area and recreation days linear.

An important feedback loop in our system dynamics
model connected marsh area, recreation, mitigation poli-
cies, policy demand, and mitigation rates; subsequently, the
relationships among these variables defined the causal con-
nections driving changes in our system. Using these causal
connections, we tracked demand by PIE public to implement
two mitigation policies: tidal flood mitigation (e.g., runnel
digging) and erosion control (e.g., thin layer deposition).
For a description of rationale for choosing erosion control
and tidal flood mitigation, see Supplemental Methods SM2.
We measured policy demand as the percent of PIE public
per year who demand policy makers implement both tidal
flood mitigation and erosion control, averaged between the
policies. We also tracked the rate of salt marsh loss mitiga-
tion, measured by the percent of the marsh that is prevented
from being lost vertically due to erosion and horizontally
due to tidal flooding per year, averaged among low and high
marsh tidal flood mitigation and erosion control. We were
unable to directly measure either demand or mitigation
rates. In addition, a thorough literature review on Google
Scholar using the keywords “climate” AND “policy” AND
“demand” AND “mitigation” AND “‘salt marsh” resulted in
no relevant publications that explicitly quantified demand for
policy interventions in the salt marsh context and determined
the rate at which policies will mitigate loss of marsh area.
Therefore, both mitigation rate and policy demand were cat-
egorized as ‘uncertain’ parameters. It is also unclear whether
fiddler crabs will enhance salt marsh growth, salt marsh ero-
sion, or both; therefore, we also include this uncertainty in
our model.

We constructed our model such that, for our uncertain
parameters, we utilized conservative estimates of rates of
change. These conservative estimates were quantitatively
derived based on model behavior over many iterations and
scenarios of what represented realistic change over time
(i.e., no inflated growth or excessive declines in marsh
area). We used this methodology to define starting values
for each uncertain parameter. For policy demand by PIE
public, we used a starting value ~ 14% year™!. For mitiga-
tion rates, we calculated the mean rate among low marsh
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tidal flood mitigation rate (0.20% year™!), high marsh tidal
flood mitigation rate (0.16% year™!), and erosion control
(0.41% year™') as~0.26% year~! total marsh loss mitiga-
tion rate (when implemented in our scenarios, see “Simu-
lation scenarios”). For a crab effect on marsh erosion and
growth rates, we capped total marsh lost or gained by fiddler
crab marsh erosion or growth enhancement, respectively, at
0.35% year™!.

Simulation scenarios

To determine the relationships among marsh area, recrea-
tion, policy, and mitigation over time (i.e., achieve our sec-
ond research objective), we used our SDM described above
and developed a series of scenarios of environmental change
and mitigation. We defined three sea level rise scenarios: low
(less than 3 mm per year by 2100), moderate (~9 mm per
year by 2100), and high (~ 18.5 mm per year by 2100) based
on IPCC FAR projections (IPCC 2014) and Langston et al.
(2020). For each sea level rise scenario, we simulated two
levels of a fiddler crab effect on PIE marsh area and mean
yearly recreation days: enhancement of marsh erosion and
promotion of marsh growth. We then simulated, for each
sea level rise scenario and level of crab effect, the combined
effects that both erosion control and tidal flood mitigation
have in influencing both the direction of marsh stability (i.e.,
either loss, growth, or stasis) and recreational services (i.e.,
mean yearly recreation days).

We ran each simulation in STELLA Architect for 236
years (i.e., 2014-2250), with a delta time (DT) of 0.25 (mod-
eling each year quarterly/seasonally). We chose to begin our
simulations in 2014 because this was the first year that fid-
dler crabs were observed in PIE (Johnson 2014). DeConto
et al. (2021) demonstrate the need to develop climate mod-
els and models of environmental change that extend beyond
the year 2100. Their research shows that without modeling
well past the end of this century to the year 2300, we miss
many of the tipping points that drive long-term environmen-
tal change. Therefore, we chose to run our model to 2250
because it provided us with a robust time series to observe
the effects of environmental change and intervention options
on marsh area in PIE over time. Nevertheless, many climate
models, including the IPCC FAR, run their simulations to
2100 (to represent conditions at the end of the current cen-
tury); therefore, we also regularly report data that compares
model output for 2014, 2100, and 2250 to paint a more com-
plete picture of how our model captures dynamic behaviors
of environmental change in this system over time. We also
ran sensitivity tests on our baseline scenarios (i.e., low to
high sea level rise) for 86 years (i.e., 2100, for the reasons
outlined above). We ran all simulations using the built-in
interface in STELLA Architect using graphical parameters
and switches.

Validation

We validated fiddler crab burrow density against a time-
series of fiddler crab densities from 2014 (~ 1 crab m™?)
to 2020 (~ 6 crabs m~2 by 2020, Martinez-Soto and John-
son 2020). To validate the total spatial area of salt marsh,
area of each zone, and upland border extent over time, we
utilized data from Kirwan et al. (2011), Langston et al.
(2020), and published literature as part of the PIE LTER
network (see Table 1). To formally validate burrow den-
sity, marsh area, and upland border extent, we used Thiel’s
U, calculated using the R function TheilU in the DescTools
package version 0.99.39 (Signorell 2021). To access our
data and R scripts, please see https://github.com/MRoy1
20/PIE_SDM_ Validation for validation, and https://github.
com/MRoy120/PIE_SDM_ Visualizations for data visuali-
zation. Stakeholder survey data is not provided to maintain
the confidentiality of the survey respondents.

Results
Recreational activities—survey results summary

We surveyed a broad cross-section of stakeholders and
experts to represent the community including undergradu-
ate students, naturalists, conservationists, scientists, edu-
cators, artists, and employees of the federal government.
All surveyed stakeholders lived or worked in Ipswich,
Rowley, Newbury, and Newburyport MA at the time
of this research study. They all indicated that they have
strong cultural connections to PIE marshes, particularly
through recreation. Individuals engaged in the following
recreational activities: birding, hiking, walking through
the marsh, driving by the marsh, fishing by boat and on
land, clamming, pleasure boating, and scientific/field
research (Table 2). The activities the community engaged
with the most, on average, were birding (~ 24 days year™!),
scientific/field research (~ 36 days year™!), walking in the
marsh (~40 days year™!), and driving by the marsh (~ 56
days year™!). The activities the community engaged with
the least were hiking (on average ~ 1 day year™'), fishing
by land (on average ~2 days year™!), and duck hunting
(on average ~ 2 days year™!). Despite low averages, many
respondents indicated that both the community and the
respondents themselves regularly engaged in boating for
pleasure (on average ~ 6 days year™!) and fishing (on aver-
age ~ 3 days year™!); the highest reported values for boat-
ing for pleasure and fishing were 50 and 20 days year !,
respectively. For a complete list of activities, the minimum
and maximum times spent engaging in those activities as
reported by respondents, and their averages, see Table 2.
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Table 1 Model parameter values, uncertain parameters were model derived

Parameter Initial value: 2014 Unit Source

Available area for marsh encroachment 0 m? Model derived
Fiddler crab erosion and growth 0.35 % year™! Model derived
Fiddler crab mortality Depends on the starting crab pop Crabs year™!  Cammen et al. (1980)

Fiddler crab mortality rate via low marsh
area

Fiddler crab recruitment
Fiddler crabs 1

Depends on the low marsh extent

Depends on the starting crab pop

Crabs year’1 Bertness (1985), Luk and Zajac (2013)

Crabs yea.r_1 Cammen et al. (1980)
Crabs m™> Martinez-Soto and Johnson (2020)

High marsh area ~33,000 m? Langston et al. (2020)

High marsh conversion to low marsh 0.005 m? year™! Model derived

High marsh erosion rate 0 —i.e., exceedingly low m? year™! Redfield (1972)

Horizontal growth rate low marsh 0.00017 — calculated from sources ~ m? year™! Kirwan et al. (2011), Langston et al. (2020)

Inundation rate low marsh 0.0005—calculated from source % year‘1 Watson et al. (2018)

Low marsh area ~7000 m? Langston et al. (2020)

Low marsh conversion to high marsh 0 m? year™! Model derived

Low marsh erosion rate 0.000022—calculated from sources m?> year"] Redfield (1972), Langston et al. (2020)

Mean days recreating 19 % days year™!  Survey derived

Mean mitigation rate 0.26 % year™! Model derived

Mean policy demand 14 % year™! Model derived

Sea level rise 2.83 mm year™! IPCC Fifth Assessment Report, Langston
et al. (2020)

Total marsh area ~40,000 m? Deegan et al. (2012), Langston et al. (2020)

Upland border decay rate 0 m? year™! Model derived

Upland border extent ~2400 m? Langston et al. (2020)

Vertical growth rate low marsh 3.04 mm year™! Langston et al. (2020)

Starting values were determined for 2014, when available

Table 2 Recreational activities (days year™') averaged across survey
respondents and reported minimum and maximum time spent recreat-
ing across respondents

Recreational activity Mean time ~ Minimum  Maximum
(days year‘l) time (days) time (days)
Fishing by land ~1 0 5
Hiking ~2 0 10
Fishing by boat ~3 0 20
Duck hunting ~3 0 40
Pleasure boating ~6 0 50
Scientific/field research ~14 0 120
Birding ~24 0 340
Walking through the marsh  ~40 5 340
Driving by the marsh ~56 0 300

Simulation series 1—low sea level rise

Mitigation policies implemented in low sea level rise
scenarios had small impacts on marsh area or recreation
(Fig. 2A-D). In addition, early implementation of tidal flood
mitigation in the high marsh slightly reduced marsh area
relative to low sea level rise by itself (i.e., independent of
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a fiddler crab effect) by 2250. When we included both tidal
flood and erosion control measures, total marsh area slightly
increased from the 40.0 km? 2014 baseline to ~40.8 km? by
2100 and ~41.6 km? by 2250 (Fig. 2A). This, however, was
lower than when we simulated low sea level rise alone by
2250; marsh area increased to ~40.7 km? by 2100 and 41.9
km? by 2250 from ~40 km? in 2014 without mitigation strat-
egies (Fig. 2A). In other words, mitigation measures had an
insubstantial effect by 2100 and reduced marsh area by 0.3
km? by 2250 at low sea level rise. These results represent
mostly stable total marsh area over time.

Stability in marsh area was partly caused by low demand
for policy change via limited alterations to baseline mean
yearly recreational days. Mean yearly recreational days
were ~20 days year~! by 2250 with and without mitigation
policies at low sea level rise compared to~ 19 days year™! in
the present (Fig. 2B). Stable mean yearly recreational days
through this period caused nearly no change in demand for
policy intervention from ~ 14% year™! of PIE public in the
present to~ 13% year™! of PIE public by 2250 (Fig. 2C).
Mean mitigation rates were largely unchanged in this sce-
nario from 0.26% year~' marsh loss prevention in the pre-
sent to 0.23% year™' marsh loss prevention in 2250 (after
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Fig.2 Low sea level rise scenarios. Plots demonstrating change
over time for five scenarios of low sea level rise (~3 mm year™' by
2100): (1) sea level rise (SLR) only (dark gray dashed line); (2) SLR
with mitigation policies (light gray dotted line); (3) SLR with fiddler
crab erosion enhancement (lavender dashed line); (4) SLR with fid-
dler crab erosion enhancement and mitigation policies (peach solid
line); and (5) SLR with crab induced marsh growth (dashed red line).
Figure legends are consistent throughout Figs. 2, 3 and 4. A Change

including policy implementation, Fig. 2D). Stability was
also facilitated by nearly unchanged rates of vertical marsh
growth or tidal flood inundation. Vertical growth changed
from 3.04 mm year~! in the present to 3.06 mm year™' by
2250. Tidal flood inundation changed from 0.049% year™! to
0.051% year™! by 2250. As a result, Spartina patens domi-
nance in spatial extent over S. alterniflora was maintained
throughout all low sea level rise scenarios.

We also observed marsh stability over time when we
modeled crabs enhancing marsh erosion at low sea level rise.
In addition, marsh area was nearly unaffected whether we
did or did not include mitigation policies in our simulations
(Fig. 2A). Marsh extent slightly decreased with crab erosion
from 40 km? in the present to ~39.4 km? by 2100 and ~37.6
km? by 2250, without mitigation (Fig. 2A). With mitigation

B Low Sea Level Rise Scenarios

Recreation
40 4
Scenario
301 —  SLROnly
—— SLR - Mitigation
20 ————— e ——

" e e = == SLR - Crab Erosion

SLR - Crab Erosion
and Mitigation

SLR - Crab Induced

Mean Days Recreating (days year‘l)

Marsh Growth
0 -
2050 2100 2150 2200 2250
Year
D Low Sea Level Rise Scenarios
Mitigation Rate

~~ 040

'y

<

(5]

)

=

o 030

5 )

g Scenario

N

Q

§ 0204 SLR - Mitigation
g SLR - Crab Erosion
'g and Mitigation
on

5 0.101

=

=

<

Q

= 0.00-

2050 2100 2150 2200 2250
Year

in total marsh area (m?); B change in mean yearly number of days
residents recreate (i.e., mean days recreating, days year™!); C change
in mean yearly percent of Plum Island Estuary (PIE) public who
demand implementation of marsh loss mitigation policies (i.e., mean
policy demand, % year™"); D change in mean yearly percent of the
marsh that was prevented from being lost by mitigation policies (i.e.,
mean mitigation rate, % year™!). All models were run from 2014 to
2250 for a total of 236 years

policies, marsh extent increased to 40.8 km? by 2100 and
41.6 km? by 2250; this represents a gain of 1.4 km? by 2100
and 4.0 km? by 2250 from the baseline with crabs. With
crab erosion enhancement at low sea level rise, mean yearly
recreation days ranged from ~ 18-20 days year™! by 2250
without and with mitigation policies implemented, respec-
tively (Fig. 2B). Mostly stable mean yearly recreational days
again drove low demand for mitigation policies whether we
did or did not include mitigation policies; ~ 16% year™! of
PIE public without including mitigation and ~ 13% year™! of
PIE public including mitigation policies by 2250 from ~ 14%
year™! of PIE public in the present (Fig. 2C). We observed
the same mean mitigation rates as sea level rise without crab
erosion; 0.26% year™!' marsh loss prevention in the present
to 0.23% year~! marsh loss prevention in 2250 (Fig. 2D).
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Our model also demonstrates that crabs could be a
net benefit to marsh area as an additional boost to marsh
stability. When fiddler crabs were modeled as enhanc-
ing marsh growth at low sea level rise, total marsh area
increased to 42.2 km? by 2100 and ~49.3 km? by 2250
(Fig. 2A); this represents an increase from the baseline
in 2014 of ~ 1.5 km? by 2100 and ~ 7.4 km? by 2250. The
moderate increases in spatial extent due to crabs enhancing
marsh growth in this scenario increased average recrea-
tional days from ~ 19 days year™! in the present to ~ 24 days
year~! by 2250 (Fig. 2B). Increased yearly recreational
days caused a drop in policy demand to 9% year™' of PIE
public by 2250 from 14% year~! of PIE public in the pre-
sent (Fig. 2C). Finally, in all low marsh scenarios, marsh
plant heterogeneity was maintained, such that, the high
marsh dominated land cover versus the low marsh (see
Supplemental Figure SF2).

A Moderate Sea Level Rise Scenarios
Total Marsh Area

100 4

Scenario

~
wn

SLR Only
SLR - Mitigation

= == SLR - Crab Erosion

SLR - Crab Erosion
and Mitigation

SLR - Crab Induced
Marsh Growth

Total Marsh Area (ka)
= 3

2050 2100 2150 2200 2250
Year

()

Moderate Sea Level Rise Scenarios
Policy Demand

)
(=}

:-\
5
s .
o Scenario
= -
§ 204 SLR Only
g
~ —— — - Mitigati
= < SLR - Mitigation
=} N
s 10 -
=) N. = = SLR - Crab Erosion
o N.
A N. — SLR - Crab Erosion
c._? 0 =~ and Mitigation
= _ _ SLR - Crab Induced
L: Marsh Growth
<
5]
= .

S

2050 2100 2150 2200 2250
Year

Fig.3 Moderate sea level rise scenarios. Plots demonstrating change
over time for five scenarios of moderate sea level rise (~9 mm year—1
by 2100). A Change in total marsh area (m?); B change in mean
yearly number of days residents recreate (i.e., mean days recreating,
days year™!); C change in mean yearly percent of Plum Island Estu-
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Simulation series 2—moderate sea level rise

Moderate sea level rise (i.e.,~9 mm year™!) increased total
marsh area in the short and long terms, and mitigation poli-
cies enhanced these gains. Overall gains came at a cost to
marsh plant heterogeneity, however. Without mitigation,
total marsh area increased to~41.1 km? by 2100 and ~44.6
km? by 2250 from ~40.0 km? in 2014 (Fig. 3A). Mitigation
policies then caused further increases in marsh growth. By
2100, marsh area was maintained at ~41.6 km?; however, by
2250, marsh area increased to~53.6 km?2, a 9.0 km? increase
from moderate sea level rise without mitigation policies
(Fig. 3A). Mean days recreating increased from ~ 19 days
year™! in the present to~26 days year~!' and ~21 days year™!
by 2250 with and without mitigation, respectively (Fig. 3B).
This increase in mean yearly recreational days at moderate
sea level rise with mitigation policies cut policy demand
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ary (PIE) public who demand implementation of marsh loss mitiga-
tion policies (i.e., mean policy demand, % year™!); D change in mean
yearly percent of the marsh that was prevented from being lost by
mitigation policies (i.e., mean mitigation rate, % year™!). All models
were run from 2014 to 2250 for a total of 236 years
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roughly in half from ~ 14% year™' of PIE public in the pre-
sent to between ~6.6 and 11.1% year™! PIE public by 2250
(lower end represents demand with mitigation implemented,
higher end without mitigation, Fig. 3C). Mean mitigation
rates also dropped from 0.26% year™! marsh loss prevention
per year in the present to 0.11% year™! marsh loss prevention
by 2250 (Fig. 3D).

By ~2070, however, PIE marshes transition from a high
marsh to a low marsh dominated ecosystem. Therefore, PIE
is a bigger marsh by 2250, due to increased vertical growth
rates resulting from sediment accretion (3.04 mm year™!
in the present to 3.65 mm year™! by 2250). However, it is
almost entirely composed of Spartina alterniflora cordgrass
because baseline marsh loss rates more than doubled due
to increased tidal flood inundation (0.049% year™! in the
present to 0.12% year~! by 2250, Supplemental Figure SF3).
The inundation loss rate we observed by 2250 was not high
enough to cause marsh loss, but it was high enough to cause
marsh zonal transition. We observed cordgrass dominance
throughout all moderate sea level rise scenarios in this study.

Fiddler crab erosion enhancement reversed the gains of
moderate sea level rise and caused marsh loss in the short
and long terms. Erosion and tidal flood mitigation policies
offset these losses, however. With crab erosion and with-
out mitigation at moderate sea level rise, salt marsh extent
declined to~38.2 km? by 2100 and ~25.8 km? by 2250
(Fig. 3A). In other words, crabs reduced marsh area by ~2.9
km? in 2100 and ~ 18.9 km” in 2250 relative to moderate
sea level rise simulated alone. This drop in marsh area
resulted in a decline of ~6 mean recreational days year™' by
2250: ~ 19 days year™! in the present to~ 13 days year™' by
2250 (Fig. 3B). Mean policy demand increased from 14%
year™! in the present to 24% year™! by 2250 (Fig. 3C). After
adding both tidal flood mitigation and erosion control to
this scenario, however, marsh area increased to ~41.6 km?
by 2100 and 47.9 km? by 2250 (Fig. 3A). This represented
an increase in marsh area of ~ 3.4 km? in 2100 and ~22.2
km? in 2250 versus crab erosion without mitigation policies.
Mean yearly recreational days increased to 23 days year™!
(Fig. 3B), which caused policy demand to decrease to~9%
year™! by 2250 (Fig. 3C). Mitigation rates declined slightly
to~0.24% year™!' by 2100, but then continued to decline
to~0.16% year™! by 2250 due to an increase in marsh area
after 2100 (Fig. 3D). Therefore, implementing mitigation
policies early had positive impacts both in the short and
long terms.

Fiddler crabs enhancing marsh growth had a dramatic
impact on marsh area. In this scenario, total marsh area
increased to 44.4 km? by 2100 and ~78.4 km? by 2250
(Fig. 3A). The extreme increases in spatial extent due to
crabs enhancing marsh growth in this scenario increased
average recreational days to~37 days year™!' (Fig. 3B).
Increased yearly recreational days caused a drop in policy

demand to 0.01% year™! of PIE public by 2250 from 14%
year~! of PIE public in the present (Fig. 3C).

Simulation series 3—high sea level rise

High sea level rise rates (i.e.,~18.5 mm year™!) caused
dramatic declines in marsh area over time; mitigation poli-
cies prevented some but not all losses. In addition, as with
moderate sea level rise, high sea level rise caused the marsh
to switch from a high marsh to a low marsh dominated eco-
system throughout all high sea level rise scenarios (Supple-
mental Figure SF4). Despite gains in marsh extent by 2100
(~41.0 km?), total marsh area decreased past this century
to~ 18.5 km? by 2250 (Fig. 4A): a reduction of ~21.5 km?
by 2250. Mean days recreating dropped to ~9 days year™! by
2250 from~ 19 days year~! in the present (Fig. 4B), which
caused a spike in demand for both tidal flood mitigation
and erosion control from~14% year™! of PIE public in the
present to~26% year™' of PIE public by 2250 (Fig. 4C).

Implementing mitigation policies prevented some losses
in marsh area by high sea level rise, such that marsh area
was 41.9 km? by 2100 and 29.0 km? by 2250 (Fig. 4A):
an increase of ~ 10.5 km? in 2250 relative to high sea level
rise without mitigation. Mean recreational days decreased
from~ 19 days year~! in the present to~ 14 days year™' by
2250 with mitigation implementation. As Fig. 4C demon-
strates, policy demand slightly declined to 13% year™! in
2100 from 14% year™! in the present as both high sea level
rise and early mitigation implementation caused the marsh
to increase in the short term. Marsh losses after 2100 caused
policy demand to spike to 22% year~! (Fig. 4C), however,
which caused an increase in the mitigation rate to 0.43%
year™! by 2250 (Fig. 4D). Overall marsh losses at high sea
level rise were triggered by competing forces. Despite high
vertical growth rates by 2250 (9.33 mm year™' by 2250),
inundation loss rates jumped 20-fold from 0.05% year™' in
the present to 1.0% year™! by 2250.

Marsh erosion caused by fiddler crabs at high sea level
rise rates amplified the negative effects of high sea level
rise. In this case, tidal flood and erosion control measures
mitigated most of the effects of crab erosion on marsh area
and recreation. Without mitigation, total salt marsh extent
decreased to~37.8 km? by 2100 and ~ 10.2 km? by 2250
(Fig. 4A). This caused a drop in mean yearly recreational
days to~5 days year™! (Fig. 4B). This in turn caused policy
demand to peak at~26% year™' by 2189, which then fell
slightly to~23% year™' by 2250 (Fig. 4C). After imple-
menting tidal flood and erosion control measures, we saw a
similar pattern as with high sea level rise alone (i.e., absent
fiddler crab erosion). Marsh area increased to ~41.9 km?
by 2100 and decreased to~28.8 km? by 2250 (Fig. 4A). In
other words, mitigation policies buffered nearly all negative
impacts of simulated fiddler crab enhanced marsh erosion.
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Fig.4 High sea level rise scenarios. Plots demonstrating change
over time for five scenarios of high sea level rise (~18.5 mm year™'
by 2100). A Change in total marsh area (m%); B change in mean
yearly number of days residents recreate (i.e., mean days recreating,
days year™!); C change in mean yearly percent of Plum Island Estu-

Mean yearly recreational days declined slightly to~ 14 days
year™! by 2250 compared to~ 19 days year™' in the present
(Fig. 4B). As with high sea level rise alone, policy demand
slightly declined to~ 13% year™! by 2100 as gains in marsh
area in the short term and benefits of the mitigation policies
cause marsh area to increase by the end of this century, even
when including crabs (Fig. 4C). By 2250, policy demand
then increased steadily to~22% year~! (Fig. 4C), which then
caused mitigation rates to rise to~0.43% year~! (Fig. 4D).
Simulated marsh growth enhancement by fiddler crabs
buffered much of the effects of high sea level rise. Marsh
area increased to~44.7 km? by 2100 and then declined
to~33.8 km® by 2250 (Fig. 4A). This represented a decrease
in marsh area of ~ 6.2 km? by 2250, versus 15.3 km? total
marsh area lost by 2250 with just high sea level rise alone
(i.e., no positive crab effect). Mean yearly recreation days
decreased from 19 days year™! baseline in the present to
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ary (PIE) public who demand implementation of marsh loss mitiga-
tion policies (i.e., mean policy demand, % year™'); D change in mean
yearly percent of the marsh that was prevented from being lost by
mitigation policies (i.e., mean mitigation rate, % year™!). All models
were run from 2014 to 2250 for a total of 236 years

16 days year~! (Fig. 4B). The loss in area caused policy
demand to increase to 19% year™' by 2250 from 14% year™!
in the present (Fig. 4C). Note that modest increases in marsh
area by 2100 caused a deeper drop in policy demand to 11%
year~! by 2110. Demand began to increase again as marsh
area began to steadily decline (Fig. 4C). For a description of
fiddler crab density, upland border extent, and model vali-
dation, see Supplemental Results and Supplemental Figure
SF5.

Discussion

Overall, our results show a feedback loop among recrea-
tional services, marsh area, policy demand, and mitigation
policies. Plum Island Estuary (PIE) salt marshes are impor-
tant sources of cultural ecosystem services. According to
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stakeholders, residents in Ipswich, Rowley, Newbury, and
Newburyport, MA engage in a diverse set of activities in
this ecosystem, including birding, fishing, and hiking. Envi-
ronmental change, however, altered PIE marsh extent and
recreational ecosystem service provisioning. When marsh
area declined, so did mean number of yearly recreational
days, which increased demand by the public for stakehold-
ers to implement mitigation policies. Implementing mitiga-
tion policies (i.e., thin layer deposition and digging runnels)
buffered the effects of both sea level rise (SLR) and crab
erosion, stabilized marsh area, and maintained baseline
recreational services. This positive feedback loop of area,
recreation, demand, and mitigation was the key to prevent-
ing lost marsh area and services at high SLR rates and crab
erosion enhancement in the long term. Feedbacks were less
important in the short term in all sea level rise only scenarios
due to initial increases in sediment accretion rates from SLR
before loss. This sediment effect rendered policy feedbacks
less important under moderate SLR only scenarios at all
time scales. Synergisms between SLR and fiddler crabs with
a negative impact, however, led to enhanced loss in both
the short term under all scenarios and under moderate SLR.
This enhanced loss led to, again, the renewed importance of
ecosystem-service-policy feedbacks.

Based on stakeholder responses in our survey, PIE
residents broadly have strong positive connections to PIE
marshes. Recreation in particular plays a critical role in
contributing to the overall human well-being for residents.
Deriving intrinsic value via recreational services provi-
sioning from our surveys proved a vital component to our
understanding of the human—natural dynamics of PIE salt
marshes. Our model demonstrates that when SLR and fiddler
crab erosion decrease marsh area, demand increases for poli-
cies that mitigate environmental change and prevents further
loss to marsh area. Without mean yearly recreational days in
our model, we would miss a key component to the feedback
loops that define this system. In addition, the 16 stakehold-
ers in our survey were from a range of career stages and
connections with the marsh, including undergraduate stu-
dents, conservationists, scientists, educators, artists, federal
employees, and naturalists. Many of the respondents have
been working or living among PIE salt marshes for more
than 3 decades. Therefore, our 16 stakeholder responses pro-
vide a robust cross-section of the population to represent the
recreational interests of this community. Taken together, our
results demonstrate the importance of both understanding
intrinsic well-being and looking to diverse perspectives for
both cultural ecosystem service valuation and sustainable
environmental conservation.

Marsh area increased by the year 2250 at moderate sea
level rise rates. Marsh area also increased in all scenarios by
2100 (absent crab erosion). Increased area at moderate sea
level rise in the long term and for all scenarios in the short

term was due to increased accretion rates caused by higher
oceanic imports of sediment included in our model. Sev-
eral studies indicate that moderate sea level rise will cause
marsh area to increase as a result of increased import of both
sediment and nutrients (Kirwan and Temmerman 2009; Kir-
wan et al. 2011; Kirwan and Megonigal 2013; Wigand et al.
2017). Langston et al. (2020) observed similar short-term
increases in marsh area, where PIE marsh area increased
by 4, 7, and 9% from the present to the year 2100 at low,
moderate, and high sea level rise rates, respectively. This
came at a cost to marsh heterogeneity in our study, however.
PIE marshes shift from a Spartina patens to a S. alterni-
flora-dominated system at moderate and high sea level rise
scenarios, likely due to an inability for S. patens to tolerate
increased salt stress (Morris et al. 2013; Johnson and Wil-
liams 2017a, b). When fiddler crabs enhance marsh erosion,
they reverse gains in marsh area in all scenarios in the short
term (i.e., by 2100) and at moderate sea level rise in the
long term. Although a larger marsh, PIE marsh resiliency
was subsequently weakened by the homogenizing effect of
moderate sea level rise. Mitigation policies buffered crab
induced losses, however. Taken together, when sea level rise
and fiddler crab erosion enhancement reduced marsh area
and services provisioning, mitigation policies prevented lost
area and recreational services in PIE salt marshes.

Before utilizing either or both thin layer deposition or
runnel digging, however, it is important to empirically study
the cost, feasibility, and overall multiple benefits to their use
moving forward in PIE. Our research offers insight into this
endeavor by providing stakeholders with a tool to track the
effectiveness of the mitigation policies utilized here, and
other policies unexplored in this model (e.g., directed pur-
chase of private land for conservation). We explicitly defined
how alterations to marsh area and recreational services
impacted demand for policy measures, and how this in turn
affected the rate that mitigation policies prevented losses
in marsh area directly and mean yearly recreational days
indirectly (via connections to marsh area). These parameters
were defined by relying on mental (i.e., qualitative) data and
model output over many iterations; however, we challenge
scientists, practitioners, and policymakers to measure and
define uncertain parameters in this model for PIE marshes
locally and for salt marsh ecosystems globally. By engaging
in such model updating, stakeholders will be better equipped
to determine whether and to what extent mitigation strate-
gies buffer environmental change impacts in both PIE and
global marsh ecosystems.

Low and high marsh ecosystems support different assem-
blages of species and are structured differently based on the
plants living in each zone (high versus low, Levin et al.
2001; Feagin et al. 2010). High marsh systems support a
greater mix of marine and terrestrial species relative to low
marsh systems, which tend to be predominantly marine
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(Johnson et al. 2016; Nelson et al. 2018). This is in part due
to the proximity of the high marsh to the terrestrial boundary
and the low marsh to brackish creeks that are connected to
oceanic sources (Levin et al. 2001). In addition, S. patens
(i.e., high marsh dominated plant) provides a thick “thatch”
like covering, creating a microclimate that reduces ambi-
ent temperature and increases relative humidity (Johnson
and Williams 2017a; b). Many species such as air breathing
snails and terrestrial arthropods (e.g., spiders) rely on the S.
patens microclimate for their survival to prevent overheating
and desiccation (Johnson and Williams 2017a; b). The low
marsh also has higher rates of sediment deposition relative
to the high marsh (Kirwan et al. 2012; Langston et al. 2020).
Proximity to tidal creeks and morphological characteristics
of S. alterniflora enhance its ability to baffle wave energy
and trap suspended sediment (Wang et al. 2008). Therefore,
food web dynamics and ecosystem structure, functioning,
and services provisioning could change as percent cover
of high marsh S. patens is reduced and S. alterniflora is
increased, despite increases in total area (Johnson 2011;
Sotka and Byers 2019).

Our research simulates both positive and negative effects
of fiddler crabs on marsh stability over time. Researchers
should utilize randomized controlled laboratory and field
experiments that determine the role that fiddler crabs play
in driving either salt marsh stability or collapse in PIE. This
is especially important considering what we observed when
we simulated fiddler crabs enhancing marsh growth. Strik-
ingly, fiddler crabs could negate the necessity for policy-
makers to implement mitigation strategies described above.
When we modeled fiddler crabs as enhancers of low marsh
growth rather than erosion, their effect is strong enough to
diminish the effects of sea level rise. For high sea level rise
rate simulations, M. pugnax prevented some marsh losses by
the year 2250. The effect of moderate sea level rise and fid-
dler crab growth is especially prominent: marsh area nearly
doubled by the end of 2250. Fiddler crabs as marsh growth
enhancers were better mitigators of severe sea level rise than
the combination of erosion mitigation and tidal flood miti-
gation. Therefore, it is critical to experimentally determine
whether and to what extent fiddler crabs influence dynamics
of marsh structure over time. Altering structure will likely
significantly change historic ecosystem functioning in PIE
marshes through shifts in species composition and diversity.

If crabs display marsh growth enhancement in PIE as
demonstrated in our model, the fiddler crab range expan-
sion could by itself provide an additional novel ecosystem
function and service to PIE marshes. Roy et al. (in review)
demonstrated that M. pugnax burrowing behavior indirectly
facilitated an increase in aboveground biomass of Spartina
alterniflora in the low marsh, an important factor in pro-
moting both vertical and horizontal marsh growth (Kir-
wan et al. 2012; Wigand et al. 2017). Much contemporary
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research analyzes the ability for the natural world to prevent
or mitigate the effects of environmental change on global
ecosystems (Heal et al. 2005; Goldstein et al. 2012). The
recent appearance of the fiddler crab could provide much
needed natural capital, particularly at high rates of sea level
rise and as crab density increases over time in PIE. In addi-
tion, Minuca pugnax, based on our simulations, could reach
densities in its non-historic habitat (i.e., PIE) comparable
to historic (i.e., south of Cape Cod MA) populations by the
end of this century (Aspey 1978; Martinez-Soto and John-
son 2020). The combination of increased crab densities and
an enhancement of marsh stability could help support PIE
marsh ecosystem services that we observed in this study.
Scientists empirically studying the exact impacts of fiddler
crabs on the competing dynamics of marsh growth and loss
in PIE will be more important than ever with continued per-
sistent environmental change.

Conclusion

Our study is the first of its kind to explicitly define feed-
backs among marsh area, cultural ecosystem services (i.e.,
recreation), policy demand, and mitigation policies (i.e.,
thin layer deposition and runnel digging). Moreover, we
demonstrated how environmental changes, and their miti-
gation, influence marsh sustainability in the short and long
terms. Progressively higher rates of sea level rise and the
range expansion of Minuca pugnax (when modeled as a
marsh erosion enhancer) created a positive feedback loop
of decreased marsh area. A smaller marsh meant residents
had fewer recreational days in Plum Island Estuary (PIE) salt
marshes. As an important source of recreation for PIE resi-
dents, fewer recreational days caused residents to demand
that policymakers (e.g., conservationists, elected officials,
state and federal employees, etc.) implement conservation
measures to mitigate both environmental stressors. Dig-
ging runnels and thin layer deposition prevented lost area,
buffering the impacts of sea level rise and the fiddler crab
range expansion. In addition, when we modeled M. pugnax
as marsh growth enhancers, they prevented decreased marsh
area better than the combined positive effects of digging
runnels and applying thin layer deposition. We, therefore,
challenge researchers to study specific crab effects, and the
overall success of mitigation efforts modeled here, on marsh
erosion and accretion over time.

Transdisciplinary methodologies that integrate natural
science, social science, modeling, and policy used in climate
science and sustainability bring together disparate fields to
tease apart so-called ‘wicked problems’. Our study provides
additional support to use systems thinking and dynamics, as
well as transdisciplinary methodologies, to support environ-
mental sustainability. While our research focused locally on
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PIE salt marshes, this research also provides sustainability
scientists in general with best practices to support a range
of ecosystems and determine otherwise unobserved socio-
environmental feedbacks. Therefore, our study builds on
existing literature and provides a novel tool for stakeholders
and researchers alike to promote environmental sustainabil-
ity at both local and global scales.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11625-023-01414-0.
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