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Abstract

The balance between organic matter production and decay determines how fast coastal
wetlands accumulate soil organic matter. Despite the importance of soil organic matter
accumulation rates in influencing marsh elevation and resistance to sea-level rise, rela-
tively little is known about how decomposition rates will respond to sea-level rise. Here,5

we estimate the sensitivity of decomposition to flooding by measuring rates of decay in
87 bags filled with milled sedge peat, including soil organic matter, roots and rhizomes.
Experiments were located in field-based mesocosms along 3 mesohaline tributaries
of the Chesapeake Bay. Mesocosm elevations were manipulated to influence the du-
ration of tidal inundation. Although we found no significant influence of inundation on10

decay rate when bags from all study sites were analyzed together, decay rates at two
of the sites increased with greater flooding. These findings suggest that flooding may
enhance organic matter decay rates even in water-logged soils, but that the overall
influence of flooding is minor. Our experiments suggest that sea-level rise will not ac-
celerate rates of peat accumulation by slowing the rate of soil organic matter decay.15

Consequently, marshes will require enhanced organic matter productivity or mineral
sediment deposition to survive accelerating sea-level rise.

1 Introduction

Coastal marshes are among the most productive ecosystems on Earth. Net primary
productivity in temperate regions commonly exceeds 800 g C m−2 yr−1 (Mendelssohn20

and Morris, 2000), allowing vegetated marshes to protect coastal regions by dissi-
pating energy associated with storms, trap mineral sediment and pollutants, support
marine fisheries, and sequester carbon (Zedler and Kercher, 2005). Because organic
matter accumulation is an important mechanism regulating marsh elevation (Nyman
et al., 1993; Turner et al., 2000; Cahoon et al., 2006; Nyman et al., 2006; Langley et25
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al., 2009), the fate of these ecosystem services under future sea-level rise depends
largely on the balance between organic matter production and decay.

The factors controlling organic matter production are generally well studied (Turner,
1976; Mendelssohn and Morris, 2000; Kirwan et al., 2009). Recent work suggests that
rates of productivity are maximized at some optimum flooding frequency or rate of5

sea-level rise (Morris et al., 2002; Kirwan and Guntenspergen, 2012), where moderate
increases in flooding lead to flushing of salts, delivery of nutrients, and enhanced pro-
ductivity. At higher rates of sea-level rise, and for longer durations of inundation, the
accumulation of sulfides under anaerobic conditions limits rates of productivity (e.g.
Mendelssohn and Morris, 2000; Morris et al., 2002; Marani et al., 2004; Kirwan et10

al., 2012).
Much less is known about how sea-level rise and flooding frequency will influence

soil organic matter (SOM) decomposition. Although a reduction in decay rate associ-
ated with progressively more anaerobic soils is often assumed (e.g. Nyman and De-
Laune, 1991; Reed, 1995; Miller et al., 2001), attempts to measure decay rates in15

coastal wetlands have led to a wide range of conclusions. In freshwater marshes, de-
composition rates near the soil surface tend to increase with flooding duration (Ewel
and Odum, 1978; Mendelssohn et al., 1999), even though decomposition rates de-
cline with soil depth and its effect on redox potential (Mendelssohn et al., 1999; Pozo
and Colino, 1992). Responses in salt marshes are also variable. Nyman and DeLaune20

(1991), for example, measured reduced soil respiration rates in more flooded envi-
ronments, but several authors have concluded that flooding frequency and redox po-
tential play only a minor role in determining organic decay rates (Valiela et al., 1982;
Hackney, 1987; Blum, 1993; Blum and Christian, 2004). Such a conclusion is perhaps
surprising when viewed in the context of experiments conducted in terrestrial ecosys-25

tems. Decomposition rates in swamp forests and riparian systems tend to increase with
flooding duration (Brinson, 1977; Capps et al., 2011 and references therein), although
this effect can be confounded with changes in the chemical characteristics of leaf lit-
ter that vary with species composition across flooding gradients (Day, 1979). Similarly,
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groundwater table elevation and redox potential is a primary influence on organic mat-
ter decay in terrestrial peat bogs (Ise et al., 2008; Broder et al., 2012). Other work in
terrestrial environments may offer a unifying perspective. Where decomposition takes
place in dominantly aerobic conditions, periodic flooding may increase soil moisture
and microbial activity, whereas excessive flooding creates anaerobic conditions that5

limit decomposition (Neckles and Neill, 1994).
An important limitation of the existing literature on decomposition responses to changes

in hydroperiod is the fact that most studies have measured decay on recently senesced
organic matter such as leaf litter. Decay rates in the early stages of decomposition do
not necessarily predict rates at later stages of decomposition (e.g. Day, 1979), par-10

ticularly the fraction of plant production that ultimately contributes to elevation due to
preservation as SOM. Thus, forecasting the effects of sea level rise on elevation re-
quires quantifying effects on SOM decomposition. Here we measured SOM decom-
position rates in three Chesapeake Bay brackish marshes where flooding frequency
varies along an experimentally manipulated elevation gradient, and found decay rates15

to be largely insensitive to flooding frequency.

2 Methods

2.1 Study area

We measured decomposition rates of soil organic material in three sites along tribu-
taries of the Chesapeake Bay (Maryland USA), including the Rhode River (38.87472◦ N,20

76.54639◦ W), Blackwater River (38.40434◦ N, 76.07302◦ W), and Transquaking River
(38.38445◦ N, 76.00159◦ W) (Fig. 1). All three sites are mesohaline with long term aver-
age porewater salinities of 10 at Blackwater and Rhode River sites, and 12 at the Tran-
squaking River site. Each site is dominated by a similar set of intertidal macrophytes
including Schoenoplectus americanus, Spartina patens, Distichlis spicata, and Phrag-25

mites australis. Meteorological events strongly influence water levels at the Rhode and
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Blackwater locations (astronomical tides <50 cm), while the Transquaking location has
an astronomical tidal range of approximately 1 m. The elevation of the marsh adjacent
to our experiments is approximately 10–15 cm NAVD (North American Vertical Datum)
at the Blackwater site, 25–35 cm NAVD at the Transquaking site, and 15–35 cm NAVD
at the Rhode River site. NAVD approximates mean sea level (±10 cm) in the Chesa-5

peake region (Hensel et al., 2008).

2.2 Experimental design

At each site, we constructed platforms (“marsh organs”) containing mesocosms at dif-
ferent elevations to simulate the response of plant growth to different flooding regimes
(Kirwan and Guntenspergen, 2012; Langley et al., 2012) (Fig. 1b). Mesocosms in the10

Blackwater and Transquaking platforms consisted of 15-cm diameter (182 cm2) PVC
pipe, filled with native sediment. We transplanted 15 cm deep sods of native marsh soil
and vegetation (Schenoplectus americanus or Spartina patens) into each pipe. Meso-
cosms in the Rhode River platforms consisted of 10-cm diameter PVC pipe, filled with
commercial sedge peat similar to natural high marsh peat soils (80 % organic matter)15

at this site. Here, plants were propagated from rhizome fragments or seed collected
from the Rhode River site, planted in pipes and allowed to acclimate before sea level
treatments were initiated. This approach to sea level manipulation isolated the effect
of hydroperiod from other variables (e.g. salinity, substrate composition) that would
co-vary along a natural elevation gradient. We have previously reported the effect of20

elevation on plant growth from these experiments (Kirwan and Guntenspergen, 2012;
Langley et al., 2012).

Here we consider the effect of elevation and hydroperiod on the decomposition rate
of soil organic matter (SOM) using the method of Weiss et al. (2005). SOMbags were

constructed from a non-reactive synthetic membrane (Versapor©; Pall Corporation,25

Port Washington, NY) with a 5 µm pore size to allow adequate flow of water and access
to microbes, but to restrict the passage of soil particles. Each bag was approximately
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6×4×1 cm, and filled with 2.0–2.5 g of peat harvested from the Rhode River site at
a depth of 0–20 cm. Peat was removed from the site, air dried, and milled to homog-
enize so that variability in SOM quality among bags was minimized. The bags were
heat-sealed, placed in a water bath subjected to 12 h of agitation to test durability
and remove readily soluble components. Bags were then oven dried at 40 ◦C to deter-5

mine the initial mass of dry peat. The same peat was used at each site to control for
variation in carbon quality (e.g. Day, 1979), allowing for an intercomparison of phys-
iochemical decomposition environments among sites. Bags were placed in randomly
selected mesocoms, and oriented vertically so that peat in each bag extended from the
soil surface to a depth of approximately 5–10 cm beneath the surface. At each site we10

recorded water levels in the tidal creek with pressure transducers and calculated the
frequency and duration of inundation for each mesocosm elevation.

Decomposition experiments were conducted at each site, but over different time in-
tervals and elevation ranges (Table 1). At the Rhode River site, SOMbags were de-
ployed in a single platform in 2 consecutive years (1 May–1 September 2010, 1 May–15

1 September 2011). At the Blackwater River site, SOMbags were deployed during a
single year, but in two platforms (1 June–16 August 2011). Experiments at the Tran-
squaking River site were during a single year and in a single platform (2 June–17 Au-
gust 2011). A total of 97 SOMbags were deployed. At the end of each experiment, bags
were retrieved, dried at 40 ◦C, and weighed. Eight ripped SOMbags and two bags with20

apparent weight gain were discarded, leaving a total of 87 bags used in the analysis. To
account for differences that may have arisen from processing samples in two different
laboratory conditions, a subset of the Blackwater & Transquaking River samples pro-
cessed at the USGS laboratory were oven dried and desiccated at Villanova University
where Rhode River samples were analyzed; a small correction (3 % of final mass) was25

applied so that all initial and final masses are directly comparable.
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2.3 Analytical methods

Decomposition of organic material typically follows an exponential decay function, where
the rate of mass loss (dC/dt) is proportional to the mass of organic material remaining
(C), dC/dt = −kC. Consequently, we express mass loss in terms of the decay coeffi-
cient (k) to account for differences in deployment duration and variation in initial peat5

weight. Following Olsen (1964), k = [−ln(Ct/Co)]/t where Co and Ct are the mass of
organic matter at the beginning and end of the experiment, and t is the duration of the
experiment. Subsamples of initial and decayed peat from the Blackwater and Rhode
River sites were analyzed on a Carlo Erba elemental analyzer (Milan, Italy) coupled to
a Finnegan Delta Plus mass spectrometer (Bremen, Germany) for carbon and nitrogen10

composition to determine if exogenous material had entered the bags and to assess
organic matter N dynamics. Percent change in C and N content was calculated as:
100 · (litter massfinal × [C]final)− (litter massinitial × [C]initial)/(litter massinitial × [C]initial).

Rates of mass loss and decay coefficients were related to the duration of inundation
during the experiment using simple linear regression. Statistical treatments were per-15

formed on individual bags unless otherwise noted. For example, replicate bags at each
elevation were averaged together for each site in one analysis. This approach tends
to minimize variability associated with subtle differences in individual mesocosms (e.g.
differences in shading or soil properties), allowing us to isolate the effect of flooding on
decay rate, and to better detect potential differences between sites. Finally, we com-20

bined [C] and [N] data from the Blackwater and Rhode River sites to look for generality
in decay patterns across sites and flooding conditions.

3 Results

Variations in mesocosm elevation resulted in a gradient in tidal inundation, where the
highest rows of the platforms were never flooded, the lowest rows were always inun-25

dated, and intermediate elevations captured the full range of tidal inundation (Fig. 2a).
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Redox potential at the Rhode River site varied between −20 and −225 Eh and was sig-
nificantly correlated with mesocosm elevation (Fig. 2b; r = 0.95; p = 0.011). Although
redox was not measured at the Blackwater and Transquaking River sites, field obser-
vations suggest a similar pattern. Decomposition bags were stained with iron oxides
at high elevations, and all live plant roots died at the permanently flooded low eleva-5

tions (Kirwan and Guntenspergen, 2012), suggesting a transition from aerobic soils to
anaerobic soils.

SOMbags lost between 1 and 12 percent of initial mass in the experiments, result-
ing in decay coefficients between 0.04 and 0.38 yr−1 (Fig. 3a, b). Bags contained no
visible live roots, and nutrient analysis indicated little contamination by exogenous min-10

eral sediment (the average final [C] was 98.9 % of the initial [C]). Although insufficient
replication precluded a robust statistical analysis of decay rates between sites and be-
tween years, decay rates tended to be higher at the Rhodes River site than at the
Blackwater and Transquaking River sites [Table 1, Fig. 3c]. Decay rates were positively
correlated with inundation duration at the Blackwater (r = 0.533 p = 0.050) and Tran-15

squaking River sites (r = 0.977 p = 0.138), but not at the Rhodes River site (r = −0.331
p = 0.281), or when all 3 sites are considered together (r = 0.237 p = 0.216) (Fig. 3c).

The remaining SOM in the majority of bags had lower [C] and higher [N] than the
initial SOM (Fig. 4a, c). Remaining SOM [N] declined with increasing inundation (r =
0.422, p = 0.015). Remaining C and N mass in SOM exhibited quadratic responses to20

inundation (C: r = 0.436, p = 0.043; N: r = 0.494, p = 0.015) such that SOM exposed
to intermediate flooding exhibited the greatest C loss and the least N loss.

4 Discussion

We have made several important assumptions in our attempt to design a simple ex-
periment that isolates the effect of inundation and sea-level rise on the decomposi-25

tion rate of organic material. The most significant assumption is that the design of the
mesocosm platforms at least approximates how wetland soils will respond to rising sea
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levels and increasing periods of inundation. For example, we recognize that drainage
in a soil surrounded by PVC pipe likely differs from drainage in a natural marsh. Al-
though vertical exchanges of water dominate flow paths in marshes (Nuttle, 1988),
they are the only source of inundation and drainage in our experiments (i.e. no hori-
zontal flow) (Kirwan and Guntenspergen, 2012). Previous experiments with these el-5

evation platforms demonstrate that the relative sensitivity of different plant species to
flooding resembles plant zonation patterns in natural marshes, suggesting that some
of the important characteristics of natural marshes may be captured (Kirwan and Gun-
tenspergen, 2012). Furthermore, independent measurements of decays from marsh-
land adjacent to the Rhode River experiment resemble rates of decay measured in10

mesocosms at similar elevation, suggesting that our results are not strongly influenced
by artifacts of the experimental design (star symbol in Fig. 3c). We also assume that
material in the SOMbags decays at rates similar to in-situ belowground material, and
that the fine membrane used to construct the SOMbags does not limit decay (e.g.
through the exclusion of invertebrates). Moreover, live roots may stimulate decompo-15

sition by releasing O2 into anaerobic soils, but were excluded from direct contact with
decaying material by the SOMbag membrane (Hackney and de la Cruz, 1980; McKee
et al., 1988; Havens, 1997; Wolf et al., 2007). The range of decay coefficients we mea-
sured (0 to 0.376 yr−1) was slightly lower than ranges of decay measured elsewhere
in the mid-Atlantic for S. alterniflora and Juncus roemerianus roots and rhizomes (0.1120

to 0.51 yr−1) (Blum and Christian, 2004) and for newly scenescent P. australis and S.
patens litter (0.25 to 0.57 yr−1) (Windham, 2001), suggesting that our experimental
approach captured the well-documented decline in decay rates across the continuum
from fresh litter to SOM.

Our results are consistent with previous work in salt marshes that indicates decom-25

position rates are not strongly related to flooding duration and soil redox potential (Va-
liela et al., 1982; Hackney, 1987; Blum, 1993; Blum and Christian, 2004). Moreover,
Blum (1993) concludes that the insensitivity means that differences in organic matter
accumulation between high and low marsh areas must be explained by differences
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in root production rather than differences in decay. Our results support these obser-
vations, and suggest that the concepts may additionally be applicable to mesohaline
wetlands. Applicability to marshes with lower salinities is an important insight because
salinity may play a fundamental role in determining the rate of organic matter decay
(Weston et al., 2011; Sutton-Grier and Megonigal, 2011) such that elevation changes5

in fresh and brackish marshes tend to be dominated by root zone processes, and to
accumulate organic matter faster than more saline wetlands (Craft, 2007).

However, we also find an unexpected positive relationship between flooding and de-
cay rates at two of our study sites. Intermittent flooding typically enhances the decay of
litter at the soil surface in ecosystems with mostly aerobic soil surfaces such as ripar-10

ian forests, prairie wetlands, and freshwater marshes (Brinson, 1977; Day, 1979; Ewel
and Odum, 1978; Maltby, 1988; Mendelssohn et al., 1999; Neckles and Neill, 1994).
In these ecosystems, flooding may accelerate the leaching and microbial decomposi-
tion phases of organic matter decay by providing moisture and nutrients to microbial
and fungal communities (Bragazza et al., 2012; Neckles and Neill, 1994). However,15

decomposition generally occurs more rapidly in aerobic soils than anaerobic soils, and
positive relationships between flooding and decay rate observed near the soil surface
tend to disappear with soil depth (e.g. Mendelssohn, 1999; Neckles and Neill, 1994).
Therefore, our finding that decay rates at the Blackwater and Transquaking River sites
continue to increase with flooding even in permanently saturated soils is surprising.20

Delivery of oxygen via live roots (e.g. Wolf et al., 2007) is not a possible explanation
because the lowest elevation mesocosms did not support root growth in these exper-
iments (Kirwan and Guntenspergen, 2012). Instead, we hypothesize that delivery of
terminal electron acceptors (i.e sulfate) and nutrients by tidal inundation may have ac-
celerated decomposition rates, but acknowledge that the steady increase in decay rate25

is difficult to explain.
The lack of consistent inundation effect on mass loss could be an artifact of our SOM-

bag method. Measured changes in mass are small relative to the total mass of soil in
each bag, perhaps limiting the ability to detect subtle trends over error implicit in the
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experimental design. Potential sources of error include small differences in moisture
content arising from differences in lab humidity, mass loss of the bags themselves, or
the input of exogenous material (>5 micron) into the bags. Changes in the total mass
of C and N in the SOMbags may provide an alternative indication of biological decom-
position that is insensitive to changes in mineral or water content, obviating some of the5

error associated with measuring decomposition by mass loss. Most plant-derived litter
undergoes a brief initial period of N loss from physio-chemical leaching followed by a
phase of net N gain from microbial immobilization (Jordanet al., 1989). Therefore, ac-
celerated decay should result in a decline of C mass and likely an increase of N mass.
In our experiments, most samples exhibited reduced [C] and increased [N] (Fig. 4),10

suggesting these chemical indicators may indeed reflect biological decomposition. The
changes in C and N mass (the product of concentrations and masses) indicate opti-
mum decomposition at intermediate flooding durations. C loss was maximal in meso-
cosms that were flooded 60 % of the time, and N loss was greatest at a similar flooding
regime (40 % inundation). Although undetectable in simple mass loss measurements,15

the existence of an optimum flooding frequency for organic decay could help rectify
patterns of enhanced decay with flooding in rarely flooded marshes (e.g. Mendelssohn
et al., 1999) and reduced decay with flooding in more regularly flooded wetlands (i.e.
Nyman and DeLaune, 1991). If robust, these results suggest that marshes losing el-
evation to sea level rise could experience reduced rates of organic matter decay as20

their elevation becomes deeper in the tidal frame. Nevertheless, the effects of flooding
on decomposition measured by changes in element concentration were small relative
to unexplained variance (r2 = 0.19), and the relationships difficult to discern in either
method.

The adaptability of coastal wetlands to sea-level rise is often attributed, in part,25

to the idea that flooding will slow rates of organic matter decay and facilitate more
rapid organic matter accumulation (Nyman and DeLaune, 1991; Reed, 1995; Miller et
al., 2001). In contrast, our measurements of mass loss suggest that enhanced flooding
will lead to little change in decay rate. Therefore, our results suggest that any adaptation
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of marshes to sea-level rise must be accomplished through enhanced root production
(e.g. Langley et al., 2009; Kirwan and Guntenspergen, 2012), or mineral sedimentation
(e.g. Morris et al., 2002). Since many of the wetlands most susceptible to sea-level
rise are deficient of mineral sediment (e.g. Kirwan et al., 2010; Day et al., 2011), we
suggest that once the primary productivity of a marsh starts to decline, sustained and5

perhaps accelerated rates of decomposition will only exacerbate the syndrome through
loss of elevation.
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Table 1. Summary of decomposition experiments in 3 tributary rivers of the Chesapeake Bay. n
refers to the number of undamaged bags retrieved at the end of the experiment, and included in
the decay analysis. Average decay represents a simple arithmetic mean of all measured decay
coefficients, k, in each experiment and includes the standard deviation.

Experiment Deployment dates n Elevation range Average decay, k
(cm NAVD) (yr−1)

Rhode 10 1 May–1 Sep 2010 27 −16–49 0.30+−0.04
Rhode 11 1 May–1 Sep 2011 13 −16–29 0.23+−0.03
Blackwater 1 1 Jun–16 Aug 2011 19 −5–47 0.19+−0.08
Blackwater 2 1 Jun–16 Aug 2011 19 −5–34 0.19+−0.08
Transquaking 2 Jun–17 Aug 2011 9 11–39 0.21+−0.06
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 1 

 2 

Figure 1. Map of experiment locations (a) and photograph of experimental elevation platform 3 

at low tide in a tributary tidal creek of the Transquaking River (b). 4 

5 

a) b) 

Fig. 1. Map of experiment locations (a) and photograph of experimental elevation platform at
low tide in a tributary tidal creek of the Transquaking River (b).
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 1 

Figure 2. Influence of mesocosm elevation on physical properties during decomposition 2 

experiments. (a) Flooding duration expressed as the percentage of time flooded at each site. 3 

Legend abbreviations refer to Rhode River (RR), Blackwater River (BR) and Transquaking 4 

River (TR) sites (b) soil redox potential at the Rhode River site. 5 

6 

a) b) 

Fig. 2. Influence of mesocosm elevation on physical properties during decomposition experi-
ments. (a) Flooding duration expressed as the percentage of time flooded at each site. Legend
abbreviations refer to Rhode River (RR), Blackwater River (BR) and Transquaking River (TR)
sites (b) soil redox potential at the Rhode River site.
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Fig. 3. Organic matter decay rate as a function of inundation duration. (a) Mass loss in individual
bags. (b) Decay coefficients (k) of individual litter bags where markers refer to Blackwater River
experiment 1, Blackwater River experiment 2, Transquaking River experiment 1, Rhode River
experiment in 2010, and Rhode River experiment in 2011. (c) Decay coefficients (k) where
replicate SOMbags at each elevation have been averaged together. Star denotes the average
decay rate for bags placed in the marsh adjacent to the Rhode River experiment.
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 1 

Figure 4. C and N concentrations of decomposing litter (left) and change in C and N mass 2 

during decomposition (right). Filled circles represent results from the Blackwater River site, 3 

and open circles represent results from the Rhode River site. Dashed lines in left panels 4 

indicate initial concentration of C and N. Solid lines denote trends between flooding duration 5 

and element concentration or mass loss. Regressions correspond to data from both sites, 6 

although the relationship between N loss and inundation is also signficant at the Blackwater 7 

site alone (not shown). Significant relationships: (b) y=0.002x
2
-0.182x-0.387, r

2
=0.19,  8 

p=0.04; (c) y=-0.001x + 1.91, r
2
=0.18, p=0.01; (d) y=-.003(x)

2
-0.243x-3.837, r

2
=0.24, 9 

p=0.015.  10 

Fig. 4. C and N concentrations of decomposing SOM (left) and change in C and N mass during
decomposition (right). Filled circles represent results from the Blackwater River site, and open
circles represent results from the Rhode River site. Dashed lines in left panels indicate initial
concentration of C and N. Solid lines denote trends between flooding duration and element
concentration or mass loss. Regressions correspond to data from both sites, although the re-
lationship between N loss and inundation is also signficant at the Blackwater site alone (not
shown). Significant relationships: (b) y = 0.002x2 −0.182x−0.387, r2 = 0.19, p = 0.04; (c) y =
−0.001x+1.91, r2 = 0.18, p = 0.01; (d) y = −.003(x)2 −0.243x−3.837, r2 = 0.24, p = 0.015.
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