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Abstract
Tidal marshes in the Chesapeake Bay are vulnerable to the accelerating rate of sea-level rise (SLR) and subsidence. Restored 
and created marshes face the same risks as natural marshes, and their resilience to SLR may depend upon appropriate design 
and implementation. Here, the Coastal Wetland Equilibrium Model (CWEM) was used to assess the resilience of tidal 
marshes at the Paul S. Sarbanes Ecosystem Restoration Project at Poplar Island (PI) in mid-Chesapeake Bay, MD, where 
dredged material from navigation channels is being used to create new tidal marshes planted with Spartina alterniflora in 
the low marsh and S. patens in the high marsh. The site is microtidal with low inorganic sediment inputs, where the rate of 
marsh elevation change is dominated by the production of organic matter and, therefore, is proportional to net ecosystem 
production (NEP). The model demonstrated the importance of marsh development for surface elevation gain. In created 
marshes, the buildout of belowground biomass adds volume and results in faster growth of marsh elevation, but the gains 
slow as the marsh matures. Elevation gain is the lessor of the recalcitrant fraction of NEP sequestered in sediment or the rate 
of increase in accommodation space. Marshes can keep up with and fill accommodation space with sequestered NEP up to 
a tipping point determined by the rate of SLR. The PI low marsh platform was forecasted to drown in about 43 years after 
construction at the current rate of SLR. Marsh loss can be mitigated by periodic thin layer placement (TLP) of sediment. 
CWEM was used to simulate PI marsh responses to different TLP strategies and showed that there is an optimal design that 
will maximize carbon sequestration and resilience depending on the trajectory of mean sea level.

Keywords Sea level rise · CWEM · MEM · Salt marsh · Elevation gain · Spartina alterniflora · Spartina patens · Thin layer 
placement · Marsh development · Surface elevation table · Marsh restoration

Introduction

Historically, there were over 200 islands in the Chesapeake 
Bay (CB), ranging in scale from a few to hundreds of hec-
tares (Cronin 2005). Many of the smaller islands have been 
lost due to natural and anthropogenic causes, including 
sea-level rise (SLR) since they were first mapped in the 

eighteenth century. These islands provided critical habi-
tat for a variety of wildlife that require the protection from 
predators afforded by small, remote islands, including tidal 
marsh habitat. A large-scale project, the Paul S. Sarbanes 
Ecosystem Restoration Project at Poplar Island (Poplar 
Island), is replacing some of this lost habitat using material 
from maintenance dredging of the navigation channels in 
upper CB. Upon completion, the restoration site will provide 
694 ha of habitat, including 314 ha of tidal marsh.

Although tidal marshes are vulnerable to SLR, they can 
adjust their surface elevation to keep pace with SLR, within 
limits (Morris et  al. 2021). Through complex feedback 
resulting in the accumulation of organic and inorganic mat-
ter, they adjust to SLR by changes in their relative eleva-
tion (Morris et al. 2002), and their resilience is closely tied 
to elevation within the intertidal zone (Morris et al. 2022). 
The created tidal marshes at Poplar Island were designed as 
80% low marsh (LM) and 20% high marsh (HM) (Maryland 
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Tidal Wetlands License Number 96-0728), a relatively high 
proportion of low marsh intended to maximize habitat value 
for fish. In anticipation of accelerating regional SLR due to 
global warming and local factors (Boesch et al. 2018), and 
in recognition that the Poplar Island 80/20 LM/HM ratio 
may not confer resilience to future rates of SLR, the ratio is 
currently being reconsidered. The research reported here was 
authorized to forecast the responses of the created marshes 
to rising water level and to determine the outcomes of dif-
ferent LM/HM ratios. We report simulation results of the 
Coastal Wetland Equilibrium Model (CWEM) adapted to 
marsh restoration at Poplar Island with two species, Spartina 
alterniflora and S. patens. The model output was compared 
to empirical measurements of marsh vertical accretion rates 
and parameterized using published literature and empirical 
measurements of elevation change, aboveground standing 
biomass, and belowground macro-organic matter.

Methods

Site Description

Poplar Island, located in mid-CB, is a large-scale habitat 
restoration project that serves as a placement site for dredged 
material from the navigation channels approaching Balti-
more Harbor (U.S. Army Corps of Engineers 1996). The 
mean tide range is 0.34 m (NOAA Tides and Currents, 
station ID 8572271), and the mean surface salinity range 
(1985–2018) is 10.1–12.5 (U.S. Environmental Protection 
Agency, Chesapeake Bay Program 2019).

Tidal marsh construction followed dredged material 
placement over shallow CB bottom within containment 
cells, surrounded by sand perimeter dikes approximately 
3 m in height above mean sea level (MSL). The substrate 
was fine-grained dredged material (Cornwell et al. 2020) 
to a depth of approximately 2 m, after consolidation. The 
tidal exchange was established via inlets through the exter-
nal dike approximately six months before planting. The 
marshes, ranging in size from approximately 12 to 20 ha, 
were designed with elevations to provide 80% LM, planted 
with S. alterniflora, and 20% HM, planted with S. patens 
(U.S. Army Corps of Engineers 1996). The completed Pop-
lar Island (PI) marshes were constructed sequentially over 
15 years, providing marshes ranging in age from approxi-
mately 3–18 years for this study.

Marsh Elevation

Marsh elevation was measured annually using deep-rod 
Surface Elevation Tables (SETs) (Cahoon et al. 2002a, b; 
Callaway et al. 2013). Measurements began in Cells 3D and 
1A in 2009 and were made annually through 2022 in late 

winter or early spring before the onset of vegetation growth 
(Staver et al. 2020). Other sites were added as new cells were 
developed. Marker horizon data were not available.

Data presented here include the least-squares regression 
slope of elevations recorded in each of the four compass 
directions at every SET. Rates of elevation change were 
compared to the recent SLR trend at the Annapolis, Mary-
land tide gauge (NOAA Station 8575512) calculated from 
monthly mean sea level data for years 1995 through 2022.

We fitted a linear model  (SAS© 9.4 Proc Reg) to the SET 
data to calculate the slope for each time series. The data set 
included all SET plots in all wetland cells except the newly 
developed Cell 5AB. No attempt was made to clean the data, 
and in each case, the entire time series was used in the cal-
culation regardless of abrupt changes in slope as determined 
by visual inspection of the data or premature termination of 
the data record. In addition, there was no averaging of the 
time series data from individual SET subplots. Slopes were 
computed for the individual time series recorded at each 
SET compass direction.

Above‑ and Belowground Biomass

Annual macrophyte production was estimated by harvesting 
aboveground (AG) and belowground (BG) biomass samples 
in September or October. Six HM and at least six LM sites 
scattered throughout each marsh to maximize spatial cover-
age were sampled each year beginning in 2009. Before 2009, 
sampling did not occur at the same locations and did not 
always include BG sampling. AG biomass samples were har-
vested using 0.25  m2 quadrats and separated into dead and 
living biomass before being dried at 60 °C for a minimum 
of three days in a forced draft oven and weighed. BG bio-
mass samples consisted of a single sediment core collected 
from within each of the AG biomass quadrats using a spe-
cially fabricated 7.3 cm diameter stainless steel piston corer. 
Sediment cores were washed free of sediment over a 1 mm 
mesh sieve before being dried and weighed. The reported 
measurements are composites of live and dead BG biomass. 
The root-to-shoot ratio (RSR), which includes rhizomes, was 
calculated as the ratio between BG and  AGLive biomass.

Sediment Cores

Sediment cores collected with a 7.3 × 25 cm stainless steel 
piston corer as part of annual biomass sampling in 2010 
were used to determine the vertical distribution of S. alterni-
flora BG biomass. Core depth was not uniform, but cores 
were sliced into 2 cm disks, and each disk was hand-sieved 
with running water over a 1 mm mesh nylon sieve to remove 
sediment. To characterize the BG biomass distribution of S. 
patens, HM soil cores were obtained in 2021 and processed 
similarly, except that each disk was cleaned in a Gillison’s 



Estuaries and Coasts 

hydropneumatic root washer before hand-sieving. In each 
case, roots and rhizomes were not separated, and all root/
rhizome material was dried at 60 °C to constant weight in 
a forced draft oven as described above. Additional analyses 
included soil macro-organic matter (MOM), determined by 
loss on ignition (LOI). Sediment samples collected in 2021 
were ashed at 500 °C for 4 h to determine LOI (Dean and 
Walter 1974).

The Coastal Wetland Equilibrium Model (CWEM)

The Coastal Wetland Equilibrium Model (CWEM v.10.8), 
formerly the Marsh Equilibrium Model (MEM), has been 
modified for this application with the addition of a revised 
front end and an option to simulate marsh development. 
MEM has been described elsewhere in detail (Morris et al. 
2021; Morris and Callaway 2018; Morris and Sundberg 
2024). CWEM features a revised model of sediment diagen-
esis referred to as a cohort model. The cohorts are dynamic; 
their composition and volumes vary with the depth of the 
cohort due to the turnover and decomposition of roots and 
rhizomes. The model front end refers to how the sediment 
cohorts are initialized.

Conceptually, a wetland pedon can be considered to be a 
stack of annual laminations or cohorts that are buried by suc-
cessive generations of cohorts (Morris and Bowden 1986). The 
top and newest cohort is formed from a deposit of minerals and 
organic matter settling out from that suspended in flood and 
tidewater or litterfall. The organic deposition was discounted 
in this implementation of CWEM. We assumed that storms 
and tides remove the litter and that suspended organic matter is 
entirely labile. At ever greater depths, the cohorts are invaded 
by live roots and their decay products, which add volume. 
Eventually, below the root zone, the volume may decrease 
temporarily as the added organic matter stabilizes and labile 
organic matter decays. The final cohort volume consists of the 
original sediment deposit plus the total production of refrac-
tory organic matter in the layers above.

As described elsewhere (Morris et al. 2022), the model 
was started by populating the cohorts with initial quantities 
of organic and inorganic matter. We used empirical LOI pro-
files in conjunction with the ideal mixing model to populate 
the cohorts. By equating cohort volume  (cm3) to the annual 
rate of vertical accretion (dZ/dt) per  cm2, and from a known 
dry LOI (g/g), it is possible to compute the weight and vol-
ume of both the organic and mineral fractions from the ideal 
mixing model: BD = 1/[LOI/k1 + (1 − LOI)/k2)], where k1 
and k2 are the self-packing densities of organic and mineral 
matter, LOI is the loss on ignition (g/g), and BD is dry bulk 
density (g/cm3) (Morris et al. 2016). The volume of a cohort, 
which in equilibrium is equivalent to the rate of vertical gain, 
is VT = Vo + Vi; then, VT = Wo/k1 + Wi/k2, where Vo, Wo, Vi, 
and Wi are the volumes and weights of organic and mineral 

matter, respectively. Thus, every cohort can be populated 
with organic and mineral weights from the profile of LOI. 
However, the fractionation of organic matter between labile 
and refractory parts is unknown, except below the root zone 
where all or a majority of Wo is refractory. We assumed 
that the initial labile fraction was zero because it has a fast 
decay rate. The live root fraction was empirically derived 
from sediment cores taken from the restoration sites. After 
subtracting the live fraction from Wo, the remainder was 
assumed to be refractory.

Vertical accretion in a saltmarsh largely depends on the 
production of biovolume which is strongly affected by rela-
tive elevation (Morris et al. 2012; Morris and Sundberg 
2024; Owers et al. 2022). Where there is little or no accu-
mulation of surface litter, new biovolume is generated from 
the turnover of BG biomass. New biovolume is the refrac-
tory portion of that turnover, and this is proportional to the 
standing biomass, which is a function of relative elevation. 
McKee and Patrick (1988) showed that S. alterniflora has 
a vertical growth range that spans a distance a bit greater 
than the tidal amplitude, centered approximately between 
MSL and the mean high water (MHW) level. For several 
species examined, including Spartina alterniflora, growth 
at the high end of the vertical growth range is constrained by 
osmotic stress (salinity and drought), while at the low end of 
the range, growth is constrained by hypoxia (Mendelssohn 
and Morris 2000). A field bioassay experiment (marsh 
organ) showed that S. alterniflora at North Inlet, SC grows 
between approximately 10 cm below MSL and about 30 cm 
above MHW with an optimum for productivity and standing 
biomass in the middle of the range (Morris and Sundberg 
2024; Morris et al. 2013b). This seems to be a good rule of 
thumb that extends to estuaries differing in tidal range. We 
can describe the vertical biomass (Bs) profile generally as a 
function of relative elevation (Z) as:

But with two species, two equations define their distribu-
tion (Morris 2006). Moreover, if the distribution is asym-
metrical as we assume here, there are two equations for each 
species—one for the left half of the curve and one for the 
right side. And, for a marsh restoration or creation as on Pop-
lar Island, this curve changes significantly as the marsh com-
munity matures. Craft et al. (2002) estimated Spartina cyno-
suroides standing biomass required 9 years to fully develop, 
while S. patens was not fully developed after 15 years. Soil 
macro-organic matter generally developed at rates like AG 
biomass. Consequently, it was necessary to describe how the 
vertical growth range, its optimum depth, and maximum bio-
mass vary with age. We assumed for simplicity that growth 
is linear to the point of maturity. Hence, for restoration, there 
are growth factors defined, for example, as

(1)Bs = a (MHW-Z) + b (MHW-Z)2 + c
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where Bmax(0) and Bmax(mat) are the maximum standing bio-
mass of young and mature marsh, respectively, and Tmat 
is the time to maturity (years). These growth factors were 
computed for maximum standing biomass, and root turnover 
rate. For both species, Eqs. 1 and 2 were updated annually 
using the growth factors to compute the updated variables 
Bmax and so on until time Tmat.

On Poplar Island, the vertical distributions of S. alterniflora 
and S. patens overlap, which implies that the boundary may 
be determined by competition between the two species. There 
are different models of density-dependent plant competition 
based on what is referred to as empirical replacement series 
experiments (Park et al. 2003). Bertness (1991) described the 
competition between S. patens and S. alterniflora as a physical 
limitation of S. patens at the low end of its fundamental 
(sensu Hutchinson (1957)) distribution and competition 
from S. patens as excluding S. alterniflora at the high end of 
the gradient. What we observe on Poplar Island are patchy 
distributions where the species overlap, with S. patens growing 
on tussocks. We have used a “winner take all” rule to model 
the outcome of competition between these species. Where 
the distributions overlap at a declining stage of the prior 
community and early stage of the succeeding plant community, 
whichever species has the greater biomass at a given elevation 
prevails. As the standing biomass of a community decreases, 
i.e., on the suboptimal side of the vertical growth distribution, 
the living root biomass also decreases. The model accounts 
for this decrease as mortality, divided between labile and 
refractory organic matter. The labile pool decays, and this 
may decrease the volume of cohorts (and elevation), while 
the refractory pool is permanent. Currently, the mortality of 
roots that would occur at the transition to the successor species 
is unaccounted for. This will cause a small error in metrics 
of carbon sequestration and elevation change in simulations 
where species transitions occur.

After calculating the maximum standing biomass BS (g/
cm2), the sequestration of organic matter is

Constants in the model are the refractory fraction kr 
(g/g), the root-shoot ratio �  (g/g), the turnover rate of 
belowground biomass δ   (year−1), and the self-packing 
density k1 (g/cm3). This simplifies to

where f1(D) is Eq. 1, � is the turnover rate, and X
1
= kr�∕k1 . 

For the refractory fraction kr, we use a value of 0.1 based on 

(2)GFBmax =
(

Bmax (mat) − Bmax (0)

)

∕Tmat

(3)
dz

dt org
=

kr�� BS

k1

(4)
dz

dt org
= X1�Bs = X1�f1(D)

the lignin fraction (Buth and Voesenek 1987; Hodson et al. 
1984; Morris and Sundberg 2024; Wilson et al. 1986).

The inorganic sedimentation is given by

Parameters are the dimensionless capture coefficient q, 
the concentration of suspended inorganic matter m (g/cm3), 
flood frequency f  (year−1), depth D below MHW (cm), frac-
tional inundation time ( 0 ≤ � ≤ 1 ), and self-packing den-
sity k2 (g/cm3), respectively. The coefficient 0.5 is used to 
approximate a square wave. This simplifies to 

where

Finally, a static version of this model was fitted to the 
measured accretion rates by multiple linear regression:

Depth D was taken from the mean elevation of each SET 
time series, and dz/dt was the regression slope (accretion rate). 
Equation 7 was fitted to the entire collection of empirical rates 
of elevation change, and the regression coefficient was the esti-
mated turnover rate δ. Parameter values are given in Table S1.

Simulated Permutations

A variation of the model was run to demonstrate the effect of 
marsh development. The SET elevations were averaged over 
the entire group of LM SET platforms, after removing outly-
ing 2010 and 2020 means and excluding Cell 5AB. The total 
number of observations each year varied from 540 to 846. 
Hindcasts were run by starting the MSL at 6.1 cm NAVD88 
(Fig. 1) and marsh elevations to the 2009 SET elevations (cm 
NAVD88), 24.4 ± 0.22 cm for LM and 63.89 ± 1.23 cm for 
HM. The default was a simulation that allowed for marsh 
development and expansion of BG biomass. The AG stand-
ing biomass at the start was 279 g/m2 at a relative elevation of 
18.4 cm, an RSR ( � ) starting at 2 and ending at 1.5 at maturity, 
and a starting turnover rate (δ) of 1/year, declining to 0.5/year 
at maturity. Other model parameters were held constant. For 
comparison, a simulation of a fully developed marsh was run, 
starting at the same elevation and biomass of 1926 g/m2, an 
RSR of 1.5, and a turnover time of 0.5. Other numerical experi-
ments included permutations of starting elevation (LM and 

(5)
dz

dt inorg
=

0.5qmfD�

k2

dz
/

dtinorg

= qf2D

(6)f
2
=

0.5mf �

k
2

.

(7)dz
/

dt
= X1�f1(D) + qf2(D)
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HM), rate of sea-level rise (RSLR), and a simulation of thin 
layer placement (TLP); all allowed for marsh development.

The Static Fit of the Coastal Wetland Equilibrium 
Model (CWEM)

As a test of internal consistency, a simplified version of the 
CWEM model, Eq. 7, was fitted using nonlinear regression 
 (SAS© v 9.4 Proc Model) to mean SET elevation change 
binned by elevation. Vertical change, dZ/dt (the dependent 
variable), was first computed from the slope of each linear 
time-series regression and the mean rates were computed 
in bins of 4 cm of surface elevation. Surface elevation was 
the independent variable and was computed in each bin 
as the average of the relative elevations of each SET time 
series. Standing biomass was computed for each bin from 
Eq. 1. The turnover rate coefficient δ in Eq. 4 was treated 
as an unknown. The other term in the model was the verti-
cal sequestration rate of inorganic matter, Eq. 6, where the 
capture coefficient q was treated alternately as a known and 
an unknown. Other coefficients were known with varying 
degrees of certainty. Parameters in Eq. 6, such as inundation 
time, were calculated from known observations. Negative ele-
vation changes were entered as zeros when fitting the model.

Results

Mean Sea Level and Trend

The recent sea-level trend in Annapolis from 1996 to 2021 
was 5.7 mm  year−1 (Fig. 1). This rate exceeds the global 
mean sea level trend of 3.6 mm   year−1 over the period 

2006–2015 (Oppenheimer et al. 2019). The elevated rate 
of SLR in the mid-CB and environs is a result of regional 
isostatic change combined with the withdrawal of ground-
water leading to subsidence rates of 1.5 to 3.7 mm  year−1 
(Davis 1987; Eggleston and Pope 2013). The 2009 intercept 
of 6.06 cm NAVD88 (Fig. 1) was accepted as the starting 
MSL of Poplar Island simulations.

Datums and Standing Biomass

The growth ranges of S. alterniflora and S. patens were 
constructed based on boundary surveys and plant harvest 
data (Fig. 2). The biomass harvests at surveyed elevations 
document that the two Spartina spp. occupy overlapping 
vertical ranges. The average present-day boundary in Cell 
1A between vegetated, low marsh habitat and mudflat lies 
at an elevation of 20.5 ± 5.1 cm NAVD88 (± 1 SD) (Fig. 2). 
The average boundary between low marsh, S. alterniflora 
habitat and high marsh, S. patens habitat is 38.4 ± 3.1 cm, 
which is close to the present-day, mean higher high water 
(MHHW) level of 34.9 cm NAVD88. The vertical growth 
range varies among estuaries with tide range, and the empiri-
cal range here is consistent with the known vertical range 
of S. alterniflora in other estuaries (Morris et al. 2013b). 
Moreover, the empirical range (LHM-WLM) of 18 cm is 
close to the tidal amplitude of 21.8 cm. The average eleva-
tion of the upper boundary of the S. patens community was 
116.6 ± 19.8 cm NAVD88. The average AG biomass density 

Fig. 1  Mean sea level (cm NAVD88) recorded at the Annapolis, MD 
gauge (NOAA Station ID: 8575512), computed from monthly means. 
The regression slope is 0.57 cm/year (R2 = 0.63, P < 0.0001)

Fig. 2  Tidal datums, community boundaries, growth range, and 
observed standing biomass. Community boundaries divide open 
water from low marsh (WLM at 20.5  cm NAVD88), low marsh 
from high marsh (LHM at 38.4  cm NAVD), and upper high marsh 
(HMU at 116.6 cm NAVD88) from a terrestrial community. The tidal 
datums are the current mean sea level (MSL) and mean higher high 
water (MHHW) level from the regressions in Fig.  1. These various 
datums inform the assumed growth limits of early-stage and late-
stage S. patens ( ) and S. alterniflora ( ). Aboveground 
harvest data are shown in Table S2
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of harvests from the Cells 1A-1C S. alterniflora commu-
nity was 1227 ± 344 g  m−2 (n = 14). The mean of surveyed 
elevations (2021) in low marsh locations was 31 ± 4 cm 
NAVD88 (n = 20), while the average biomass density of S. 
patens was 1722 ± 868 g  m−2 (± 1 STD, n = 11). The average 
of surveyed high marsh elevations was 50 ± 8 cm NAVD88 
(n = 16). The lower curve of each species (Fig. 2) is the 
presumptive biomass distribution after planting—the early 
stage. The higher curve of each pair shows the presumed 
distribution of the mature or late-stage marsh community.

Observed Elevation Change and the Static Model

A least-squares fit of the static version of CWEM (Eq. 7) 
returned a turnover coefficient δ of 1.4 ± 0.14  year−1 
(P < 0.0001) irrespective of the treatment of the capture 
coefficient as a known or unknown. The best-fit value of 
δ is close to the value used for young, early-stage marshes 
(Table S1) and consistent with theoretical arguments about 
allometric ratios (Morris et al. 2013a) and empirical data 
(Morris and Sundberg 2024). When treated as an unknown, 
the best-fit value of q was 0.35 ± 1.9  year−1 (P = 0.86) and 
the overall model R2 was 0.44. When q was entered into 
the model with a known value of 2.8 (Morris and Sundberg 
2024), the model R2 was 0.42 (RMSE = 0.22). Inorganic 
inputs are small relative to the rate of organic sequestration 
(Staver et al. 2020), which accounts for the insensitivity of 
the model to q and its statistical insignificance when treated 
as an unknown.

The trend in marsh elevation change (Fig. 3) paralleled 
the predicted growth curve of marsh vegetation (Fig. 2). 
The high points between 20 and 30 cm relative elevation 
corresponded to the modeled elevation optima for biomass 
as well as the maximum observed biomass. The maximum 
observed rates, 0.97 ± 0.08 (± 1 SE) and 0.87 ± 0.03 cm/
year at 22 to 26 and 26 to 30 cm rel MSL, were greater than 
the maximum model calculated rate of 0.6 cm/year, but 
the trends were qualitatively consistent. Both observed and 
modeled elevation change decreased at higher elevations. 
The observed elevation change was also lower at lower 
relative elevation. But as the elevation of the marsh rises 
relative to sea level, the frequency and duration of inunda-
tion and the rate of sediment accumulation are diminished 
(Krone 1987). Conversely, as relative elevation falls, min-
eral sedimentation becomes more important and eventually 
dominates as the depth of flooding D increases (Eq. 5). The 
observed and modeled trends at elevations between 10 and 
30 cm (Fig. 3) are opposite what the trend in mineral sedi-
mentation should be and demonstrate the importance of 
organic accretion. Below the lower limit of vegetation, i.e., 
elevations less than MSL, the modeled elevation change 
increased with increasingly negative elevations due to min-
eral sedimentation.

Low and High Marsh Elevation Change

The starting, mean elevation of LM SET sites had observed 
and simulated elevation change of 0.51 ± 0.04 cm/year and 
0.41 cm/year, respectively (Fig. 4A). LM was defined as 
having an elevation (Z): 20.5 ≤ Z ≤ 38.4 cm NAVD ( Z = 
24.4 cm, n = 189). The detail in Fig. 4A shows that the simu-
lated elevations fitted the observed data exceptionally well 
through the first decade.

Elevation change recorded at the HM SET platforms was 
lower than LM SETs. Observed and simulated rates were 
0.36 ± 0.03 cm/year, n = 14, and 0.37 cm/year (Fig. 4B), 
respectively. HM was defined as having an elevation: Z > 
38.4 cm NAVD ( Z = 63.9 cm, n = 108), and the simulation 
was started at the mean of the time-zero HM marsh eleva-
tions. In the constant, 0.57 cm/year SLR simulation, the HM 
was predicted to transition to LM by the end of the century. 
In the centenary sea-level rise (CSLR) to 100 cm simulation, 
the HM was predicted to transition to LM by 2060 and to 
drown by 2085 (Fig. 4C).

Marsh Survival Time

The simulation of LM at constant SLR (Fig. 4B) shows 
that the predicted NAVD elevation will begin to decrease 
starting about 2030, and by 2050 (43 years from the start), 
the marsh will drown. The survival time decreased with an 
increase in the rate of SLR. This was shown by the 100 cm 
CSLR scenario which advanced the loss of LM to the year 
2030. Survival time increased by raising the elevation to 
the range of HM vegetation, 63 cm NAVD. At a constant 
SLR of 0.57 cm/year, the HM marsh survived a century 

Fig. 3  Shown are the observed rates (•) of elevation change (± 1 SE)  
in 4  cm elevation bins and rates computed from a static model 
(Eq. 7) fit plotted against relative (to MSL) elevation. The model was 
fitted to the binned means with known q = 0.28
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but transitioned to low marsh. The LM marsh was lost after 
75 years in the 100 cm CLSR scenario.

Simulated Low Marsh Biomass

The initially high vertical elevation gain of the LM and its 
early demise is best explained by (1) its vegetative growth 
during the first stages of the development and (2) its rela-
tively low initial elevation (Fig. 5). With a starting eleva-
tion lower than the optimum, an increase in the RSLR 
will decrease biomass, and decrease relative elevation, 
leading eventually to a drowned marsh. However, the LM 
was almost keeping up with sea-level rise today by virtue 
of a growth premium. As the marsh matured, it added vol-
ume to the soil from the increase in biomass and turnover 
of living roots and rhizomes. After the marsh matures, 

only the turnover of roots and rhizomes adds volume. 
While the growth premium was able to maintain relative 
elevation in approximate stasis, after maturity, the added 
volume slowed, and the marsh, which then was on the 
suboptimal side of its vertical growth distribution, began 
to lose relative elevation (Fig. 5).

Simulated High Marsh Biomass

The dynamics of biomass in the HM simulations were com-
plicated by the overlapping ranges of the growth curves for 
S. alterniflora and S. patens and a transition from HM to 
LM (Fig. 6). The green lines are biomass time series plotted 
against elevation. The simulations were started at a relative 
elevation that is solely within the modeled growth range of 
S. patens. The development of this marsh was almost able to 
maintain a constant relative elevation, but after maturity, like 
the LM simulation (Fig. 5), the relative elevation of the HM 
started to decline. In two permutations of rising sea level, 
one held to a constant rate, 0.57 cm/year (Fig. 6A, B), and 
one allowed to accelerate to 100 cm in a century (Fig. 6C), 
the biomass increased as the marsh matured. In both cases, 
the maximum biomass in the S. patens community reached 
a limit in year 25 at an AG biomass of 2,090 g/m2 (Fig. 6B). 
After reaching maturity, as the gain in elevation slowed, 
SLR was faster than the elevation gain, and relative eleva-
tion declined.

We assumed that the transition from HM to LM would 
occur after rising sea level reduced the biomass and health of 
S. patens to a point where a developing S. alterniflora com-
munity could replace it in a winner-take-all scenario. After 
the transition, the biomass of S. alterniflora then increased 
as it developed (Fig. 6C). In the case of the constant 0.57 cm/
year SLR scenario, the simulation ended with a fully devel-
oped S. alterniflora marsh at peak biomass (Fig. 6B). But, 
in the 100 cm CSLR scenario, rising sea level near the end 
of the century overtopped the S. alterniflora marsh.

Fig. 4  Time series of observed 
SET elevations (o), simu-
lated elevations ( ), and sea 
level forecasts ( ). The first 
15 years are shown in A for an 
LM simulation in which the 
RSLR was held constant at the 
current rate, 0.57 cm/year, while 
in B, the 100-year simulation 
at constant SLR is shown for 
LM ( ) and HM ( ) 
simulations with the mean SET 
elevations. Shown in C are the 
simulated and observed LM and 
HM elevations resulting from 
an acceleration in SLR, rising to 
100 cm in a century ( )

Fig. 5  Assumed biomass profiles of early and late-stage S. alterni-
flora (........) and predicted biomass trajectories ( ). In A, the biomass 
trajectory is shown during the first 15 years, and in B, the 100-year 
biomass trajectory is shown. The current rate of SLR, 0.57 cm/year 
was held constant. The initial marsh elevation was set at 18.6 cm rel 
MSL
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Simulated LM and HM Sediment Organic  
Matter Profiles

The simulated developmental history of the marshes is 
recorded in their sediment organic matter profiles (Fig. 7). 
For example, a secondary peak LOI found in the LM at 
12.8 cm was predicted to move in 15 years to a depth of 
18.1 cm below the surface (Fig. 7A). This gives an eleva-
tion gain of 0.35 cm/year compared to the simulated SET 
gain of 0.41 cm/year (Fig. 4A). After 100 years, the sec-
ondary peak had moved to 23.9 cm which gives a gain of 
0.1 cm/year. The decline was due to the loss of vegetation. 
Using the same starting LOI profile for HM, the second-
ary LOI peak moved from 12.4 to 17.9 cm in 15 years 
(Fig. 7C), which gives an accretion rate of 0.36 cm/year 

compared to a simulated SET gain of 0.37 cm/year. After 
100 years, the HM secondary peak had moved to 34 cm, 
which gives an elevation gain of 0.22  cm/year. These 
secondary LOI peaks are analogous to geochronological 
markers such as peak 137Cs. The discrepancies between 
the calculations of elevation gain using the proxy geo-
chronologies at 15 years, e.g., 0.35 cm/year vs. 0.41 cm/
year (Figs. 7a and 4A), are affected by the shrinking of 
sediment cohorts as they lose root biomass and labile nec-
romass while they transit through the sediment.

In general, the sediment LOI of a marsh will increase 
over time as relative marsh elevation rises. In both HM and 
LM, the LOI concentrations were predicted to increase dur-
ing the first 15 years, during the growth phase (Fig. 8A, C). 
During the growth phase, the peak LOI was near the surface 

Fig. 6  Assumed biomass 
profiles of early and late-stage 
S. alterniflora (........) and patens 
(.......) communities, and pre-
dicted biomass trajectories (
) started at 64 cm NAVD. The 
growth in biomass during the 
first 15 years (A) and 100 years 
(B) are shown when the rate 
of SLR was held constant at 
0.57 cm/year and (C) when 
projected to rise 100 cm in a 
century (CLSR). The initial 
marsh elevation was 57.8 cm 
relative to 2009 MSL

Fig. 7  Observed and predicted depth profiles of sediment organic 
matter. The model sediment cohorts were populated at t0 with 
observed ( ) depth profiles of sediment organic matter con-
centration (LOI) from the HM. The LOI depth profiles evolve and 

appear after the first 15 years of simulation as ( ) in A and C and 
after 100 years as in B and D. The initial elevation was 16.4 cm rela-
tive to 2008 MSL, and in C and D, initial elevation was 57.8 cm rel 
MSL. SLR was held constant at the current rate of 0.57 cm/year
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where the greatest concentrations of roots occur (Fig. 8A, 
C), but as the relative elevation of a marsh decreased, the 
input of sediment increased, diluting the LOI near the sur-
face. As the simulations proceeded, new cohorts were added 
to the surface and the volumes and compositions of existing 
cohorts were changed by the growth, turnover, and decay of 
roots and rhizomes. In the LM simulation, after the marsh 
drowned, the only input to the marsh surface was mineral, 
and this is seen in the LOI profile where the LOI dropped to 
zero in the top 15 cm (Fig. 7B). The HM survived 100 years, 
and its LOI increased to the highest level, about 60%, by the 
end-of-simulation (EOS) (Fig. 7D).

The LM Simulation with and Without Marsh 
Development

CWEM was run with and without marsh development to 
illustrate the growth premium effect. When the model was 
started with parameters that characterize a fully developed 
marsh, the 15-year elevation gain was 0.11 cm/year (Fig. 8). 
The early rise in elevation in this simulation is from the 
model equilibrating the elevation to the starting conditions 
imposed on the model. In other words, the starting eleva-
tion was less than what the parameter values dictated. When 
started at an early developmental stage, the simulated accre-
tion rate was 0.3 cm/year greater.

Simulated LM Thin Layer Placement (TLP)

The do-nothing scenarios are not sustainable at the current 
or higher rate of SLR. The LM was predicted to drown in 
about 33 years when the rate of SLR was assumed to accel-
erate to a level of 100 cm (Fig. 4B). Simulations demonstrate 
that TLP can be a successful method of extending marsh sur-
vival (Fig. 9). When 30 cm of sediment (compacted depth) 
was added to the surface starting in year 30 and repeated 
at 30-year intervals, the marsh was able to track MSL in 
steps (Fig. 9A). This simulation assumed also that each 
application of sediment returned the marsh to an early stage 
of development (Fig. 9C). Consequently, a cycle of marsh 
development was established with the additional advantage 
that repeated cycles of rapid growth of BG biomass should 
raise long-term elevation gains as seen in the early stage of 
the LM simulation (Fig. 4A). The episodic pulses of sedi-
ment resulted in episodic changes in elevation (Fig. 9A) and 
biomass (Fig. 9B). Biomass will increase during the growth 
phase and decline as sea level overtakes the marsh; then, a 
pulse of sediment will raise the elevation and a new growth 
phase will begin. The elevation was predicted to move back 
and forth between the HM and LM, resulting in a complex 
pattern of community dynamics (Fig. 9C).

Carbon Sequestration

The configuration and management of the marshes have a 
significant effect on carbon sequestration and inventories. 
The integrated rate of carbon sequestration (RCS), computed 
as RCS = ckr��

∑100

t=1
BS(t) , varied from a low of 17 to a high 

of 78 g C  m−2  year−1, depending on the conditions (Table 1). 
Here, c is the conversion factor (0.55) or quotient of ele-
mental carbon to total dry organic weight (Drexler et al. 
2009). In most cases, RCS was greater at low CSLR than at 
higher CSLR and greater with TLP than without. However, 
the highest RCS, 78 g C  m−2  year−1, resulted from a com-
bination of high starting relative elevation, 57 cm CLSR, 
and no TLP applications. TLP applications at low SLR and 
high elevation resulted in elevations that were superoptimal. 
At low CSLR and low elevation, the highest RCS, 72 g C 
 m−2  year−1, resulted from three TLP applications per century 
of 15 cm each (Table 1). At high CLSR and low elevation, 
the highest RCS, 62 g C  m−2  year−1, was seen when 30 cm 
of TLP was applied three times.

The total EOS carbon inventory was computed as the total 
standing stock of organic carbon (live and dead) after a cen-
tury, including the starting pool of refractory carbon. The 
greatest carbon inventory, 18 kg C  m−2, and volume of soil 
organic matter (SOM), 38  cm3/cm2, were obtained in an HM 
simulation without TLP at a CSLR of 57 cm (Table 1). The 
smallest volume of SOM, 20  cm3/cm2, and C-inventory, 9 kg 
C  m−2, were found when the simulation was started without 

Fig. 8  Model simulations of marsh elevation with and without devel-
opment. Shown are the mean elevations (± 1 SE) of all LM plots, 
and the simulated elevations of a developing marsh ( ) and a 
mature marsh ( )
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Fig. 9  Simulation results of thin layer placement (TLP). Results of 
simulated TLPs of 30 cm in years 30, 60, and 90 shown in A are the 
observed elevations (o), MSL rising to 100  cm NAVD in a century 
( ), and the predicted marsh elevation ( ). The predicted standing 

biomass is shown in B. In C, biomass is plotted against relative eleva-
tion. Also in C are the early and late growth ranges of S. alterniflora 
(........) and S. patens (.......)

Table 1  Numerical tests computed over two centenary sea-level rise 
(CSLR) scenarios showing end-of-simulation (EOS) results of dif-
ferent TLP applications: none or starting 30 years from the start and 

repeated 3 or 5 times at 15 or 30-year intervals during the century and 
applied depths of 15 or 30 cm

All simulations started at 6.5 cm NAVD sea level and a relative marsh elevation of 18.5 or 57.8 cm. The measured LOI profile (see Fig. 7) was 
used to populate time-zero cohorts, which numbered 60. Soil organic matter initially occupied 17.3 cm of vertical space over a total sediment 
depth of 24.8 cm and contained 7.7 kg C  m−2

a HM transitions to LM
b LM transitions to HM

CSLR TLP applications (cm) Starting 
Elevation (cm rel 
MSL)

EOS marsh 
elevation (cm 
NAVD)

EOS SOM 
volume  (cm3/
cm2)

EOS C 
inventory (kg C 
 m−2)

Sequestration 
rate (RCS) (g C 
 m−2  year−1)

Survive 
to year 
100

57 cm None 18.5 36 21 10 22 No
3 × 15 = 45 cm 18.5 89 36 17 72 Yes
5 × 15 = 75 18.5 118 34 16 70 Yesb

3 × 30 = 90 18.5 132 33 16 66 Yesb

None 57.8 85 38 18 78 Yesa

3 × 15 = 45 57.8 128 35 17 76 Yes
5 × 15 = 75 57.8 154 32 15 63 Yes
3 × 30 = 90 57.8 168 31 14 62 Yes

100 cm None 18.5 40 20 9 17 No
3 × 15 = 45 cm 18.5 80 22 10 27 No
5 × 15 = 75 18.5 115 32 15 60 Yes
3 × 30 = 90 18.5 130 32 15 62 Yes
None 57.8 78 28 13 55 No
3 × 15 = 45 57.8 129 37 17 75 Yesa

5 × 15 = 75 57.8 157 35 16 71 Yes
3 × 30 = 90 57.8 172 35 16 74 Yes
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TLP in LM at the higher CSLR. With TLP, the greatest 
inventory and SOM volume, 17 kg C  m−2 and 37  cm3/cm2, 
were found in the HM simulation at three TLP applications 
of 15 cm each. The RCS and EOS carbon inventory were 
highly correlated, R2 = 0.98: RCS (g C  m−2  year−1) = 7 EOS 
(kg C  m−2) – 43.

Discussion

Thin layer placement or TLP of sediment onto the marsh at 
periodic intervals can be a successful strategy for increasing 
marsh resilience to rising sea level. Numerical experiments 
with none or 3 different TLP strategies gave different marsh 
responses, depending on the initial marsh elevation (HM or 
LM) and CSLR (Table 1). One benefit of TLP is a periodic 
boost in elevation, which can be fine-tuned on the fly to 
actual changes in sea level. A less obvious benefit is the 
advantage of the growth premium that affords a developing 
marsh additional soil volume that accompanies the growth of 
BG biomass. Another benefit is the added carbon sequestra-
tion that results from this growth premium.

The rate of carbon sequestration is sensitive to the sched-
ule and amount of TLP applications (Table 1). There is an 
optimal TLP strategy that depends on the rate of SLR, tide 
range, growth characteristics of the vegetation, ecosystem 
service values, and dredging costs. The benefits include sus-
tained carbon sequestration plus the other ecosystem service 
values of maintaining a healthy marsh. The costs are those 
associated with the dredging and filling operations, and the 
temporary loss of some ecosystem services while the marsh 
is recovering. The maximum rate of carbon sequestration 
in the LM at PI was found when the RSLR was a constant 
0.57 cm/year and when three 15 cm layers were added at 
30-year intervals (Table 1). However, when the CSLR was 

100 cm, the maximum rate in LM was found when there 
were 3 applications of 30 cm each. At the current rate of 
SLR, the simulated HM carbon sequestration without TLP, 
78 g C  m−2  year−1 (Table 1), is equivalent to the mean car-
bon sequestration rate of 79 ± 46 g C  m−2  year−1 found in a 
study of east coast estuaries (Weston et al. 2023).

A principle of marsh restoration or construction is to estab-
lish the relative elevation of the marsh on the side of negative 
feedback, i.e., on the superoptimal side of the growth curve 
(high relative elevation). The trajectory of development of a 
marsh will depend on the initial elevation and amplitude of 
the growth curve, which will vary along the development time 
continuum (Fig. 10A). Marsh longevity is proportional to the 
position of a marsh within the tidal frame, which determines 
its elevation capital. If the gain in elevation is less than the 
RSLR and relative elevation is on the side of positive feed-
back, the marsh may not survive, because an increase in sea 
level will decrease both relative elevation and biomass. It may 
survive if the combination of mineral deposition and growth 
of biovolume exceeds RSLR, moving relative elevation to 
the side of negative feedback, i.e., the superoptimal side for 
growth. If the relative elevation is on the side of negative 
feedback, either by design or by growth and development, 
and the vertical gains are less than the RSLR, then biomass 
and absolute elevation will rise together as relative elevation 
decreases until equilibrium is achieved.

A study of marsh elevation change in mature, east coast 
marshes using geochronological dating of sediment cores 
gave a mean rate of 0.3 ± 0.13 cm/year (Weston et al. 2023). 
The major significance of the Weston study was the find-
ing that elevation gains have increased as the rate of SLR 
has risen, which can be best explained as a consequence 
of declining relative elevation and rising productivity. The 
elevations of these sites are currently high in the tidal frame 
and, historically, they likely were in the superoptimal range 

Fig. 10  Application of the theory of ecosystem development (Odum 
1969) to a marsh. A Gross photosynthesis increases rapidly at first as 
biomass expands. Total ecosystem respiration lags, and net ecosystem 
production (NEP) reaches a maximum at mid-stage (C). The timing 
depends on the growth rate of biomass and SLR. Gross photosyn-
thesis, limited by self-shading (Morris and Jensen 1998), reaches a 
plateau in mature stage (D). Total respiration approaches gross pho-

tosynthesis in stage (D), which reduces NEP. NEP is the difference 
between gross photosynthesis and total ecosystem respiration and in 
the mature stage should be proportional to the refractory fraction of 
production that accumulates in the sediment. At maturity, NEP fills 
the accommodation space and the rate of elevation change will be the 
lessor of NEP or the rate of increase of accommodation space
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where rising RSLR would decrease relative elevation. This 
would increase the rates of elevation gain.

A major conclusion of the PI study is that the vertical 
accretion rate is greater during the early development of a 
marsh than in the later stages after a marsh matures. This 
is supported by empirical evidence (Miller et al. 2022). 
The observed rate of surface elevation gain at PI has been 
high (Staver et al. 2024) and consistent with simulations 
(Fig. 4). To account for these high rates, it was necessary to 
simulate marsh development, which allows for the growth 
of BG biomass. We estimate that this growth premium for 
S. alterniflora marsh is worth about 5 cm over the 15-year 
development time or 0.3 cm/year (Fig. 8). That is more than 
50% of the current rate of vertical accretion.

The SET results at Poplar Island show that a developing 
marsh has higher accretion rates than a mature marsh like 
North Inlet, SC (Morris and Sundberg 2024), and we argue 
that the expansion of roots and rhizomes at PI is largely 
responsible for this. The evidence that BG production is 
substantially greater in the early stage of marsh develop-
ment derives from empirical measures of vertical accretion 
and model results. First, consider that the average vertical 
accretion rate at PI in the decade or so since marshes were 
planted has been 5.1 mm/year (Fig. 4). At North Inlet, which 
has similar suspended sediment concentrations (20 mg/L), 
sediment composition, relative elevation, and productivity, 
the average vertical accretion rate of all SET platforms has 
been 1.9 ± 2.3 mm/year (Morris and Sundberg 2024). The 
LM Poplar Island simulation of late-stage marsh gave a simi-
lar vertical accretion rate of 1.1 mm/year (Fig. 7).

The constant creation of accommodation space is another 
factor in the development of a marsh. The sedimentary envi-
ronment and rising sea level influence primary production 
and vegetative renewal. The production of clones from 
the same aging base in poor sedimentary environments is 
thought to lead to marsh senescence. This was demonstrated 
with experimental sediment additions to the surface that 
stimulated the formation of new shoots and buds (Fragoso 
and Spencer 2008). Therefore, rising sea level is beneficial 
to a marsh, within limits. It creates vertical space for marsh 
development and continuous carbon sequestration. Rising 
sea level will continuously raise the accommodation space.

Absent the creation of accommodation space, marsh ele-
vation cannot increase and soil organic matter cannot grow 
beyond the limits of the vertical growth range. Its growth 
is self-limiting. In theory, the marsh could grow vertically 
at a rapid pace until it reaches that limit, provided that its 
biovolume production and mineral sedimentation exceed 
the rate of SLR. When the RSLR exceeds the maximum 
sequestration rate of organic matter and mineral deposition, 
the relative elevation will decrease, first at a slow rate, then 
more rapidly as the volume of labile organic matter decays 
away. Empirical observations of a rapid decrease in marsh 

elevation following plant mortality were explained similarly 
as a structural collapse of live roots (DeLaune et al. 1994).

Craft et al. (1999) found the macrophyte community on a 
restored North Carolina marsh matured within 5 to 10 years, 
but different ecosystem properties developed at different 
rates. The development time for a freshwater tidal marsh 
on the Hudson River was estimated to be < 18 years (Yellen 
et al. 2021). We assumed the LM biomass at Poplar Island 
would develop to maturity in 15 years following planting. 
Our simulations, supported by the SET data, show evidence 
of enhanced elevation gains during marsh development, a 
phenomenon referred to as the growth premium (Morris 
et al. 2023). This is a hypothesis that needs to be tested, but 
the logic is compelling. Macro organic matter concentration 
from marker horizons at PI varied with age (development 
time) (Staver et al. 2024), but did not cleanly increase with 
marsh age (Table 2). In theory, the sum of the growth of liv-
ing BG biomass plus turnover in a young marsh will always 
exceed turnover alone.

Other variables such as sediment type and fertility are 
also important. Cell 4D, the oldest of the PI projects, had 
the lowest standing biomass (Table 2) and had a sand sub-
strate and low nutrient concentration, which could increase 
the development time and the RS ratio. A field experiment 
at a restoration site in California examined the effects of 
adding different forms of nitrogen before planting, with the 
result that AG biomass and stem densities of cordgrass were 
proportional to the amount of N added (Gibson et al. 1994), 
which suggests that development time could be decreased 
and short-term vertical accretion rates increased by ferti-
lizing restored marshes. PI and North Inlet marshes also 
appear to benefit from nutrient-rich sediment (Staver et al. 
2024) and fertilization (Morris and Sundberg 2024). These 
are variables we did not consider in the present simulations 
with CWEM. Moreover, the RSRs in PI cells varied from 0.2 
to 1.5 (Table 2), lower than we used in simulations reported 
here, possibly reflecting the patchy distribution of clones 
and mismatch in time and space between collections of cores 
and harvests of standing vegetation. Sediment cores and AG 
biomass were not collected to measure RSRs.

Table 2  Mean total belowground biomass of roots plus rhizomes to a 
depth of about 26 cm and mean standing live biomass from the same 
cells

Cell Year constructed N Belowground 
biomass ± 1 SD 
(g/m2)

Standing live 
biomass ± 1 SD 
(g/m2)

4D 2003 12 1041 ± 72 680 ± 145
3D 2005 12 742 ± 46 810 ± 380
1A 2009 13 1536 ± 107 1343 ± 341
5AB 2018 10 305 ± 19 1378 ± 606
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The model’s assumptions that define growth and the time 
scales of development are critical. Unfortunately, the knowl-
edge of the physiological determinants of the RSR, turnover, 
and development is limited. From a marsh organ experiment in 
Louisiana, Snedden et al. (2015) found RSRs of about 4:1 in S. 
patens and 2:1 in S. alterniflora. A 2:1 RSR in S. alterniflora 
has also been reported by Darby and Turner (2008), decreasing 
to about 0.5:1 in high nitrogen treatments. Merino et al. (2010) 
found RSRs on the order of 0.5:1. Morris et al. (2013a) argued 
on theoretical grounds that the RSR in S. alterniflora should 
be about 2:1. RS parameter values for young and mature marsh 
in the PI simulations were 2 and 1.5 for S. alterniflora and 
S. patens, respectively; turnover rates were 1.0 for early stage 
and 0.5 for the mature marsh. As used here, the RSR includes 
roots and rhizomes, two very different organs. The turnover 
of rhizomes must be relatively slow because the rhizome is 
a perennial storage organ (Gallagher 1983). Based on marsh 
organ data (Morris and Sundberg 2024), we think 0.2  year−1 
is a reasonable turnover rate for rhizomes. In other words, a 
rhizome should live for about 5 years.

The functional balance theory of plant development posits  
that the optimal growth pattern is one in which the plant’s 
shape convergences on a balanced growth path (Bastow Wilson  
1988; Brouwer 1962; Iwasa and Roughgarden 1984), i.e., the 
functions of roots and leaves are balanced. Consequently, the 
turnover of leaves and roots must be approximately propor-
tional, roughly 1  year−1. This is consistent with the observed 
1-year root longevity (Bouma et  al. 2003) and with the 
2–3.9 year turnover time of roots plus rhizomes of Spartina 
anglica (Hemminga et al. 1988).

There are parallels between the growth characteristics of 
marshes and forests. A marsh is essentially a subterranean for-
est with subaerial leaves. The rhizomes in a marsh are like the 
branches on a tree. They are long-lived, and they possess the 
apical meristems that grow the leaves. Rhizomes grow con-
tinuously, probably until they become crowded or until the 
rate of gross photosynthesis reaches a limit imposed by self-
shading (Morris and Jensen 1998). Respiration will continue to 
increase in proportion to the total biomass like a forest (Odum 
1969), eventually approaching the level of gross photosynthe-
sis (Fig. 10A). Growth of biomass and, consequently, gains in 
marsh elevation should slow as respiration and gross photosyn-
thesis approach equality. The difference between gross photo-
synthesis and total respiration will be the sum of sequestered, 
refractory organic matter plus the incremental growth of living 
biomass, and this sum should be proportional to the vertical 
change in elevation. In the late stage of development, the live 
BG biomass will stabilize and the elevation gains will slow. 
Eventually, the gain in elevation will be determined by the 
sequestration of refractory organic matter plus whatever min-
eral input exists. This leads to a hypothesis that where mineral 
inputs are negligible, the rate of vertical accretion is directly 
proportional to net ecosystem production.
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