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Abstract
Tidal marshes are a key component of coastal seascape mosaics that support a suite of socially and economically valuable ecosystem
services, including recreational opportunities (e.g., fishing, birdwatching), habitat for fisheries species, improved water quality, and
shoreline protection. The capacity for tidal marshes to support these services is, however, threatened by increasingly widespread human
impacts that reduce the extent and condition of tidal marshes across multiple spatial scales and that vary substantially through time.
Climate change causes species redistribution at continental scales, changes inweather patterns (e.g., rainfall), and aworsening of the effect
of coastal squeeze through sea level rise. Simultaneously, the effects of urbanization such as habitat loss, eutrophication, fishing, and the
spread of invasive species interact with each other, and with climate change, to fundamentally change the structure and functioning of
tidal marshes and their food webs. These changes affect tidal marshes at local scales through changes in plant community composition,
complexity, and condition and at regional scales through changes in habitat extent, configuration, and connectivity. However, research
into the full effects of these multi-scaled, interactive stressors on ecosystem service provision in tidal marshes is in its infancy and is
somewhat geographically restricted. This hinders our capacity to quickly and effectively curb loss and degradation of both tidal marshes
and the services they deliver with targeted management actions. We highlight ten priority research questions seeking to quantify the
consequences and scales of human impacts on tidal marshes that should be answered to improve management and restoration plans.
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Introduction

Tidal marshes (salt marshes) are intertidal vegetated habitats
dominated by grasses along coastal and estuarine shorelines
that provide a suite of important benefits for people and coast-
al seascapes. For example, tidal marshes provide habitat for
juvenile and adult life stages of a variety of fish and inverte-
brate species (Whitfield 2017), sequester carbon and nutrients
(Huxham et al. 2018), protect coastal infrastructure from
storms and tides (Costanza et al. 2008), and provide recreation
opportunities for people (e.g., birdwatching, fishing) (Zedler
and Leach 1998). However, anthropogenic impacts are alter-
ing the extent, composition, condition, and complexity of tidal
marsh seascapes (i.e., a spatially heterogeneous area of estua-
rine environment dominated by the presence of extensive tidal
marshes) (Bostrom et al. 2011), and this may jeopardize their
capacity to provide key ecosystem services and have dire con-
sequences for the economy and social values of coastal com-
munities (zu Ermgassen et al. this issue).

Human impacts affect ecosystems and interact with each
other at multiple spatial scales (Gedan and Silliman 2009). For
example, anthropogenic impacts at small spatial scales (i.e.,
meters to 10s of meters) can change plant assemblage compo-
sition (e.g., Saintilan et al. 2014) and/or density (e.g., Charles
and Dukes 2009), which may affect the complexity, accessi-
bility, and habitat value of tidal marsh patches (Gedan et al.
2009). Conversely, changes at broader spatial scales (i.e., 100s
of meters to kilometers) can reduce the extent and alter the
shape and connectivity of tidal marsh patches (e.g., Watson
et al. 2017), which may disrupt food webs and compromise
beneficial life history adaptations (e.g., Meynecke et al. 2008).
Changes at either scale modify coastal physical processes and
landforms (e.g., geomorphology, hydrodynamics, sediment
transport), thereby further degrading both the delivery of key
services and the potential for marsh recovery. Identifying the
drivers of change in extent, structure, and functioning of tidal
marsh seascapes, the scale over which these occur and the
mechanisms through which such scale-specific changes alter
the ecosystem services that people desire from tidal marshes
are important foci for research and natural resource
management.

In this article, we summarize the key anthropogenic im-
pacts that affect the extent, structure, and condition of tidal
marshes, show how these impacts operate at different spa-
tial scales, and address their ultimate effects on key ecolog-
ical functions (i.e., processes related to the movement or
storage of energy or material in ecosystems; Bellwood
et al. 2018) and ecosystem services of tidal marsh seascapes
(Fig. 1). While the link between seascape configuration and
ecosystem condition and service provision has been long
recognized, robust quantitative approaches are still needed
to adequately characterize drivers of seascape change and
their effects on tidal marsh functions and services (for

example, see Meyer and Posey 2013). We highlight key
knowledge gaps and pose ten questions that point to critical
research that can substantially improve our capacity to man-
age tidal marsh seascapes.

Drivers of Structural Change in Tidal Marsh
Seascapes

Climate Change

Climate change represents an existential threat to the extent
and condition of tidal marshes globally (Colombano et al. this
issue). For example, increased sea levels lead to changes in
animal assemblages and their functional interactions, changes
in tidal inundation, changes in zonation patterns of tidal marsh
plants on seashores, coastal squeeze (i.e., intertidal habitat loss
due to high water being fixed by coastal defenses), and in-
creased risk of coastal erosion (Crosby et al. 2016; Leo et al.
2019) (Fig. 2). Climate change can modify evapotranspiration
rates in coastal ecosystems, resulting in increased salinity
levels and intrusion into estuaries, with implications for con-
nected habitats in coastal seascapes (like seagrasses, reefs, and
rivers). Weather patterns can shift on both local and continen-
tal scales causing changes in freshwater runoff regimes, coast-
al water chemistry (e.g., salinity, dissolved oxygen, and pH),
plant and animal dominance patterns, and key ecological func-
tions and cycles (Gabler et al. 2017). Despite the growing
awareness of cumulative effects of multiple interacting
stressors, studies of regional and continental climate variabil-
ity (e.g., shifts in the timing, magnitude and duration of weath-
er patterns at regional or continental scales) on tidal marshes
are scant and have typically focused solely on sea level rise
(Osland et al. 2016) (Table 1, question 1).

Many species are beginning to shift in both abundance and
distribution in tidal marshes due to the effects of climate
change. Species ranges shift as environmental conditions
(principally temperature) change in order to remain within
preferred environmental conditions. One of the best-known
examples of temperature-induced geographical migration is
the encroachment of mangrove trees into tidal marshes, which
is occurring across multiple continents (Saintilan et al. 2014).
As mangroves expand into tidal marshes, and in many cases
fully replace marsh plants, changes in the functions and ser-
vices of the ecosystem ensue (Kelleway et al. 2017).
However, our understanding of the novel species interactions
and ecosystem services that occur as mangroves replace tidal
marshes is limited (Hobbs et al. 2009), meaning that our ca-
pacity to manage novel ecosystems is also likely limited
(Table 1, question 2).

Climate change–driven modifications to tidal marshes will
affect the condition of tidal marsh seascapes at both local and
regional scales through habitat loss and other changes, but a
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better understanding of such effects is needed to optimize the
management of these ecosystems in a changing world (Brown
et al. 2013). For example, ecosystem-level effects of climate
change and weather extremes can vary in periodicity (e.g.,
daily, seasonal, annual, or decadal). Accounting for both spa-
tial and temporal variation in climate change effects and their
complex interactions is a challenging but fundamental and
often overlooked aspect of forecasting the future of tidal
marsh condition and the delivery of ecosystem services
(Colombano et al. this issue).

Invasive Species

Many tidal marshes have been invaded by exotic species due
to their proximity to hubs of anthropogenic activities (Gedan
et al. 2009). Invasive species, particularly those that act as
ecosystem engineers, can substantially alter tidal marshes.

Examples of invasive ecosystem engineers in tidal marshes
include both competitors (e.g., the common reed Phragmites
australis) and consumers (e.g., the European green crab
Carcinus maenas) of marsh grasses. Competitor plant inva-
sions such as common reed in eastern US coastal systems have
led to changes in marsh elevation and the physical structure of
inundated marsh surface and resulting effects on the dominant
fish (Hagan et al. 2007; Weinstein et al. 2010), reduced nutri-
ent and carbon cycling and sequestration, and modifications to
the food web (Findlay et al. 2003). Similarly, faunal invasions
by both grazers (e.g., nutriaMyocastor coypus in the SEUSA)
and predators (e.g., European green crab across North
American coastal systems) have had both direct and indirect
top-down effects and competitive impacts on tidal marsh bio-
ta, including fisheries species (Jamieson et al. 1998), and have
led to marsh sediment erosion (Aman and Grimes 2016).
These local impacts on tidal marshes can ultimately result in

Fig. 1 Anthropogenic impacts that affect the coastal zone (a) drive
significant change in the composition of tidal marshes at multiple
spatial scales across seascapes (b). This can change the rate and

distribution of key ecological functions and result in subsequent
reductions in the supply of a suite of socially and economically
valuable ecosystem services (c)
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seascape-scale effects on habitat structure, nutrient cycling,
trophic dynamics, and coastal geomorphology, but the char-
acterization and understanding of such effects need further
study (Table 1, question 3).

Nutrients and Eutrophication

As coastal watersheds are developed by humans, the amount
of nutrients entering tidal marshes increases. Increased nutri-
ent loading in tidal marshes may lead to increased productiv-
ity, shifts in plant community composition, and changes in
plant biomass allocation between the above- and belowground
compartments. Additionally, higher nutrient content in plant
tissues can lead to enhanced palatability for consumers,
changes in producer-consumer relationships and food web
structure, and altered carbon sequestration and standing stocks
(Gedan et al. 2009; Sparks and Cebrian 2015). These may

eventually result in profound changes to ecosystem service
provisioning (Valiela 2006). Impacts of low to moderate nu-
trient loading range from positive to negative (i.e., increases or
decreases in condition or functions). However, intense nutri-
ent loading prolonged over several years can lead to tidal
marsh collapse (Deegan et al. 2012) as a result of reduced
below-ground biomass of tidal marsh plants and increased
allocation into stems and leaves as nutrient supply increases.
Higher nutrient supply can increase the decomposition of dead
plant tissues and organic matter in the marsh soil. Deegan
et al. (2012) showed in a major experiment in Massachusetts
that, together, these processes can reduce structural integrity
of the marsh soil, with consequent erosion and habitat frag-
mentation (Fig. 2; also see Deegan et al. 2012). The critical
research question is to more thoroughly understand what con-
trols the trajectories and thresholds of tidal marsh degradation
under eutrophication (Table 1, question 4).

Table 1 Priority research
questions to better link human
impacts and their management to
the capacity of tidal marshes to
support ecosystem services

Field of research Priority research question

Anthropogenic impacts

1. Climate change impacts on sea levels,
temperature and precipitation

To what degree will regional and continental scale climate change
and variability (e.g., temperature and precipitation change)
affect runoff, coastal water quality, ecological dominance, and
the distribution of key ecological functions in tidal marshes?

2. Climate change impacts on species
distribution

At what speed will climate migrants invade and then impinge
upon the capacity for tidal marshes to support key ecosystem
services, and should we manage to maintain what we have now
or adapt to manage novel ecosystems?

3. Invasive species How do the local-scale changes caused by invasive species com-
pound to seascape-scale changes in the connectivity and com-
plexity of tidal marshes?

4. Nutrients and eutrophication What controls the nature and extent of nutrient loading impacts on
the structure and function of tidal marshes, and what are the
conditions at which such effects become overwhelmingly
negative and lead to marsh collapse?

5. Urbanization To what degree, and in which direction, are different ecosystem
components and functions changed by urbanization and
associated impacts (like trampling, fishing, boat wash) around
tidal marshes?

Ecological functions and ecosystem services

6. Ecological functions How do changes in tidal marsh seascape composition (at both
local and regional scales) affect key ecological functions, and
how do these changes link to ecosystem service provision?

7. Blue carbon storage How will expected changes to tidal marshes and adjacent habitats
affect blue carbon storage across tidal marsh seascapes as a
whole?

8. Food webs and fisheries How do the effects of climate change interact with local stressors
to modify food web structure and affect the fisheries value of
tidal marsh seascapes?

9. Shoreline protection What design for restoration, living shoreline, and/or wetland re-
construction methods (e.g., thin layer sedimentation) optimize
shoreline protection, habitat value, and ecosystem functions
and services in unison?

10. Nutrient sequestration and cycling How do interacting anthropogenic impacts ultimately affect the
capacity for nutrient sequestration in tidal marshes?
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Urbanization and Expanding Human Populations

Given their position in the intertidal swath of coastal
shores, tidal marshes are particularly threatened by coastal
development (Gedan et al. 2009; Halpern et al. 2019;
Waltham et al. this issue). Expanding human infrastructure
can fragment tidal marshes and reduce their extent,
resulting in poorly connected tidal marsh seascapes, altered
plant community composition, and worsened ecological
condition (Bishop et al. 2017). Hardening of coastal shores
can compound the effects of coastal squeeze by hindering
tidal marsh expansion to higher elevations under sea level
rise (Crosby et al. 2016; Leo et al. 2019). Tidal marshes
near urban centers are also more likely to be exposed to
heightened fishing and/or trampling, erosion from boat
wakes, and sediment and pollutant runoff (Gedan et al.
2009). Urban centers also require extensive agricultural
development to ensure food supply, often resulting in
channelization of tidal marsh habitat (Martinez-Lopez
et al. 2019) or direct replacement by other land used like
grazing or cropping lands. However, the impacts of shore-
line hardening are not entirely negative, as some subtidal
urban structures can supplement ecological functions (e.g.,
Olds et al. 2018) (Table 1, question 5). Urbanization rep-
resents a conspicuous and immediate threat to tidal
marshes globally, and a more thorough understanding of
how urbanization interacts with other stressors is required
for more effective management (Gedan et al. 2009).

Resulting Structural Change at Multiple
Spatial Scales

Habitat Scale (Meters to 10s of Meters; Habitat
Condition, Composition, and Complexity)

The interactive effects of anthropogenic impacts drive large
and complex changes in individual patches of tidal marsh
within the broader seascape. For example, rising seas alter
the flooding dynamics of individual patches, which can cause
loss and change the distribution and density of habitat forming
marsh plants (Ziegler et al. 2019). In addition, nutrient enrich-
ment changes above- and belowground biomass and marsh
soil structural strength can interact with flooding-driven pro-
cesses to further alter the condition and health of tidal marsh
patches (Krause et al. 2019) and can compound the effects of
climate change (Dangremond et al. 2019). Urbanization trun-
cates the landward marsh profile, causes the loss of high ele-
vation marsh and, importantly, precludes upland marsh migra-
tion (i.e., coastal squeeze). The result will be progressive con-
version of high to low elevation marsh habitat with sea level
rise and complete marsh loss if sediment supply is not ade-
quate (Colombano et al. this issue). In turn, the structure,
density, and condition of vegetation is a key driver of habitat
selection for many species (Kneib 1997), so changes in these
vegetation features may have substantial impacts on the hab-
itat quality of individual marsh patches within the seascape
(Smee et al. 2017). Although the regularly flooded low marsh

Fig. 2 Anthropogenic impacts modify the structure, composition, and
condition of tidal marshes across coastal seascapes. Invasive tidal marsh
plants like common reed Phragmites australis (a) can replace native
species and reduce habitat value. Similarly, with climate change,
species will shift their ranges towards the poles, and this will cause
structural changes to tidal marsh seascapes (e.g., intrusion of mangroves
in temperate tidal marshes), and unpredictable novel species assemblages.
Climate change also causes sea level rise which will result in greater tidal

inundation of tidal marshes (b). Urbanization causes fragmentation of
tidal marsh seascapes, and the effects of coastal squeeze (c), especially
as sea levels rise, and can significantly narrow the distribution of marshes
and reduce ecological functioning. Finally, high nutrient runoff from
urban and agricultural land can cause eutrophication, causing plant
community change, erosion, and slumping (d) (Plum Island Estuary,
Massachusetts). Images by T. Sturm, P. Bloodgood (CC BY 2.0), J.
Buck (CC BY-SA 2.0) and H. Sullivan
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edge appears to be particularly important habitat for many
fishery species (Minello et al. 2008), the implications of high
elevation marsh loss for the dynamics and function of the rest
of the marsh are unclear. Crucially, changes in structure, com-
position, density, and condition at the patch scale (meters to
tens of meters) can propagate up to the seascape scale through
cascading impacts on extent, fragmentation, and connectivity.
These changes at smaller spatial scales can, in turn, alter the
ecosystem services provided by tidal marsh seascapes and
degrade broader-scale processes that support ongoing marsh
presence and condition (like sediment transport, hydrology,
and other coastal geomorphological processes) (Ziegler et al.
this issue).

Seascape Scale (100s of Meters to Kilometers; Extent,
Fragmentation, Connectivity)

Human impacts modify the condition of tidal marsh seascapes
at scales of 100s of meters to kilometers in diverse ways.
Perhaps most importantly, human impacts reduce the aerial
extent of tidal marshes within coastal seascapes through re-
placement with unvegetated flats or hardened shorelines of
lower habitat value (Bishop et al. 2017). The fragmentation
of tidal marshes causes reductions in patch sizes, increasing
prevalence of edge effects, including higher exposure to coast-
al erosion from wind, waves and boat wakes, and poorer con-
nectivity among tidal marsh patches. Poorer connectivity re-
duces biodiversity by reducing gene flow, fragments and
changes the demographics of animal populations that perform
key ecological functions across seascapes, and reduces the
delivery of nutrient or energy from tidal marshes to surround-
ing ecosystems which rely upon these subsidies (Irlandi and
Crawford 1997; Kneib 1997; Jinks et al. 2020). Seascape scale
processes that underpin the resilience and persistence of tidal
marshes, like sediment supply and hydrodynamics, are sub-
stantially modified by climate change, urbanization, and chan-
nelization at scales of 10s to 100s of kilometers (Vincent et al.
2013; Osland et al. 2016). More thoroughly understanding the
spatial scale of influence of human impacts and the conse-
quences of tidal marshes becoming increasingly fragmented
and poorly connected is an important need to enhance our
capacity to manage and restore marsh seascapes (Table 1,
question 5) (Gilby et al. 2018).

Changes to Ecological Functions
and Ecosystem Services

Rates and Distributions of Key Ecological Functions

The rates and distribution of key ecological functions like
predation, herbivory, and detritivory are pivotal in determin-
ing the resilience of ecosystems to natural and anthropogenic

disturbances as well as the services and benefits provided to
humankind (Henderson et al. 2019). Interacting anthropogen-
ic impacts to tidal marshes is broadly considered to either
extirpate or reduce the rate and extent of key ecological func-
tions (Irlandi and Crawford 1997; Gedan et al. 2009). Few
studies have rigorously determined changes in specific, essen-
tial ecological functions (as opposed to broad “functioning”)
of tidal marsh seascapes to explicit changes in services and
benefits for humans (Table 1, question 6), or the extent of
geographic variation in these functions (Ziegler et al. this
issue). A more thorough integration of existing literature from
other ecosystems regarding principles for identifying and
quantifying key ecological functions, and definitions around
these, is also a priority for tidal marsh research (see Bellwood
et al. 2018). The production and long-term storage of carbon
(“blue carbon”) in tidal marsh soil provides a benefit for peo-
ple through climate mitigation. Many of the existing or pre-
dicted changes in marsh vegetation, elevation, and food webs
affect carbon storage (Kelleway et al. 2017). However, man-
aging for optimal blue carbon outcomes requires an under-
standing of interactions and linkages among tidal marshes
and adjacent habitats (Huxham et al. 2018), such as mangrove
forests, oyster reefs, and seagrass meadows. Unfortunately,
we have little understanding of blue carbon dynamics in this
seascape context and thus pose a key question about the likely
impacts on overall blue carbon storage from changes at the
seascape scale (Table 1, question 7).

Food webs and Fisheries

Maintaining well-connected, complex foodwebs with a diver-
sity of ecological niches linked by key ecological functions
performed by multiple species (i.e., functional redundancy) is
crucial for the generation of ecosystem services (Henderson
et al. 2019). For example, well-connected, complex foodwebs
in tidal marshes provide refuge and food for coastal fisheries
across seascapes (Sheaves et al. 2015; Whitfield 2017) and
suppor t threa tened spec ies (Gi lby et a l . 2017) .
Autochthonous tidal marsh production (localized production
like organic matter or larvae) is an important subsidy for many
ecosystems across coastal seascapes (Kneib 1997; Jinks et al.
2020). In addition, food webs of other coastal habitats are
linked to tidal marshes by the movement of animals among
patches of diverse systems within broader seascapes
(Nagelkerken et al. 2015). More diverse and abundant coastal
animal communities supported by healthy and expansive
marshes also have greater capacity to resist, and recover from,
disturbances due to higher redundancy in key ecological func-
tions (Henderson et al. 2019). The degradation of tidal
marshes reduces the trophic roles of tidal marsh seascapes
(Whitfield 2017; Gilby et al. 2018), including support of fish-
eries, adjacent systems, and autochthonous and allochthonous
food webs. The extent and mechanisms through which such
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reduction propagates from patch to seascape scales, including
interactions between local and global factors, remain unclear
(Table 1, question 8).

Shoreline Protection

The shoreline protection provided by tidal marshes has signif-
icant economic value (Barbier et al. 2011), particularly in
areas at risk severe storms (Rao et al. 2015). This key ecosys-
tem service will become even more valuable as the frequency
and intensity of severe storms increases (Barbier 2015). The
likelihood of tidal marshes continuing to provide this service
is compromised by losses at the patch level due to climate
change (Arkema et al. 2013), eutrophication (Deegan et al.
2012), urbanization (Waltham and Sheaves 2015), and re-
placement by other species such as mangroves (Kelleway
et al. 2017). While hardened shorelines provide similar bene-
fits to tidal marshes in terms of wave and erosion protection,
they do not provide the same habitat and fishery benefits.
Seeking effective designs for shoreline protection that em-
brace environmentally friendly practices and enhance habitat
creation (Dafforn et al. 2015), including living shorelines
(Bilkovic et al. 2016), under current and future conditions is
a growing and important area of research (Table 1, question
9).

Nutrient Sequestration and Cycling

Tidal marshes are hotspots of nutrient sequestration and re-
moval and so can buffer anthropogenic nutrient inputs to
coastal systems (Gedan et al. 2009; Piehler and Smyth
2011). However, anthropogenic impacts like invasive species
introductions, urbanization, shoreline erosion, climate change,
and eutrophication have cascading effects on the ability of
tidal marshes to sequester nutrients (Gedan et al. 2009).
Principally, these impacts cause the conversion of vegetated
to unvegetated habitat and consequent reduction in the capac-
ity for nutrient processing (Piehler and Smyth 2011; Deegan
et al. 2012). In addition to loss of tidal marsh habitat, changes
such as saltwater intrusion, warmer temperatures, invasive
species, and eutrophication can alter vegetation assemblages
with implications for rates of nutrient cycling (Yang et al.
2015). Mangrove encroachment and invasion of the common
reed in tidal marshes, for example, may lead to higher rates of
nutrient uptake and larger long-term sinks of nutrients
(Findlay et al. 2003; Kelleway et al. 2017). Conversely, the
replacement of diverse plant communities by monocultures
can decrease nitrogen retention, although the scale of this re-
sponse is often species-specific (Yang et al. 2015). Loss of
habitat and shifts in vegetation can have counteracting effects
on nutrient cycling; therefore, future research should elucidate
how interacting drivers of change will ultimately affect nutri-
ent sequestration in tidal marshes (Table 1, question 10).

Discussion

Anthropogenic impacts are diversifying and expanding in
geographic scope globally as the human population increases
and expands, and these impacts are often focused in the coast-
al zone (Halpern et al. 2019). This results in the breakdown of
key ecological functions and the loss of valuable ecosystem
services (Barbier et al. 2011). We show that there are clear
links between key anthropogenic impacts, the condition and
extent of tidal marsh seascapes at multiple spatial scales (from
local to regional scales), and their capacity to deliver key
ecosystem services. Having a capacity to accurately predict
how combinations of impacts will affect future ecosystem
service delivery is therefore paramount in optimizing manage-
ment interventions (Brown et al. 2013).

While many of the impacts covered in this article are well
understood in isolation, overcoming the dearth of information
about their interacting effects is a priority for management and
restoration plans (Brown et al. 2013; Gilby et al. 2018). We
identified ten priority research questions that should be ad-
dressed to more thoroughly disentangle these complex effects
(Table 1). Each question addresses a research gap regarding
the trajectory or interacting nature of human impacts and their
consequences for tidal marsh seascapes, the spatial scales over
which these impacts modify tidal marshes and their ecosystem
services and/or the optimal design of conservation, restora-
tion, or broader management actions to overcome them.
There are, to the best of our knowledge, no major obstructions
to answering these priority questions; the need is for more
investigative focus on them. Perhaps most importantly, how-
ever, the authors noted that the majority of studies conducted
in this space have occurred in North America, so expanding
research to marshes outside of this region that may have dif-
ferent pressures, environmental conditions (e.g., tidal extent),
and species composition (especially of habitat forming marsh
plants) is a priority (Ziegler et al. this issue). Due to the diver-
sity of tidal marsh composition and positions on shorelines
globally, there are challenges in generalizing results for par-
ticular impacts across different continents (Ziegler et al. this
issue). The intensity of human impacts to ecosystems can
often vary substantially over temporal scales. For example,
anthropogenic climate change interacts with natural variability
in weather and climate resulting in weather and climate ex-
tremes changing over decadal scales (e.g., El Nino Southern
Oscillation), and the effects of runoff from modified water-
sheds may fluctuate depending on rainfall. Expanding the
geographic and temporal scope of studies into the conse-
quences of human impacts on tidal marsh ecosystem services
and the scales over which these occur is a global priority for
tidal marsh ecologists.

More thoroughly understanding the intricacies of human
impacts on tidal marshes and their consequence for ecosystem
services will maximize our capacity to optimize management
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plans and enable us to more thoroughly anticipate the out-
comes of different management interventions. For example,
we can use the results of such quantitative studies to optimize
ecological restoration plans to reduce fragmentation at region-
al scales (Waltham et al. this issue), to maximize the effective-
ness of marine reserves in coastal seascapes (Olds et al. 2016),
to design environmentally friendly structures for coastal eco-
systems (Bilkovic et al. 2016), and to predict the results of
management interventions, thereby increasing our capacity to
more thoroughly incentivize coastal management and restora-
tion actions (Borgström et al. 2016). Such seascape-wide
management plans can help reduce and mitigate the conse-
quences of coastal development and other exogenous threats
(Zedler and Leach 1998). Examples of successful application
exist, but there is a pressing need to upscale efforts to scales of
kilometers to 10s of kilometers to provide more meaningful
habitat enhancements and conservation actions across estua-
rine seascapes to support ecosystem services (Gilby et al.
2018). The time is now for tidal marsh ecologists to fill these
crucial knowledge gaps relating to humans impacts and the
scale of their consequences for ecosystems services to maxi-
mize our capacity to salvage and enhance these valuable
coastal ecosystems.

Acknowledgments This perspective arose from a meeting held at the
Dauphin Island Sea Lab (DISL) 1-3 November 2019 as part of the
Coastal and Estuarine Research Federation (CERF) 2019 Conference
Workshop Program. The views and conclusions contained in this docu-
ment are those of the authors and should not be interpreted as representing
the opinions or policies of the US Government.

Funding Themeetingwas funded by grants to R. Baker from theUniversity
of South Alabama and DISL and sponsorship from Mississippi-, Alabama-,
Georgia-, and Washington-Sea Grants, the Grand Bay National Estuarine
Research Reserve, the DISL Foundation, and CERF.

References

Aman, J., and K.W. Grimes. 2016. Measuring impacts of invasive
European green crabs on Maine salt marshes: A novel approach.
Report to the Maine Outdoor Heritage Fund. Wells: Wells National
Estuarine Research Reserve.

Arkema, K.K., G. Guannel, G. Verutes, S.A. Wood, A. Guerry, M.
Ruckelshaus, P. Kareiva, M. Lacayo, and J.M. Silver. 2013.
Coastal habitats shield people and property from sea-level rise and
storms. Nature Climate Change 3 (10): 913–918.

Barbier, E.B. 2015. Valuing the storm protection service of estuarine and
coastal ecosystems. Ecosystem Services 11: 32–38.

Barbier, E.B., S.D. Hacker, C. Kennedy, E.W. Koch, A.C. Stier, and B.R.
Silliman. 2011. The value of estuarine and coastal ecosystem ser-
vices. Ecological Monographs 81 (2): 169–193.

Bellwood, D.R., R.P. Streit, S.J. Brandl, and S.B. Tebbett. 2018. The
meaning of the term ‘function’ in ecology: A coral reef perspective.
Functional Ecology 33: 948–961.

Bilkovic, D.M., M. Mitchell, P. Mason, and K. Duhring. 2016. The role
of living shorelines as estuarine habitat conservation strategies.
Coastal Management 44 (3): 161–174.

Bishop,M.J., M.Mayer-Pinto, L. Airoldi, L.B. Firth, R.L. Morris, L.H.L.
Loke, S.J. Hawkins, L.A. Naylor, R.A. Coleman, S.Y. Chee, and
K.A. Dafforn. 2017. Effects of ocean sprawl on ecological connec-
tivity: Impacts and solutions. Journal of Experimental Marine
Biology and Ecology 492: 7–30.

Borgström, S., A. Zachrisson, and K. Eckerberg. 2016. Funding ecolog-
ical restoration policy in practice—Patterns of short-termism and
regional biases. Land Use Policy 52: 439–453.

Bostrom, C., S.J. Pittman, C. Simenstad, and R.T. Kneib. 2011. Seascape
ecology of coastal biogenic habitats: Advances, gaps, and chal-
lenges. Marine Ecology Progress Series 427: 191–217.

Brown, C.J., M.I. Saunders, H.P. Possingham, and A.J. Richardson.
2013. Managing for interactions between local and global stressors
of ecosystems. PLoS One 8 (6): e65765.

Charles, H., and J.S. Dukes. 2009. Effects of warming and altered pre-
cipitation on plant and nutrient dynamics of a New England salt
marsh. Ecological Applications 19 (7): 1758–1773.

Colombano, et al. this issue. Climate change effects on tidal marsh struc-
ture, function and persistence into the uncertain future. Estuaries
and Coasts.

Costanza, R., O. Perez-Maqueo,M.L.Martinez, P. Sutton, S.J. Anderson,
and K. Mulder. 2008. The value of coastal wetlands for hurricane
protection. Ambio 37 (4): 241–248.

Crosby, S.C., D.F. Sax, M.E. Palmer, H.S. Booth, L.A. Deegan, M.D.
Bertness, and H.M. Leslie. 2016. Salt marsh persistence is threat-
ened by predicted sea-level rise. Estuarine, Coastal and Shelf
Science 181: 93–99.

Dafforn, K.A., T.M. Glasby, L. Airoldi, N.K. Rivero, M. Mayer-Pinto,
and E.L. Johnston. 2015. Marine urbanization: An ecological frame-
work for designing multifunctional artificial structures. Frontiers in
Ecology and the Environment 13 (2): 82–90.

Dangremond, E.M., L.T. Simpson, T.Z. Osborne, and I.C. Feller. 2019.
Nitrogen enrichment accelerates mangrove range expansion in the
temperate–tropical ecotone. Ecosystems 23: 703–714.

Deegan, L.A., D.S. Johnson, R.S. Warren, B.J. Peterson, J.W. Fleeger, S.
Fagherazzi, and W.M. Wollheim. 2012. Coastal eutrophication as a
driver of salt marsh loss. Nature 490 (7420): 388–392.

Findlay, S., P. Groffman, and S. Dye. 2003. Effects of Phragmites
australis removal on marsh nutrient cycling. Wetlands Ecology
and Management 11 (3): 157–165.

Gabler, C.A., M.J. Osland, J.B. Grace, C.L. Stagg, R.H. Day, S.B.
Hartley, N.M. Enwright, A.S. From, M.L. McCoy, and J.L.
McLeod. 2017. Macroclimatic change expected to transform coastal
wetland ecosystems this century. Nature Climate Change 7 (2):
142–147.

Gedan, K.B., and B.R. Silliman. 2009. Patterns of salt marsh loss within
coastal regions of North America. In Human impacts on salt
marshes: A global perspective, ed. B.R. Silliman, M.D. Bertness,
and E.D. Grosholz, 253–265. Berkeley and Los Angeles: University
of California Press.

Gedan, K.B., B.R. Silliman, and M.D. Bertness. 2009. Centuries of
human-driven change in salt marsh ecosystems. Annual Review of
Marine Science 1: 117–141.

Gilby, B.L., A.D. Olds, R.M. Connolly, N.A. Yabsley, P.S.Maxwell, I.R.
Tibbetts, D.S. Schoeman, and T.A. Schlacher. 2017. Umbrellas can
work under water: Using threatened species as indicator and man-
agement surrogates can improve coastal conservation. Estuarine,
Coastal and Shelf Science 199: 132–140.

Gilby, B.L., A.D. Olds, R.M. Connolly, C.J. Henderson, and T.A.
Schlacher. 2018. Spatial restoration ecology: Placing restoration in
a landscape context. Bioscience 68: 1007–1019.

Hagan, S.M., S.A. Brown, and K.W. Able. 2007. Production of mummi-
chog (Fundulus heteroclitus): Response in marshes treated for com-
mon reed (Phragmites australis) removal. Wetlands 27 (1): 54–67.

Halpern, B.S., M. Frazier, J. Afflerbach, J.S. Lowndes, F. Micheli, C.
O'Hara, C. Scarborough, and K.A. Selkoe. 2019. Recent pace of

Estuaries and Coasts

Author's personal copy



change in human impact on the world’s ocean. Scientific Reports 9
(1): 11609.

Henderson, C.J., T. Stevens, S.Y. Lee, B.L. Gilby, T.A. Schlacher, R.M.
Connolly, J. Warnken, P.S. Maxwell, and A.D. Olds. 2019.
Optimising seagrass conservation for ecological functions.
Ecosystems 22 (6): 1368–1380.

Hobbs, R.J., E. Higgs, and J.A. Harris. 2009. Novel ecosystems:
Implications for conservation and restoration. Trends in Ecology &
Evolution 24 (11): 599–605.

Huxham, M., D. Whitlock, M. Githaiga, and A. Dencer-Brown. 2018.
Carbon in the coastal seascape: How interactions betweenmangrove
forests, seagrass meadows and tidal marshes influence carbon stor-
age. Current Forestry Reports 4 (2): 101–110.

Irlandi, E.A., and M.K. Crawford. 1997. Habitat linkages: The effect of
intertidal saltmarshes and adjacent subtidal habitats on abundance,
movement, and growth of an estuarine fish.Oecologia 110 (2): 222–
230.

Jamieson, G.S., E.D. Grosholz, D.A. Armstrong, and R.W. Elner. 1998.
Potential ecological implications from the introduction of the
European green crab, Carcinus maenas (Linneaus), to British
Columbia, Canada, and Washington, USA. Journal of Natural
History 32 (10-11): 1587–1598.

Jinks, K.I., M.A. Rasheed, C.J. Brown, A.D. Olds, T.A. Schlacher, M.
Sheaves, P.H. York, and R.M. Connolly. 2020. Saltmarsh grass
supports fishery food webs in subtropical Australian estuaries.
Estuarine, Coastal and Shelf Science 106719.

Kelleway, J.J., K. Cavanaugh, K. Rogers, I.C. Feller, E. Ens, C. Doughty,
and N. Saintilan. 2017. Review of the ecosystem service implica-
tions of mangrove encroachment into salt marshes. Global Change
Biology 23 (10): 3967–3983.

Kneib, R. 1997. The role of tidal marshes in the ecology of estuarine
nekton. Oceanography and Marine Biology. Annual Review 35:
163–220.

Krause, J.R., E.B. Watson, C.Wigand, and N. Maher. 2019. Are tidal salt
marshes exposed to nutrient pollution more vulnerable to sea level
rise? Wetlands. https://doi.org/10.1007/s13157-019-01254-8.

Leo, K.L., C.L. Gillies, J.A. Fitzsimons, L.Z. Hale, and M.W. Beck.
2019. Coastal habitat squeeze: A review of adaptation solutions
for saltmarsh, mangrove and beach habitats. Ocean and Coastal
Management 175: 180–190.

Martinez-Lopez, J., H. Teixeira,M.Morgado,M.Almagro, A.I. Sousa, F.
Villa, S. Balbi, A. Genua-Olmedo, A.J.A. Nogueira, and A.I.
Lillebo. 2019. Participatory coastal management through elicitation
of ecosystem service preferences and modelling driven by “coastal
squeeze”. Science of the Total Environment 652: 1113–1128.

Meyer, D.L., and M.H. Posey. 2013. Influence of salt marsh size and
landscape setting on salt marsh nekton populations. Estuaries and
Coasts 37: 548–560.

Meynecke, J.-O., S.Y. Lee, and N. Duke. 2008. Linking spatial metrics
and fish catch reveals the importance of coastal wetland connectivity
to inshore fisheries in Queensland, Australia. Biological
Conservation 141 (4): 981–996.

Minello, T.J., G.A. Matthews, P.A. Caldwell, and L.P. Rozas. 2008.
Population and production estimates for decapod crustaceans in
wetlands of Galveston Bay, Texas. Transactions of the American
Fisheries Society 137 (1): 129–146.

Nagelkerken, I., M. Sheaves, R. Baker, and R.M. Connolly. 2015. The
seascape nursery: A novel spatial approach to identify and manage
nurseries for coastal marine fauna. Fish and Fisheries 16 (2): 362–
371.

Olds, A.D., R.M. Connolly, K.A. Pitt, S.J. Pittman, P.S. Maxwell, C.M.
Huijbers, B.R. Moore, S. Albert, D. Rissik, R.C. Babcock, and T.A.
Schlacher. 2016. Quantifying the conservation value of seascape

connectivity: A global synthesis. Global Ecology and
Biogeography 25 (1): 3–15.

Olds, A.D., B.A. Frohloff, B.L. Gilby, R.M. Connolly, N.A. Yabsley,
P.S. Maxwell, and T.A. Schlacher. 2018. Urbanisation supplements
ecosystem functioning in disturbed estuaries. Ecography 41 (12):
2104–2113.

Osland, M.J., N.M. Enwright, R.H. Day, C.A. Gabler, C.L. Stagg, and
J.B. Grace. 2016. Beyond just sea-level rise: Considering
macroclimatic drivers within coastal wetland vulnerability assess-
ments to climate change. Global Change Biology 22 (1): 1–11.

Piehler, M.F., and A.R. Smyth. 2011. Impacts of ecosystem engineers on
estuarine nitrogen cycling. Ecosphere 2: art12.

Rao, N.S., A. Ghermandi, R. Portela, and X. Wang. 2015. Global values
of coastal ecosystem services: A spatial economic analysis of shore-
line protection values. Ecosystem Services 11: 95–105.

Saintilan, N., N.C. Wilson, K. Rogers, A. Rajkaran, and K.W. Krauss.
2014. Mangrove expansion and salt marsh decline at mangrove
poleward limits. Global Change Biology 20 (1): 147–157.

Sheaves, M., R. Baker, I. Nagelkerken, and R.M. Connolly. 2015. True
value of estuarine and coastal nurseries for fish: Incorporating com-
plexity and dynamics. Estuaries and Coasts 38 (2): 401–414.

Smee, D.L., J.A. Sanchez, M. Diskin, and C. Trettin. 2017. Mangrove
expansion into salt marshes alters associated faunal communities.
Estuarine, Coastal and Shelf Science 187: 306–313.

Sparks, E.L., and J. Cebrian. 2015. Effects of fertilization on grasshopper
grazing of northern Gulf of Mexico salt marshes. Estuaries and
Coasts 38 (3): 988–999.

Valiela, I. 2006. Global coastal change. Hoboken: Wiley-Blackwell.
Vincent, R.E., D.M. Burdick, and M. Dionne. 2013. Ditching and ditch-

plugging in New England salt marshes: Effects on hydrology, ele-
vation, and soil characteristics. Estuaries and Coasts 36 (3): 610–
625.

Waltham, N.J., and M. Sheaves. 2015. Expanding coastal urban and
industrial seascape in the Great Barrier Reef World Heritage Area:
Critical need for coordinated planning and policy.Marine Policy 57:
78–84.

Waltham, et al. this issue. Tidal wetland restoration in response to sea-
scape development expansion and changing climate. Estuaries and
Coasts.

Watson, E.B., C. Wigand, E.W. Davey, H.M. Andrews, J. Bishop, and
K.B. Raposa. 2017. Wetland loss patterns and inundation-
productivity relationships prognosticate widespread salt for southern
New England. Estuaries and Coasts: Journal of the Estuarine
Research Federation 40 (3): 662–681.

Weinstein, M.P., S.Y. Litvin, and V.G. Guida. 2010. Stable isotope and
biochemical composition of white perch in a Phragmites dominated
salt marsh and adjacent waters. Wetlands 30 (6): 1181–1191.

Whitfield, A.K. 2017. The role of seagrass meadows, mangrove forests,
salt marshes and reed beds as nursery areas and food sources for
fishes in estuaries. Reviews in Fish Biology and Fisheries 27 (1):
75–110.

Yang, W.H., B.H. Traut, and W.L. Silver. 2015. Microbially mediated
nitrogen retention and loss in a salt marsh soil. Ecosphere 6: 1–15.

Zedler, J.B., and M.K. Leach. 1998. Managing urban wetlands for mul-
tiple use: Research, restoration, and recreation. Urban Ecosystem 2
(4): 189–204.

Ziegler, S.L., K.W. Able, and F.J. Fodrie. 2019. Dietary shifts across
biogeographic scales alter spatial subsidy dynamics. Ecosphere 10:
e02980.

Ziegler, et al. this issue. Geographic variation in marsh structure and
function: identifying driving processes and commonality across
multiple scales. Estuaries and Coasts.

zu Ermgassen, et al. this issue. Valuation, social and human dimensions in
tidal marsh ecology. Estuaries and Coasts.

Estuaries and Coasts

Author's personal copy

https://doi.org/10.1007/s13157-019-01254-8

	Human Actions Alter Tidal Marsh Seascapes and the Provision of Ecosystem Services
	Abstract
	Introduction
	Drivers of Structural Change in Tidal Marsh Seascapes
	Climate Change
	Invasive Species
	Nutrients and Eutrophication
	Urbanization and Expanding Human Populations

	Resulting Structural Change at Multiple Spatial Scales
	Habitat Scale (Meters to 10s of Meters; Habitat Condition, Composition, and Complexity)
	Seascape Scale (100s of Meters to Kilometers; Extent, Fragmentation, Connectivity)

	Changes to Ecological Functions and Ecosystem Services
	Rates and Distributions of Key Ecological Functions
	Food webs and Fisheries
	Shoreline Protection
	Nutrient Sequestration and Cycling

	Discussion
	References




