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Executive Summary 

 

Coastal salt marshes are among the world’s most important ecosystems with ecosystem services valued at 

over $193,000 per hectare (Costanza et al. 2014). Despite this, over 150,000 hectares of salt marshes have 

been lost globally in the last 20 years (Campbell et al. 2022). They face numerous threats, including 

drowning due to increasing rates of sea level rise (SLRR). However, marshes are able to grow vertically 

by enhancing inorganic sedimentation and creating organic sediments. Whether or not marshes can gain 

elevation at a rate that keeps up with increases in sea level rise depends, in part, on how marsh vegetation 

responds to changing water depths.  

Here, we use field observations from two sites within an interconnected marsh system to evaluate two 

distinct models of marsh vegetation dynamics: a parabolic model, following Morris et al. (2002), where 

biomass increases and subsequently decreases with depth, and a logistic model, following Finotello et al. 

(2022), where biomass decreases with depth. We find that at one of our sites (Winyah Bay), Spartina 

alterniflora exhibits an increase in biomass with depth, while at the other (North Inlet), there is an initial 

increase in biomass with depth followed by a decrease beyond a biomass-optimizing depth. Both sites are 

consistent with a parabolic depth-biomass relationship, with the difference between them suggesting that 

Winyah Bay occupies a “stable” position on the parabola, where increases in SLRR will increase biomass 

and enhance the ability of the marsh to keep up with increases in SLRR. In contrast, vegetation at North 

Inlet occupies an “unstable” position where increases in SLRR would be followed by decreases in 

biomass. This decrease in production would reduce the ability of the marsh to gain elevation and could 

lead to marsh drowning.  

We attribute these divergent responses to differences in characteristics of the inundating waters, with 

lower salinity and higher nutrient and sediment concentrations at Winyah Bay leading to increased plant 

growth and a more stable marsh platform. Our results broadly support a parabolic biomass-depth 

relationship and identify salinity and nutrient concentrations as additional variables that can affect marsh 

responses to increases in the rate of sea level rise.  
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Abstract 

Coastal salt marshes are among the world’s most important ecosystems but face numerous threats, 
including drowning due to increasing rates of sea level rise. Whether or not marshes can gain elevation at 
a rate that keeps up with sea level rise depends, in part, on how marsh vegetation responds to changing 
water depths. Here, we evaluate two distinct models of marsh vegetation dynamics using field 
observations and find that Spartina alterniflora exhibits an initial increase in biomass with depth, 
followed by a decrease beyond a biomass-optimizing depth, consistent with a parabolic depth-biomass 
relationship. Data suggest that while parts of our study area occupy a stable position on the parabola, 
other portions are in the process of drowning. We attribute these divergent responses to differences in 
characteristics of the inundating waters, with lower salinity and higher nutrient and sediment 
concentrations leading to increased plant growth and a more stable marsh platform.  

 

Introduction 

Despite their small spatial extent, coastal salt marshes are among the most valuable ecosystems in the 
world, with services valued at over $193,000 per hectare (Costanza et al. 2014). These services include 
providing nursery habitat for coastal fisheries (Baker et al. 2020), attenuating wave action and storm 
surges, nutrient cycling, and improving water quality (zu Ermgassen et al. 2021). In addition, the ability 
of salt marshes to serve as long-term sinks of carbon (Mcleod et al. 2011) has earned them the moniker of 
“blue carbon” ecosystems and elevated their visibility in climate change discussions.   

Despite these benefits, salt marshes continue to experience declines globally due to development, 
drainage, reductions in water quality, changes to sediment transport, and climate change (Gedan, 
Silliman, and Bertness 2009). Approximately 150,000 hectares of coastal marshes were lost over the last 
20 years (Campbell et al. 2022).  

The importance of coastal salt marshes has led to questions about how they will respond to increasing 
rates of sea-level rise (SLR). Decades of research have shown that the responses of salt marshes to sea 
level rise are complex and depend on a variety of factors such as vegetation, tidal range, sediment 
concentrations, and relative sea level rise rates (Redfield 1965; Morris et al. 2002; Kirwan and Megonigal 
2013). Marshes can be lost through vertical ‘drowning’, if they do not accrete sediment as fast as sea level 
rises (e.g. Morris et al., 2002). Marshes can also be lost through lateral erosion from waves (Mariotti and 
Fagherazzi 2010; 2013; Carniello, Defina, and D’Alpaos 2009) and tidal currents (D’Alpaos et al. 2007; 
Kirwan and Murray 2007). We focus here on vertical accretion rates, and how those rates depend on 
vegetation biomass. Here, we evaluate two distinct models of marsh vegetation dynamics, which have 
opposing predictions for how vegetation responds to changes in rates of SLR. Analysis of field data 
supports one of the models and suggests that different parts of an interconnected marsh system are 
exhibiting divergent responses to increased rates of relative sea level rise. This suggests that marsh 
responses to increases in rate of sea level rise may also be affected by environmental variables such as 
salinity and nutrient availability.  

 

Marsh Dynamics and Models 

Marsh development relies on four factors: sedimentation, relative sea level rise, vegetation, and tidal 
range (Redfield 1965; Morris et al. 2002; Kirwan and Megonigal 2013). The rate of sedimentation 
increases with sediment concentration, vegetation biomass, and with water depth. The dependence on 
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water depth leads to a central aspect of marsh dynamics. If the rate that a marsh surface gains elevation 
through sedimentation is lower than the rate of SLR, depth (below high water level) increases. The 
increase in depth tends to increase the rate of sedimentation, creating a negative (stabilizing) feedback. 
Marsh depths (elevations relative to high water level) will tend to stabilize at an ‘equilibrium’ depth at 
which marsh sedimentation rate equals SLR rate. With increases in the rate of relative SLR, equilibrium 
depths tend to increase.  

In salt marshes, the equilibrium depth depends strongly on vegetation biomass, which tend to increase 
sedimentation through both inorganic sedimentation and organic sedimentation (through the addition of 
root matter). Marsh response to increases in the rate of SLR (SLRR) depend on how biomass responds to 
changes in SLRR. If increases in equilibrium depth, brought about by increases in SLRR, tend to 
correspond with increases in biomass, the negative feedback between marsh accretion rates and SLRR is 
strengthened. If increases in equilibrium depth tend to correspond with decreases in biomass, the negative 
feedback is weakened, or potentially negated.  

In coastal areas with marshes, multiple stable states can exist, depending on the marsh vegetation species 
present, and whether any vegetation can survive (Marani, Da Lio, and D’Alpaos 2013). If the marsh 
accretion rate is equal to or greater than SLRR, then the marsh can maintain its current position or even 
increase in size both in the upland and seaward direction. If the marsh accretion rate is less than relative 
SLRR, the marsh will drown locally, becoming a mud flat, although a narrow fringing marsh may migrate 
in the direction of the uplands.  

While this basic model of marsh dynamics is largely accepted, there are two different models for how 
vegetation species will respond to changes in water depth. The first relies on observations of ecological 
zonation, which is the phenomenon that species will sort themselves along gradients of environmental 
stress. Salt marshes are considered to be a classic example of zonation, with species occurring in different 
elevation bands as you move from more stressful sites in the intertidal zone to less stressful sites near the 
adjacent uplands. In salt marshes, each species is limited on the seaward side by physiological stress of 
inundation, which is a proxy for hypoxia, nutrient availability and salinity (Morris, Sundberg, and 
Hopkinson 2013). For example, Spartina alterniflora (S. alterniflora) can better tolerate the stress of 
inundation and hypoxic conditions than Juncus roemerianus (J. roemerianus). Because of this we see S. 
alterniflora extending out into the intertidal area farther than Juncus. However, in this paradigm, S. 
alterniflora does not extend as far inland because the upland (or less stressful) range of each species is set 
by competition and S. alterniflora is outcompeted by J. roemerianus (Levine, Brewer, and Bertness 1998; 
Emery, Ewanchuk, and Bertness 2001; Morris 2006).  

In this view, each species has a fundamental niche where it is able to survive, and a realized niche where 
we find it, given the constraints of competition. Because each species is restricted to specific niches or 
zones based on inundation stress, they respond to changes in relative sea level by moving landward when 
relative sea level rise exceeds accretion. This model of marsh vegetation can be represented 
mathematically by a series of logistic curves (Figure 1), where biomass intrinsically decreases non-
linearly with depth (Finotello et al. 2022). In this model, each curve represents the theoretical niche for a 
species, although individual species only have a small, realized niche where they out-compete their 
competitors.  
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Figure 1. Hypothetical relationship between aboveground biomass and depth for a marsh macrophyte 
species under an ecological zonation model. Following Finotello et al. 2022. 

This model implies that in large single-species marshes, we should see biomass decrease with depth. This 
differs from the other model of marsh vegetation dynamics, Morris’ Ecophysiological Parabola, or EP 
(Morris et al. 2002; Voss, Christian, and Morris 2013). This model is based on experimental data of S. 
alterniflora productivity at different elevations (or depths). Through experimentation, Morris et al. (2002) 
found that S. alterniflora growing in deeper water can have higher levels of productivity than spartina at 
higher elevations, until some maximum after which productivity declines with depth (Figure 2).  

 

Figure 2. Different models of marsh vegetation dynamics and the relationship between aboveground 
biomass and depth. Following Finotello et al. (2022), panel A shows the logistic growth we might expect 
for a single species. Following Morris et al. (2002), panel B shows the Ecophysiological Parabola (EP).  

Consequently, S. alterniflora has an optimal depth, which corresponds with the highest rates of organic 
sediment deposition. If S. alterniflora occurs at a depth that is less than the optimal depth, it strengthens 
the negative feedback inherent in the marsh’s equilibrium depth. For example, Morris et al. (2002) found 
that the marsh at North Inlet in South Carolina had a marsh platform at higher elevations (lower depths) 
than was optimal for growth. So, as relative SLRR rose, tending to increase depths, not only would 
inorganic deposition increase due to depth, but the S. alterniflora would respond by increasing production 
which would further increase both organic and inorganic deposition. As a result, equilibrium depths 
increase less rapidly with SLRR for the range of depths over which S. alterniflora biomass increases with 
depth.   
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This strengthened negative feedback would hold true unless the SLRR increases enough that the 
equilibrium depth becomes deeper than the optimal depth for S. alterniflora (sub-optimal depths). If the 
marsh were deeper than the optimal depth, the equilibrium depth might be unstable because increases in 
SLRR would be followed by decreases in biomass. This decrease in production would reduce organic 
deposition. In this model, whether a marsh will be able to keep up with sea level rise thus depends not 
only on the relative SLRR, but also of where the marsh is relative to the optimal growth depth.  

Here, we evaluate these two distinct models of marsh vegetation dynamics using field data and suggest 
the potential for factors like salinity and nutrient availability to affect the relationship between biomass 
and depth. 

Methods 

Study Site 

We collected field data in the North Inlet-Winyah Bay marsh in South Carolina (Figure 3). The roughly 
11,000-acre marsh system has been the site of decades of research and is currently a National Estuarine 
Research Reserve site, managed by the University of South Carolina. It is also the site of the experiments 
that led to the development of Morris’s Ecophysiological Parabola.  

 

Figure 3. Map of North Inlet and Winyah Bay in South Carolina. Also shown are the three locations 
where we sampled biomass (Northern Boundary, Clambank, and Winyah Bay), several NERRS water 
quality sampling sites, and tidal gauges. 

This marsh system consists of two interconnected marshes, fed by contrasting water sources. The northern 
section of the marsh, flooded by tides entering through North Inlet, is an ocean-dominated marsh with a 
watershed of approximately 96 square kilometers, while the southern section abuts the Winyah Bay 
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estuary, which has an watershed of 46,600 square kilometers (Allen et al. 2011). Both portions of the 
marsh system are dominated by Spartina alterniflora, with other species largely relegated to high marsh. 
Because North Inlet- Winyah Bay is an active NERR site and the site of the USC Baruch Marine Field 
Laboratory, a wide variety of data is regularly collected at sites across the marsh system. Our project 
benefitted from a network of water quality monitoring stations and tidal gauges across the marsh (Figure 
3) that allowed us to look at differences in water quality and nutrient concentrations and allowed us to 
calibrate our elevation measurements to local tidal datums.  

Data Collection and Analysis 

We carried out field sampling in August of 2022 and 2023 in monospecific 1m2 patches of vegetation. For 
each plot, we took X, Y and Z location data using a GPS with RTK. We sub-sampled a 20cm x 20cm 
quadrat of aboveground biomass by clipping all the vegetation above the surface and a 4in diameter, 
30cm deep belowground biomass core. We sampled at three sites, one representing river-dominated 
conditions (WB) and the two others representing ocean-dominated conditions (CB and NB) (Figure 3). 
We washed the aboveground samples and then dried them in ovens at 70°C until the sample weights 
stabilized. Similarly, we washed and sieved the belowground biomass samples to remove all soil and 
sediment and then dried them in ovens until the sample weight stabilized.  

We analyzed our biomass data in RStudio. We normalized our biomass data to g/m^2 and corrected our 
elevation values to a widely used local tidal datum, Mean High Water (MHW), using the NOAA VDatum 
tool. MHW is the average of all the high tides over the National Tidal Datum Epoch (currently 1983-
2001). Because our study site has several tidal gauges, we were able to correct for difference in tidal 
elevations between the southern and northern sections of the marsh. Using the local datum does not mean 
that our depths correspond to those experienced by the vegetation because the tidal datum is set based on 
historical data and does not account for sea level rise since it was established. We also downloaded water 
quality data from the NERRS Centralized Data Management Office (https://cdmo.baruch.sc.edu/), and 
averaged selected parameters (turbidity, salinity, nitrate and nitrite) over the 2022 calendar year to explore 
general differences in water quality between the sites.  

Results 
Our analysis of aboveground biomass (Figure 4) at Winyah Bay shows that biomass increased with depth 
from approximately 583g/m2 at 0.61 m above the MHW line to 3490g/m2 at a depth of 0.08 m below 
MHW. At North Inlet, aboveground biomass starts at 360 g/m2 at 0.28 m above MHW before rising to a 
maximum of 1605 g/m2 at 0.19m below MHW and then drops back down to 569g/m2 at 0.34m below 
MHW. The trends for belowground biomass are obscured by the limited number of data points but are 
broadly consistent with the trends for aboveground biomass (Figure 5). North Inlet belowground biomass 
has a greater range mostly due to a high value of over 26,600 g/m2. Figure 6 shows aboveground and 
belowground biomass plotted together with different axes. This assumes that belowground biomass is 
both proportionate to, and represents a time averaged view of, aboveground biomass.  

https://cdmo.baruch.sc.edu/
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Figure 4. Aboveground spartina biomass vs depth at both North Inlet (n = 25) and Winyah Bay (n = 8).  

 

Figure 5. Belowground spartina biomass vs depth at both North Inlet (n = 8) and Winyah Bay (n = 6).  
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Figure 6. Aboveground and Belowground Biomass. The belowground biomass axis was scaled down by a 
factor equal to the maximum belowground biomass divided by the maximum aboveground biomass.  

 

Our analysis of differences in water quality between North Inlet and Winyah bay is consistent with the 
differences between oceanic and riverine inputs (Figure 7; Table 1). We found significant differences in 
turbidity, nitrate and nitrite concentrations, and salinity between the two sites (p<0.001). Compared to 
North Inlet, Winyah Bay has lower salinity, higher nitrate and nitrite concentrations, and higher turbidity. 
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Figure 7. Comparison of water quality parameters between Winyah Bay and North Inlet. All the 
parameters are significantly different between the two sites (p<0.001). 

 

 Salinity (ppt) Nitrate and Nitrite (mg/L) Turbidity (NTU) 
North Inlet (Clambank) 33.87 0.0163 12.83 
Winyah Bay (Thousand Acre) 10.07 0.2069 36.71 

Table 1. Water quality parameters for North Inlet-Winyah Bay NERR. Values are the average of all 
records for each parameter in the 2022 calendar year. These differences are significant (p<0.001) 

 
 



9 
 

Discussion 

 

Figure 6. Aboveground spartina biomass vs elevation at both North Inlet and Winyah Bay. Curves are 
qualitatively overlaid to represent the MEP and a logistic niche/ecological zonation model.  

Our data seem to fit the parabolic EP better than the logistic model (Figure 6). At both sites, we see 
ranges in which aboveground biomass is increasing with depth—a trend that is inconsistent with a logistic 
model. The biomass/depth relationships we observe do not appear to be an artifact of competition effects 
because we sampled in mono-specific patches within large monocultures of S. alterniflora. However, our 
data is not necessarily inconsistent with ecological zonation, just with the logistic model. The logistic 
model relies on the assumption that there is a single gradient for environmental stress, and that species are 
competitively excluded to more stressful regions. In evaporative salt marshes such as North Inlet-Winyah 
Bay, we can imagine several different overlapping environmental gradients such as nutrient availability, 
salinity, and hypoxia. Salinity is a good example of an additional stress gradient because it peaks in salt 
pannes in the high marsh where we see halophytic species such as Salicornia (Linhoss and Underwood 
2015; Pinckney 2023). From there, it decreases both towards the uplands, and seaward towards the low 
marsh. These overlapping stress gradients could help explain why Spartina biomass decreases as we 
move into the high marsh (Morris 2000; Morris et al. 2002). As it is, our data better fits the 
Ecophysiological Parabola, where annual production, or biomass, increases with depth until some 
maximum after which it declines, independent of the influence of competition.  

This model has been used to identify where other marshes are relative to their optimal growth depth and 
therefore how they might respond to sea level rise. In North Carolina, an experimental study confirmed 
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the depth-biomass relationships for S. alterniflora and extended it to J. roemerianus (Voss, Christian, and 
Morris 2013). When the authors applied these relationships to the local marsh platforms, they found that 
the vegetation occupied unstable elevations where increases in sea level rise would reduce production and 
therefore, they forecasted drowning of the local marshes.   

Using the EP, we diagnose whether the marshes at North Inlet and Winyah Bay are in a stable state. We 
find distinct differences. At Winyah Bay, biomass is uniformly increasing with depth. This suggests that 
the marsh at Winyah Bay is stable under present rates of SLR, with marsh platforms at super-optimal 
depths, where increases in depth are still leading to increases in production and strengthening the 
equilibrium-depth negative feedback.  

However, North Inlet appears to be in an unstable state. There, plants at the lowest elevations are at a 
suboptimal depth on the EP curve (deeper than is optimal). For these plants, further increases in depth due 
to increases in SLRR will lead to reductions in biomass and a corresponding decrease in organic 
sedimentation. If the decline in organic sediment deposition rate with depth is greater than the increase in 
inorganic sediment deposition with depth, any increase in SLRR will lead to runaway increases in depth 
and local loss of vegetation—i.e. marsh drowning (Morris et al. 2002). In short, if the slope of the 
biomass-depth curves become sufficiently steep at suboptimal depths, a marsh at those depths is unstable, 
and in the process of drowning. The threshold slope for the biomass-depth curve will depend mostly on 
characteristic sediment concentration.  

We can investigate the conditions under which a runaway deepening and marsh downing will occur 
analytically, to determine the total flux of sediment incorporated into the bed consisting of the sum of 
inorganic sediment deposition and organic sediment deposition: 

𝑄𝑄𝑡𝑡 =  𝑄𝑄𝑖𝑖𝑖𝑖 + 𝑄𝑄𝑜𝑜𝑜𝑜 

Net inorganic sediment deposition depends on the amount of aboveground biomass (Ba), the efficiency of 
the vegetation at enhancing sedimentation (k1), a background sedimentation rate in the absence of 
vegetation (k2), sediment concentration (C), and depth (D). Here we assume that the system has some 
level of aboveground vegetation (i.e., not a mud flat).  

𝑄𝑄𝑖𝑖𝑖𝑖 =  (𝑘𝑘1𝐵𝐵𝑎𝑎 + 𝑘𝑘2)𝐶𝐶𝐶𝐶 

Organic sediment deposition (i.e., root matter) depends on the amount of belowground biomass and a 
growth rate (k3). 

𝑄𝑄𝑜𝑜𝑜𝑜 =  𝑘𝑘3𝐵𝐵𝑏𝑏 

The rate of change of sediment flux with respect to depth is then given by: 

𝜕𝜕𝑄𝑄𝑡𝑡
𝜕𝜕𝜕𝜕 =  𝐶𝐶 �

𝜕𝜕𝐵𝐵𝑎𝑎
𝜕𝜕𝜕𝜕 𝑘𝑘1D +  𝑘𝑘1𝐵𝐵𝑎𝑎 +  𝑘𝑘2 � +  𝑘𝑘3

𝜕𝜕𝐵𝐵𝑏𝑏
𝜕𝜕𝜕𝜕  

If we assume that belowground biomass is a function of aboveground biomass, 𝐵𝐵𝑏𝑏 =  𝑘𝑘4𝐵𝐵𝑎𝑎, then: 

𝜕𝜕𝑄𝑄𝑡𝑡
𝜕𝜕𝜕𝜕 =  

𝜕𝜕𝐵𝐵𝑎𝑎
𝜕𝜕𝜕𝜕

[𝑘𝑘1𝐶𝐶𝐶𝐶 + 𝑘𝑘3𝑘𝑘4 ] +  𝑘𝑘1𝐶𝐶𝐵𝐵𝑎𝑎 + 𝑘𝑘2𝐶𝐶 

To determine the marginally stable conditions, under which decreases in organic sedimentation with 
depth (i.e. for depths below the optimal depth) is just balanced by increases in inorganic sedimentation, 
we set 𝜕𝜕𝑄𝑄𝑡𝑡

𝜕𝜕𝜕𝜕
 equal to zero, leading to: 
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𝜕𝜕𝐵𝐵𝑎𝑎
𝜕𝜕𝜕𝜕

=  − 𝑘𝑘1𝐶𝐶𝐵𝐵𝑎𝑎− 𝑘𝑘2𝐶𝐶

𝑘𝑘1𝐶𝐶𝐶𝐶+ 𝑘𝑘3𝑘𝑘4 
    

Therefore, if  �𝜕𝜕𝐵𝐵𝑎𝑎
𝜕𝜕𝜕𝜕
� >   𝑘𝑘1𝐶𝐶𝐵𝐵𝑎𝑎 + 𝑘𝑘2𝐶𝐶

𝑘𝑘1𝐶𝐶𝐶𝐶+ 𝑘𝑘3𝑘𝑘4
, for a given depth, marshes at that depth will be unstable.  

We lack the data (C, k1, k2, k3, and k4) to determine analytically if the marsh at North Inlet is 
drowning, but anecdotal observations from the field are consistent with drowning. Figure 7 shows a 
dramatic difference between short-form Spartina at Winyah Bay and North Inlet. While not all the 
Spartina at North Inlet had this appearance, the presence of sparse vegetation at suboptimal depths 
is consistent with marsh drowning.  

  
Figure 7. Comparison of short-form Spartina at Winyah Bay and North Inlet… 

The dramatic differences in biomass between the two sites, and the presence of suboptimal vegetation at 
North Inlet may be influenced by water quality. Morris, Sundberg, and Hopkinson (2013) write that the 
EP is not a single curve, but a group of curves that will respond to local conditions like salinity and 
sediment permeability. With these adjoining marshes, we have a natural experiment that controls for 
differences in tidal range and relative sea level rise. There are differences in vegetation between the two 
sites, but at both sites S. alterniflora exists on broad monoculture platforms with little to no competition. 
We also have differences in sediment supply (using turbidity as a proxy for sediment concentrations) and 
water quality between the two sites (Table 1). 

North Inlet is an ocean dominated estuary with low sediment inputs while Winyah Bay is fed by a large 
inland watershed. Differences in sediment concentration between sites will tend to result in different 
equilibrium depths at the different sides of the marsh and can be factored into the way that relative sea 
level rise affects depth. But they do not explain differences in biomass responses. While sediment 
concentration may not be playing a significant role in the biomass/depth relationship, changes in sediment 
concentration over time have influenced marsh growth and drowning (Ward et al.1998). 

Some of the remaining variables that could help explain the differences in responses between the two sites 
are salinity and nutrient availability. From the water quality monitoring sites (Figure 6) we know that the 
water in Winyah Bay has much lower salinity and higher nutrient concentrations. It is possible that these 
provide much better growing conditions for S. alterniflora. This is borne out in our data, where S. 
alterniflora aboveground biomass is overall much higher at Winyah Bay compared to North Inlet (Figure 
5). Figure 7 shows how these variables could be influencing the EP. They could be acting to move the 



12 
 

entire curve along the biomass axis (y). If we assume that spartina is restricted to a set depth range, 
changing the height of the curve would increase the slope and strengthen the negative feedback when the 
marsh is in a stable state. Therefor the marsh would be less likely to tip over into an unstable state.  

There is evidence that fertilization can increase the primary production and biomass of S. alterniflora. In a 
nutrient addition experiment, Morris (2002) found that fertilization significantly increased production and 
biomass density for S. alterniflora. This has the effect of causing increased accretion of the mash platform 
compared to unfertilized areas. Other experiments in the Northeast have found that the addition of 
nutrients can change the competitive hierarchy among marsh macrophytes (Levine, Brewer, and Bertness 
1998; Emery, Ewanchuk, and Bertness 2001).  

 

Figure 7. The potential effects of nutrient availability and salinity on the Ecophysiological parabola.  

Similarly, research has also identified relationships between salinity and S. alterniflora growth. Nestler 
(1977) studied the effect of gradients in interstitial salinity (soil salinity) as you move from the creek edge 
to the high marsh. They found an inverse relationship, where higher salinity was associated with lower 
vegetation heights (Nestler 1977). While they were focusing on explaining phenotypic variation in S. 
alterniflora growth forms (tall form vs short form), other studies have shown an effect on annual 
production. Morris ascribes interannual variation in Spartina production at a series of plots in North Inlet 
to variations in pore-water caused by fluctuations in mean sea level (Morris 2000). We can apply some of 
these ideas to the differences between Winyah Bay and North Inlet. Spartina may grow better in the lower 
salinity water of Winyah Bay, and thus have an easier time maintaining a superoptimal depth. Silliman et 
al. (2005) discusses salinity as a contributing factor to overall plant stress, making them more susceptible 
to other stressors. They found that artificially increasing the salinity reduced S. alterniflora growth by 
45% (Silliman et al. 2005).   

 

Conclusions 
Out observations show that S. alterniflora at North Inlet and Winyah Bay better fit the Ecophysiological 
parabola (EP) curve developed by Morris et al (2002) than the logistic model of niche zonation model 
from Finotello et al. (2022). We theorize that this could be a result of the different overlapping 
environmental stress gradients apparent within the marsh. The implication of the EP is that we can 
diagnose whether the marsh is in a stable or unstable equilibrium relative to changes the rate of sea-level 
rise. Here, we find that while the marsh at Winyah Bay occupies a stable, superoptimal position, S. 
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alterniflora at North Inlet occupies both stable and unstable positions. This indicates that North Inlet 
marsh may be actively drowning and unable to keep up with further increases in relative sea level rise. 
Because the marshes are adjoining and share many of the same conditions, we suggest that the divergent 
responses may be tied to differences in the water inundating the marshes, which at Winyah bay is less 
saline and more nutrient rich. By mediating how marsh vegetation responds to increases sea level, these 
parameters may play a large role in whether marshes are able to keep up with future increases in sea level.  
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Appendix A. Supplemental Materials.  

As part of our data collection, we also collected data on multiple species within the marsh. While that was 
not a good fit for the story we are exploring within the MP document, it is an important part of the larger 
project and something that I spent time analyzing. The following Figures show the analysis of that data as 
well as ongoing work to plot our spartina data on the same scale as Morris et al (2002).  

 

Figure S1. Comparison of the data from this study (red) with the published data from Morris’s 2002 paper 
(blue) which established the Ecophysiological parabola. The Morris data measures the depth below mean 
sea level in July/August of the year the data was collected. Our data is in the Mean High Water (MHW) 
tidal datum and has been corrected approximately 16.09 cm to account for Sea Level Rise in the years 
between the time of data collection (2022-2023) and the midpoint of the tidal epoch that MHW references 
(1992). The correction was based on a linear trendline of Mean Sea Level changes at the Charleston SC 
tidal gauge. Differences in methodology make direct comparison between the data challenging, but the 
trend is broadly consistent. Additional work is being done to correct our data using the same approach as 
Morris to facilitate a more direct comparison.  
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Differences in Biomass across Species 

 

Figure S2. There are significant differences in aboveground biomass across the different species (f = 
13.49, p = 0.00002). J. roemerianus biomass is significantly higher than both S. alterniflora (p = 
0.0000592) and Salicornia (p = 0.000111). There was no difference between S. alterniflora and Salicornia 
(p = 0.3276542). 

 

Figure S3. Belowground biomass varies significantly by species (f = 13.49, p = 0.00002). There was a 
significant difference between S. alterniflora and Salicornia (p = 0.00442), a marginally significant 
difference between Salicornia and J. roemerianus (p = 0.0616), and no difference between S. alterniflora 
and J. roemerianus (p = 0.5953). 
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Figure S4. Belowground biomass for all three species seems to decline with depth. 

 

Figure S5. The ratio of Aboveground and Belowground biomass across species. Salicornia and Spartina 
were statistically identical (p=0.99), while both salicornia and Spartina were different than Juncus (p < 
0.01). 
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Figure S6. A plot of Aboveground Biomass and Belowground Biomass symbolized by both species and 
site.  

 

Table S1. Mean and standard deviations for aboveground biomass, belowground biomass, and the ration 
between them for the three study species. * and ^ symbols indicate where means were statistically 
identical in a column. 

  
  

Aboveground Biomass (g/m^2) Belowground Biomass (g/m^2) AGB:BGB 

Mean SD Mean SD Mean SD 

Spartina alterniflora *899.70 760.82 *10856.15 5422.163 *0.1261374 0.09393744 

Juncus roemerianus 2656.18 2089.159 *^8720.515 4531.381 0.4011649 0.1333456 

Salicornia spp. *294.75 102.332 ^2109.205 748.8595 *0.1265507 0.04704146 
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