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S p e c i a l  i S S u e  O N  c O a S ta l  l O N g  t e r m  e c O l O g i c a l  r e S e a r c h

Nonlinear Dynamics and 
alternative Stable States

in Shallow coastal Systems
B y  K a r e N  J .  m c g l at h e r y,  m at t h e w  a .  r e i D e N B a c h ,  pa O l O  D ’ O D O r i c O , 

S e r g i O  F a g h e r a z z i ,  m i c h a e l  l .  pa c e ,  a N D  J O h N  h .  p O r t e r 

Figure 1. a conceptual framework for the study of interactions between the dynamics of marshes and shallow bays that are controlled by external  
drivers—sea level rise, storms, and sediment and nutrient supplies—and internal feedbacks. These feedbacks can lead to the emergence of thresholds,  
hysteresis, and alternative stable states, and induce an overall nonlinear response of shallow coastal environments to large-scale external drivers.  
understanding potential state transitions and how the occurrence of a regime shift in one subsystem propagates to others is a critical frontier in  
forecasting the long-term evolution of coastal systems. 
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environmental conditions will require 
ongoing research on how systems 
respond to trends in external forces 
interacting with internal processes. Here, 
we consider the case of shallow-water 
coastal environments with unconsoli-
dated sediments. The dynamics of these 
environments are controlled by exter-
nal drivers—sea level rise, storms, and 
sediment and nutrient supply—and by 
internal feedbacks. Although it is well 
established that the interplay between 
sea level rise and sediment supply con-
trols the large-scale features of the soft-
sediment coastal landscape, the role of 
feedbacks resulting from the interaction 

between biotic processes (vegetation 
growth) and abiotic drivers (e.g., waves, 
tides, storm surges, sediment and nutri-
ent supplies) has only recently been 
recognized (Figure 1; Marani et al., 2007; 
Carr et al., 2012a,b; Fagherazzi et al., 
2012a,b; Mariotti and Fagherazzi, 2012). 
These feedbacks can lead to the emer-
gence of thresholds, hysteresis, and alter-
native stable states (e.g., Walker and Salt, 
2006), and induce a nonlinear response 
to large-scale external drivers (Box 2). In 
addition, interacting drivers can create 
a landscape that changes rapidly at any 
specific location, but is remarkably 
unchanging in aggregate. For example, 
during a 28-year period, > 42% of island 
upland locations of the Virginia Coast 
Reserve (VCR) LTER landscape changed 
to either marsh or water, but the aggre-
gate amount of upland changed by less 
than 6% as new upland was deposited 
to counterbalance the loss of eroded or 
flooded uplands (Figure 2; Porter, 2007).

For shallow-water soft-sediment 
coastal systems, positive feedbacks and 
possible state changes are typically asso-
ciated with the ability of vegetation to 
improve its own habitat by modifying 
the physical environment. In the pres-
ence of two stable configurations, even 
small changes in external drivers may 
cause an abrupt shift of the system from 
one state to another. For instance, an 
initial loss of vegetation in marshes or 
shallow coastal bays may be enhanced 
by interactions with the physical envi-
ronment (e.g., increase in hydroperiod 
or decrease in light) that cause further 
changes in canopy cover and eventually 
lead the system into a different state. 
The transition can be highly irreversible 
because the “new” state is also stable, 
and other factors must come into play 

iNtrODuc tiON
Understanding the processes that cause 
nonlinear changes in coastal marine 
ecosystems is critical, given growing 
anthropogenic pressures. In this context, 
some of the best examples of nonlinear 
ecological changes and their underlying 
causes have come from marine stud-
ies, including research at coastal sites 
in the Long Term Ecological Research 
(LTER) network (Box 1). A key feature 
of this research is integrating physical, 
chemical, and biotic processes into better 
understanding the forces that are driving 
ecological dynamics. Predicting future 
scenarios and adapting to changing 

aBStr ac t. The dynamics of shallow-water coastal environments are controlled 
by external drivers—sea level rise, storms, and sediment and nutrient supplies—and 
by internal feedbacks. Interactions of biotic processes (vegetation growth, trophic 
dynamics) and abiotic drivers can lead to nonlinear responses to changing conditions 
and to the emergence of thresholds, hysteresis, and alternative stable states. We 
develop a conceptual framework for studying interactions between the dynamics of 
marshes and habitats in shallow coastal bays with unconsolidated sediments (seagrass, 
oyster reefs). Using examples primarily from the Virginia Coast Reserve Long Term 
Ecological Research site, we show that in the subtidal part of the landscape, two 
alternative stable states can exist—one dominated by seagrass up to a certain depth 
that represents a tipping point to the second, unvegetated stable state. The depth limit 
of the seagrass stable state is influenced by (1) the positive feedback of vegetation 
on reducing sediment suspension and improving the light environment for growth, 
(2) climate (e.g., temperature), and (3) water quality. Two stable states are also present 
in intertidal areas, with salt marshes lying above mean sea level and tidal flats below 
mean sea level. State transitions are driven by sediment availability, sea level rise, the 
relative strength of wind waves with respect to tidal currents, and the biotic feedback 
of vegetation on sediment stabilization and accretion. State-change dynamics in 
one system may propagate to adjacent systems, and this coupling may influence the 
landscape-scale response to environmental change. Seagrass meadows and oyster 
reefs affect adjacent marshes both positively (wave attenuation) and negatively 
(reduced sediment supply), and marsh-edge erosion could negatively influence 
the light environment for seagrass growth. Forecasting the resilience of coastal 
ecosystems and the landscape-scale response to environmental change in the next 
century requires an understanding of nonlinear dynamics, including the possibility of 
multiple stable states, the coupled evolution of adjacent systems, and potential early 
warning signs of thresholds of change.
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BOx 1.  ecOSyStem regime ShiFtS aND early 
warNiNgS: eViDeNce FrOm mariNe lter SiteS 

ecosystem regime shifts are massive changes that occur abruptly and move systems 
to new states that may not be readily reversible (Scheffer et al., 2001; carpenter, 2003; 
walker and meyers, 2004). These changes involve critical transitions characterized by 
the crossing of thresholds (Scheffer, 2009). although these changes will be evident in 
ecosystems throughout the world, coastal marine ecosystems are particularly vulner-
able because of the combined effects of climate change, sea level rise, and intensifica-
tion of human use.

examples of regime shifts and nonlinear dynamics have been described in long 
term ecological research (lter) marine sites in addition to those discussed here for 
the Virginia coast reserve lter. For example, at the Santa Barbara coastal lter, there 
are shifts in rocky-reef structure from algal to sea cucumber dominated communi-
ties and from kelp forests to urchin dominated benthic barrens (harrold and reed, 
1985; rassweiler et al., 2010). at the Florida coastal everglades lter site, nutrient 
enrichment and increases in salinity are associated with loss of seagrass and a shift to 
phytoplankton dominance in Florida Bay, but these changes are embedded within a 
series of hydrographic, physical, and climatic changes that have influenced long-term 
ecosystem dynamics (Briceño and Boyer, 2010; wachnicka et al., 2013). The decline 
of adélie penguins at the palmer lter in antarctica has led to a cascade of changes 
where a threshold appears to have been crossed (Bestelmeyer et al., 2011). Other shifts 
such as salt marsh diebacks at the georgia coastal ecosystems lter (Ogburn and 
alber, 2006; angelini and Silliman, 2012) and the collapse of marsh creek banks under 
nutrient loading at the plum island ecosystems lter, massachusetts (Deegan et al., 
2012), may or may not reflect regime shift dynamics, but nonetheless are stark and 
unexpected system alterations. although alternate state dynamics are often associated 
with nonlinear processes that move systems among alternate attractors, demonstrat-
ing nonlinear dynamics is often difficult (Schröder et al., 2005). Further, Di lorenzo 
and Ohman (2013) provide evidence for marine plankton at the california current 
ecosystem lter that regime-shift-like dynamics are well modeled by linear combina-
tions of environmental and climatic forcing. Thus, strong apparent transitions should 
not always be interpreted as nonlinear dynamics resulting in alternative states. 

an interesting feature of regime shifts is that pending changes may be detectable 
in advance (Scheffer et al., 2009). critical slowing down is evident in model systems 
undergoing certain types of critical transitions (e.g., fold bifurcations). There is a 
loss of resilience, and systems exhibit greater and greater departures from a baseline 
(Van Nes and Scheffer, 2007). consequently, there are early warning indicators (ewi) 
for such cases in time series and spatial patterns that foreshadow the regime shift. 
most of these indicators are based on common statistics, for example, the variance or 
autocorrelation of a time series variable across a sequence of time windows. carr et al. 
(2012b) identified leading indicators of seagrass meadows in the Vcr lter approach-
ing a critical bifurcation point using future scenario modeling on decadal time scales. 
For variables measured at high frequency relative to the time scale of regime shifts, 
these indicators provide a means of anticipating and possibly forestalling unwanted 
changes (Biggs et al., 2009; contamin and ellison, 2009). empirical tests of ewi are 
based mainly on laboratory systems (Drake and griffin, 2010; Dai et al., 2012; Veraart 
et al., 2012) or retrospective analyses (Dakos et al., 2009; Bestelmeyer et al., 2011; 
lindegren et al., 2012). however, a recent whole-lake manipulation designed to cause a 
regime shift also provides evidence of ewi about a year prior to the completion of the 
system change (carpenter et al., 2011; Seekell et al., 2012; pace et al., 2013). Thus, it may 
be feasible to detect pending regime shifts in ecosystems using increasingly available 
high-frequency data from in situ instruments as well as from remote sensing. 

to destabilize the system before it can 
revert back to its initial configuration. 
Thus, when considered separately, both 
marshes and shallow coastal bays may 
exhibit bistable dynamics induced by 
(positive) vegetation feedbacks. Marshes 
and bays have only limited resilience: if 
disturbed beyond a critical level, they 
shift to a qualitatively different state. 

In the VCR LTER and similar 
coastal bay systems, the eastern oyster 
Crassostrea virginica forms a three-
dimensional, complex reef structure 
primarily in intertidal regions that fringe 
mainland marshes and tidal-channel 
banks. Disease and poor management 
have contributed to widespread loss 
of oysters along the East Coast of the 
United States (Rotschild et al., 1994; 
Kemp et al., 2005), resulting in a state 
change from intertidal oyster reef habi-
tat to mudflats (Rotschild et al., 1994; 
McCormick-Ray, 2005). Once this tran-
sition occurs, mudflats often stay in a 
stable equilibrium. A challenge for oyster 
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recovery efforts is to promote success-
ful transport and settlement of oyster 
larvae, and ultimately metamorphosis 
and growth to adult oysters, to create 
new reef habitat (Coen and Luckenbach, 
2000; Levin, 2006). 

In this paper, we develop a conceptual 
framework for studying interactions 
between marsh and shallow-bay habi-
tat dynamics (seagrass, oyster reefs) in 
systems with unconsolidated sediments, 
in large part based on research at the 
VCR LTER site. We investigate how the 
occurrence of an ecosystem state change 
in one of these units propagates to the 
others and potentially induces a state 
transition in the large-scale evolution of 
the coastal environment. For example, 
a decrease in seagrass density—likely 

sustained by feedback from sediment 
resuspension and light availability—
intensifies the supply of suspended sedi-
ment to adjacent marshes, thereby favor-
ing their accretion. At the same time, 
the decline in seagrass cover reduces 
sediment trapping and enhances sedi-
ment suspension and bed scouring in 
shallow bays, potentially reducing the 
sediment available for marsh accretion. 
Oyster reefs adjacent to marshes simi-
larly impact marsh-edge erosion and 
vertical accretion by reducing sediment 
availability and dissipating wave energy. 
It is still unclear, however, how the inter-
action between marshes and coastal bays 
affects the vulnerability of these coastal 
environments to sea level rise. Hence, 
understanding potential state transitions 

in the context of nonlinear dynamics and 
the interactions of state changes among 
subsystems in these coastal environ-
ments is a critical frontier. 

DyNamicS OF alterNatiVe 
StaBle StateS
Seagrass/mudflat 
In the subtidal part of the landscape, two 
alternative stable states can exist—one 
dominated by seagrass up to a certain 
depth that represents a tipping point 
to the second, unvegetated stable state 
(van der Heide et al., 2010; Carr et al., 
2010, 2012 a,b; McGlathery et al., 2012). 
The depth limit of the seagrass stable 
state is determined by light availability 
and is influenced by climate change 
factors (sea level rise and storms) and 
eutrophication (Carr et al., 2012a,b). 
The presence of seagrass exerts posi-
tive feedback that reduces sediment 
suspension and improves the light 
environment for growth and thus the 
maximum depth limit (Carr et al., 2010). 
The strength of this feedback depends 
on seagrass morphology and shoot den-
sity (Carr et al., 2010, 2012a,b). In the 
VCR LTER coastal bays, a landscape-
scale (> 4,000 ha) seagrass restoration 
experiment provides an ideal setting 
in which to characterize how this posi-
tive feedback influences the emergence 

Figure 2. results of change analysis for land cover for the Virginia coast 
reserve long term ecological research (Vcr lter ) site for the 28-year 

period from 1973–2001 using data from National aeronautics and Space 
administration landsat satellites. Despite a high probability of change 

from one land-cover type to another (e.g., upland, marsh, water) at any 
given point on the landscape (represented by the colors), there has been 

little overall change in the proportion of the landscape in each land-cover 
category. For example, during this period, > 42% of island upland changed 

to either marsh or water (represented by orange and light blue), but the 
aggregate amount of island upland changed by less than 6% as new upland was 

deposited to counterbalance the loss of eroded or flooded uplands. This shift-
ing mosaic of habitats may be typical of systems like the Vcr that are minimally 

impacted by human activities and where there are few barriers to movement.
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BOx 2 .  termS aND DeFiNitiONS  
aSSOciateD with alterNatiVe StaBle  
StateS aND NONliNear DyNamicS

alterNatiVe StaBle StateS: Dramatic changes in ecosystems may lead to 
fundamentally different conditions referred to as states (Scheffer, 2009). an 
example is a bare sea bottom that changes to a seagrass-covered bottom. The 
two conditions represent distinct states or alternative states in terms of biological, 
chemical, and/or physical conditions that cascade to affect trophic dynamics. 
Furthermore, states tend to be sustained in their current condition by stabilizing 
positive feedbacks. For example, seagrasses stabilize sediment, thereby limiting its 
resuspension, which promotes light penetration and seagrass growth (van Katwijk 
et al., 2009). This feedback of seagrass on sediment stabilizes the seagrass state. 
when the bottom of a shallow-water lagoon shifts between two conditions, 
such as the example of bare versus seagrass-covered, the system exhibits bistable 
dynamics. in contrast, multiple stable state conditions would be exhibited if a 
system changed among three or more distinction conditions (may, 1977). multiple 
stable state dynamics are difficult to detect (peterson, 1984), but rocky shores in 
the gulf of maine provide an example (petraitis et al., 2009; see also discussion of 
possible multiple stable state conditions in text).

NONliNear DyNamicS: The description of nonlinear dynamics involves a 
number of terms that are particularly useful in the context of the state changes 
discussed. important terms used in this paper are driver, positive feedbacks, 
crossing of thresholds, resilience, and hysteresis. here, we give brief definitions and 
examples of these terms. Drivers are external or internal forces that determine the 
response of a system or a system component. Salt marsh grass production may 
increase with increasing nitrogen inputs and the response may be linear over a 
specific range of inputs. however, continuous increases or long-term impacts may 
cause a nonlinear change in a driver–response relationship as in the case of salt 
marsh collapse under experimental nutrient fertilization (Deegan et al., 2012; see 
Box 1). Positive feedbacks are processes that may promote the stability of alterna-
tive states (Scheffer et al., 2001). For example, past declines of sea otter popula-
tions in coastal systems led to positive feedbacks on sea urchins such that popula-
tion growth was unregulated by predators and outbreaks of sea urchins decimated 
coastal kelp forests (Steneck et al., 2002). One result of positive feedbacks may be 
that systems will cross a threshold that leads to irreversible or difficult to reverse 
change. Thresholds are rarely evident until after they are crossed and a system has 
shifted (groffman et al., 2006). excessive fishing mortality may cause threshold-
like collapses in targeted species (e.g., hutchings, 1996). Systems also resist change 
and, when mildly or moderately disturbed, return to prior conditions. The degree 
of change required to push a system to a new state as opposed to restabilizing in 
the old condition is a measure of resilience (carpenter, 2003). resilient systems 
have many mechanisms that promote stability in the current state and limit shifts 
to a new state. Finally, hysteresis refers to distinctly different system trajectories 
under the increase and decline in a driver. primary production in coastal systems is 
often sensitive to external inputs of nitrogen. management that leads to declines 
in external nutrient inputs will typically cause a decline in producer production 
and biomass. however, the trajectories of the system in the forward (nutrient 
increase) and reverse (nutrient decline) directions are different. examples based 
on long-term data on nutrient loading and phytoplankton biomass from coastal 
systems exhibit this hysteresis as well as incomplete recovery to former baseline 
conditions (Duarte et al., 2009).

of alternative stable states (Carr et al., 
2010; Hansen and Reidenbach, 2012; 
McGlathery et al., 2012). 

Seagrass canopies slow flow and 
shelter underlying sediment, reducing 
its susceptibility to resuspension and 
enhancing deposition of fine sediment, 
which feeds back to increase the trans-
parency of the water column (Folkard 
2005; Hansen and Reidenbach, 2013). 
Seagrass decline, either from distur-
bance or from chronic stress of nutri-
ent loading or high temperatures, can 
cause these positive feedbacks to rapidly 
shift a system from a state with clear 
water and a seagrass-covered bottom 
to an alternative state with turbid water 
and no seagrass cover (McGlathery 
et al., 2007; van der Heide et al., 2007; 
Carr et al., 2010, 2012a,b). 

The positive feedback of seagrass on 
water clarity is the basis for a hydro-
dynamic model of vegetation-sediment-
water flow interactions coupled to a 
seagrass growth model developed at 
the VCR LTER that describes alterna-
tive stable state dynamics (Figure 3; 
Carr et al., 2010). The hydrodynamic 
model simulates the one-dimensional 
dynamics (in the vertical direction) 
of sediment settling within the water 
column. It accounts for the effect of 
seagrass vegetation on waves and cur-
rents and the resulting shear stress at the 
sediment surface. The seagrass growth 
model allocates growing and senescing 
aboveground biomass into structural 
components (e.g., leaves and rigid base 
of the shoot), and accounts for trans-
location of carbon between above- and 
belowground biomass and for shoot 
recruitment and mortality (Verhagen 
and Nienhuis, 1983; Zharova et al., 2001; 
Carr et al., 2010). 

Analysis of long-term data acquired 
and experiments conducted in the 
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VCR LTER coastal bays agrees remark-
ably well with the model predictions. 
These data indicate a maximum depth 
limit for stable seagrass meadows deter-
mined by light availability and a mini-
mum depth limit set by high summer-
time temperatures (McGlathery et al., 
2012; Reynolds et al., 2012). Modeling 
of future scenarios shows that climate 
warming is more important than sea 
level rise in limiting the productivity 
of seagrass meadows and driving state 
change (Carr et al., 2012a,b). Seagrass 
meadows have limited resilience on 
decadal time scales. In particular, high-
temperature events that increase both 
respiration and light requirements result 
in a shift of stable seagrass meadows to 
shallower depths (Carr et al., 2012a,b; 
McGlathery et al., 2012). At the margins 
of the range of suitable water depths, 
seagrasses may undergo abrupt transi-
tions and catastrophically shift to the 
alternative state of bare sediment. Once 
this transition occurs, water movement 
scours the seabed sediment, resulting in 
an increase in water depth and a decline 
in light availability. These processes 
enhance the strength and irreversibility 
of the causes and effects of seagrass loss.

marsh/mudflat 
Alternative stable states also exist 
between tidal flats and salt marshes in 
intertidal and subtidal areas (Figure 4; 
Fagherazzi et al., 2006; Marani et al., 
2007, 2010). Tidal flats are maintained 
below mean sea level by the action of 
wind waves, which erode bottom sedi-
ment and prevent accretion (Fagherazzi 
and Wiberg, 2009). However, there is 
a critical water depth at which wave 
bottom shear stresses are maximum. 
Above this depth, wind waves cannot 
prevent shoaling and the tidal flat is free 
to accrete, morphing into a salt marsh 

(Fagherazzi et al., 2006). Two stable 
states are therefore present in intertidal 
areas, with salt marshes lying above 
mean sea level and tidal flats below mean 
sea level (Fagherazzi et al., 2006). Very 
few intertidal areas lie at intermediate 
elevations, and the system can shift from 
one state to the other in a short time 
(Fagherazzi et al., 2007). In particular, 
fast oscillations in tidal flat elevation rep-
resent an indicator of possible state shift 
(Fagherazzi et al., 2007). Biotic processes 
have an important role in stabilizing salt 
marshes and tidal flats (Marani et al., 
2007). The feedbacks between topog-
raphy and marsh vegetation primary 
productivity dictate marsh equilibrium 
(Morris et al., 2002; Marani et al., 2007). 
Microalgae can stabilize mudflats by 
binding cohesive sediments with organic 

biofilms (Paterson, 1989; Marani et al., 
2010). Waves and tidal currents also 
affect the presence of biofilms on mud-
flat substrates, driving the total biofilm 
biomass toward either zero or fully 
developed (Mariotti and Fagherazzi, 
2012) and favoring spatial patchiness 
that can be used as an indicator of an 
impending regime shift (Weerman et al., 
2012). Thus, biota both change the equi-
librium states of marshes and mudflats 
and promote new stable points. For 
example, Marani et al. (2007) show that 
microalgae are critical for the presence of 
intertidal flats in the Venice lagoon, Italy, 
and that without their stabilizing effect, 
the bottom could only exist in a subtidal 
state. Three equilibrium states can there-
fore be present: subtidal, tidal flat, and 
salt marsh, with biological factors largely 

Increasing 
water

temperature

TSS

Individual leaf biomass
(age and associated length)

Dynamic seagrass model

Transfer of
aboveground
production to
belowground

biomass

Aboveground
production

to new leaves

Allocation to
new shoots

Increase in
shoot densityBed shear stress

Wind waves,
tidal currentsPAR

Reduction in
PAR due to TSS,
chl a, and CDOM

Figure 3. coupled hydrodynamic–vegetation–growth model for the seagrass Zostera marina based on 
the positive feedback of seagrass vegetation on sediment suspension and light availability, which leads to 
the emergence of alternative stable states in shallow coastal bays. The seagrass canopy reduces bed shear 
stress from wind waves and tidal currents and reduces sediment resupsension (measured as total sus-
pended solids, tSS), which has a positive effect on light availability for growth. Seagrass morphology and 
shoot density influence the strength of this feedback. The dynamic seagrass model describes year-to-year 
variation in seagrass morphology and growth by allocating aboveground production into new leaves and 
increased shoot density, and it accounts for transfer of carbon from above- to belowground biomass. at 
the margins of the range of suitable water depths, seagrass meadows have limited resilience particularly 
to high-temperature events associated with climate change and light reduction from phytoplankton 
blooms (measured as chlorophyll a) associated with eutrophication, and they may undergo abrupt tran-
sitions and catastrophically shift to the alternative state of bare sediment. 
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driving the last two. 
Hysteresis occurs when the effect 

of vegetation is accounted for in the 
dynamics of the salt-marsh platform in 
the presence of different equilibrium 
elevations for a given rate of sea level rise 
(Marani et al., 2010). The current system 
state (i.e., marsh elevation) is therefore 
not only a function of external drivers 
(sea level rise, sediment input) but also 
of the morphodynamic history of the 
system and biotic feedbacks. 

A similar nonlinear dynamic is also 
valid for tidal flat channels. Tidal cur-
rents that concentrate flow in selected 
directions cause channel incision. In 
contrast, wind waves flatten the land-
scape and prevent channel formation 
(Mariotti and Fagherazzi, 2013). In the 
absence of waves and with available sedi-
ment supply, the intertidal area evolves 
into salt marshes dissected by tidal chan-
nels. When waves are very energetic, 
a low, uniform tidal flat forms because 
wave erosion constantly wipes out inci-
sions caused by tidal fluxes. For inter-
mediate conditions, a new stable state 

is present with a tidal flat dissected by 
channels. Waves maintain the tidal flat 
below mean sea level while tides scour 
the channels and keep them flushed. The 
system can therefore shift among these 
three stable states (a marsh with chan-
nels, a tidal flat with channels, and a tidal 
flat without channels) depending on 
sediment availability, sea level rise, and 
the relative strength of wind waves with 
respect to tidal currents (Mariotti and 
Fagherazzi, 2013). 

 
Oyster reef/mudflat 
Oyster reefs form on hard substrate 
where the sedimentary environment is 
often composed of fine particles that are 
transported as bed load or suspended 
load by variable flow conditions that 
result in both suspension and deposi-
tion of particles (Papanicolaou et al., 
2001; Nestlerode et al., 2007). If the 
sedimentation rate is too great, oyster 
larvae, as well as juvenile and adult 
oysters, can be buried, preventing the 
transition back to oyster reef habitat 
(Mackenzie, 1983). Sedimentation rates 

are typically highest along the low-lying 
bases of reefs where oyster and oyster 
larvae mortality is greatest (Lenihan, 
1999). However, once established, 
the vertical accretion of living oyster 
reef structure can prevent burial and 
enhance the expansion of area suitable 
for larval settlement, making reef struc-
tures optimal locations for recruitment 
and expansion of oyster populations. 
Like many other bivalve larvae, oyster 
larvae determine proper settlement sites 
depending upon local hydrodynamics 
and chemical cues (Fredriksson et al., 
2010; Koehl and Hadfield, 2010). After 
contacting the bed, if they find their first 
landing site to be unsuitable, larvae can 
release themselves back into the flow 
and test the next site (Soniat et al., 2004; 
Fuchs et al., 2007). 

For many coastal regions that could 
sustain large oyster populations, once 
a transition to mudflat occurs, there is 
limited benthic habitat that is suitable for 
larval settlement and growth (Whitman 
and Reidenbach, 2012). One way to 
circumvent this problem is to add hard 
substrate (such as oyster shell) to facili-
tate natural recruitment processes (Coen 
and Luckenbach, 2000). Recent restora-
tion successes have occurred in sanctuary 
areas where higher vertical relief of the 
benthic substrate increases recruitment 
and growth of oysters (Schulte et al., 
2009). In the VCR, the greatest larval 
recruitment in restoration sites occurred 
in regions of high elevation with respect 
to mean water level and of large topo-
graphic roughness that prevented burial 
by sediment and provided refuge from 
predation (Whitman and Reidenbach, 
2012). Factors such as local hydrodynam-
ics, benthic topography, and location on 
the reef with respect to the mean water 
surface all play an important role in 
oyster survival (Bartol and Mann, 1997; 
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Lenihan, 1999) and in controlling alter-
native stable state transitions between 
mudflat and oyster reef habitats.

cOupliNg OF 
aDJaceNt SyStemS 
Seagrass and marsh 
Our understanding of the mechanisms 
promoting the existence of salt marshes 
and tidal flats as alternative states does 
not account for the role of seagrasses 
and their effects on waves, bed scouring, 
and sediment resuspension. These effects 
influence the wave energy impacting 
the adjacent marsh boundary and the 
sediment supply for marsh accretion in 
response to sea level rise (Figure 5). 

Vegetation strongly affects the 
dynamics of the coupled tidal flat–salt 
marsh system. Belowground root/
rhizome production and the effects of 
the leaf canopy in promoting sediment 
accretion allow the marsh to keep pace 
with sea level rise (Kirwan and Murray, 
2007; Kirwan et al., 2010). Likewise, 
because seagrass meadows enhance 
deposition of fine particles and reduce 
sediment resuspension (Koch et al., 
2006; Gruber and Kemp, 2010; Hansen 
and Reidenbach, 2012), their presence 
likely diminishes the volume of sedi-
ment that can be exported from sub-
tidal zones to salt marshes at high tide. 

Seagrass meadows also influence 
the shallow-water wave environ-
ment in ways that affect marsh-edge 
erosion. Waves play a major role 
in controlling erosion along marsh 
boundaries (van der Wal and Pye, 
2004; Mariotti et al., 2010; Tonelli 
et al., 2010), although other factors such 
as edge morphology, sediment grain 
size, vegetation characteristics, and the 
abundance of bivalves and burrowing 
crabs are also important (Phillips, 1986; 
Feagin et al., 2009; recent work of Sean 

McLaughlin, University of Virginia, and 
colleagues). Seagrass meadows attenu-
ate wave energy, and this process likely 
reduces erosion of adjacent marsh edges. 
Seagrass meadows also indirectly affect 
the wave environment by increasing 
seafloor elevation through enhanced 
deposition. Because wave height 
decreases with shallower water depths 
(Fagherazzi et al., 2006), the presence of 
seagrass would decrease bed scour and 
sediment resuspension by wave action. 
Moreover, seagrass meadows modify the 

hydrodynamics of nearby bare sediment 
areas, influencing a larger area than what 
they occupy (Folkard, 2011). 

Rates of marsh-edge erosion have 
been observed in many coastal environ-
ments, ranging from ~ 0.1 to > 3 m per 
year (e.g., Day et al., 1998; Schwimmer, 
2001; Wilson and Allison, 2008; recent 
work of Sean McLaughlin, University of 
Virginia, and colleagues). One key ques-
tion is: what is the fate of this eroded 
sediment? If sediment eroded from the 
marsh edges feeds deposition on the 
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Figure 5. The coupled evolution of subtidal and intertidal habitats influences the nonlinear dynam-
ics of both in response to long-term drivers of change. Seagrass meadows and intertidal oyster reefs 
adjacent to intertidal marshes attenuate wave energy that impacts the adjacent marsh boundary, 
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marsh surfaces, then increases in erosion 
rate related to sea level rise and storm 
frequency (Mariotti et al., 2010) may 
supply some of the sediment needed for 
the marshes to increase their elevation 
to keep pace with sea level rise. On the 
other hand, if sediment eroded from the 
marsh edges is transported into the bays 
rather than onto the marsh platforms, 
does this have a negative feedback on 
light attenuation in the water column 
and the growth conditions for seagrass? 
Only a comprehensive research approach 
that includes seagrasses in the coupled 
evolution of salt marshes and tidal 
flats will shed light on the critical feed-
backs between subtidal and intertidal 
ecosystem dynamics. 

Oyster reef and marsh 
Similar to seagrass beds, oyster reefs 
adjacent to intertidal marshes can impact 
marsh-edge erosion and vertical accre-
tion by reducing sediment availability 
and dissipating wave energy (Figure 5). 
Through active filtration of water masses, 
oysters remove sediment, microalgae, 
and other particles and, in doing so, 
improve water clarity and impact local 
sedimentation processes (Dame et al., 
1984; Newell, 1988; McCormick-Ray, 
1998; Nelson et al., 2004). Efforts to miti-
gate shoreline loss using “living shore-
lines” consider oyster reefs as biogenic 
breakwaters that in some cases reduce 
shoreline retreat by as much as 40% 
(Scyphers et al., 2011). In the VCR LTER, 
restored oyster reefs have a nonlinear 
effect on sediment availability for marsh 
accretion that is related to local energetics 
of the flow environment. At low to inter-
mediate water velocities (0 to 15 cm s–1), 
increased sediment uptake by reefs is 
positively correlated with increasing 
water velocity due to enhanced turbulent 
mixing, which makes more of the water 

column available for filtration. At high 
velocities (> 25 cm s–1), flow-controlled 
sediment suspension is greater than that 
of uptake by bivalve filtration, resulting 
in an efflux and net transport of sediment 
from the reef. 

In waters with high anthropogenic 
nutrient inputs, this tight coupling 
between the water column and oyster 
reefs can also be ecologically beneficial 
by enhancing denitrification, by increas-
ing bottom-water dissolved oxygen in 
deeper systems such as the Chesapeake 
Bay, and by functioning as a bio-filter for 
nutrients that would otherwise support 
high phyotoplankton concentrations 
(Zhou et al., 2006; Cerco and Noel, 2007). 
A reduction in water column chlorophyll 
would have a direct benefit on nearby 
seagrass populations by increasing light 
availability to the benthos (Cerco and 
Noel, 2007; McGlathery et al., 2007). 

cONcluSiON
Shallow coastal environments are 
dynamic systems that are impacted by the 
combined effects of global (e.g., climate) 
and local (e.g., land-use) drivers of 
change. Studies of individual sub-
systems in the landscape (i.e., marshes, 
mudflats, oyster reefs, subtidal seagrass 
meadows, and unvegetated sediments) 
show that biotic feedbacks lead to non-
linear responses to changing conditions 
(e.g., sea level rise, storms, sediment 
and nutrient delivery) and to the emer-
gence of thresholds, hysteresis, and 
alternative stable states. These rapid state 
changes—or so-called regime shifts—are 
a challenge for ecosystem management 
because they are often difficult to predict 
or anticipate (Clark et al., 2001), may be 
beyond the range of historical experi-
ence (Carpenter, 2002, 2003), and involve 
thresholds that are sometimes poorly 
known (Groffman et al., 2006). Moreover, 

regime shifts can greatly impact eco-
system services and have consequences 
for human well-being (Millennium 
Assessment, 2005). While there are many 
examples of regime shifts in coastal sys-
tems, not all involve the emergence of 
alternative stable states (Box 1), and we 
lack a complete understanding of how 
common nonlinear dynamics are in 
coastal and nearshore oceanic environ-
ments. Field experiments, such as those 
described here using seagrass and oyster 
restoration, and long-term data sets from 
LTER sites (Box 1; Bestelmeyer et al., 
2011), can link internal feedbacks to eco-
system state change. 

There are several key research chal-
lenges to understanding how the coastal 
landscape will evolve under future 
conditions of environmental change. 
First, while we describe here the emer-
gence and resilience of two alternative 
stable states (bistable states) at different 
points in the landscape, there may be 
conditions under which multiple stable 
states exist. For example, Marani et al. 
(2013) describe the evolution of multiple 
equilibria in the intertidal landscape 
driven by the feedbacks of different 
plant species and marsh elevation. To 
date, research on bistable dynamics in 
intertidal habitats has focused primarily 
on a single dominant species, Spartina 
alterniflora. Likewise, studies on bistable 
dynamics for subtidal systems has 
focused on a single seagrass species, 
Zostera marina, that dominates temper-
ate and polar latitudes. It is also possible 
that mixed species assemblages would 
lead to multiple equilibria. Oyster reefs 
could also represent an intermediate sta-
ble state between salt marshes and mud-
flats due to the enhanced biotic feed-
backs they create (Marani et al., 2010). 

Second, we present here a concep-
tual framework for understanding the 
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coupled evolution of systems within the 
coastal landscape. Models and experi-
ments are needed to test how the occur-
rence of a regime shift in one system 
may propagate to affect adjacent systems. 
For example, the presence of seagrass 
meadows and oyster reefs may have a 
positive (wave attenuation) or a nega-
tive (reduced sediment supply) effect on 
adjacent marshes. Likewise, marsh-edge 
erosion could negatively influence the 
light environment for seagrass growth. 
Third, while early warning indicators of 
thresholds for rapid state change may 
exist, for most coastal systems we do not 
know what these leading indicators are 
or how to quantify them. Forecasting the 
resilience of coastal ecosystems and the 
landscape-scale response to environmen-
tal change in the next century requires 
an understanding of these nonlinear 
dynamics, their coupled evolution, and 
potential early warning signs of tipping 
points for rapid ecosystem state changes.
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