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Abstract
Vertical accretion in tidal marshes is necessary to prevent submergence due to rising sea levels. Mineral materials may be more important in
driving vertical accretion in tidal freshwater marshes, which are found near the heads of estuaries, than has been reported for salt marshes.
Accretion rates for tidal freshwater marshes in North America and Europe (n¼ 76 data points) were compiled from the literature. Simple
and multiple linear regression analyses revealed that both organic and mineral accumulations played a role in driving tidal freshwater marsh
vertical accretion rates, although a unit mass of organic material contributed w4 times more to marsh volume than the same mass input of min-
eral material. Despite the higher mineral content of tidal freshwater marsh soils, this ability of organic matter to effectively hold water and air in
interstitial spaces suggests that organic matter is responsible for 62% of marsh accretion, with the remaining 38% from mineral contributions.
The organic material that helps to build marsh elevation is likely a combination of in situ production and organic materials that are deposited in
association with mineral sediment particles. Regional differences between tidal freshwater marshes in the importance of organic vs. mineral
contributions may reflect differences in sediment availability, climate, tidal range, rates of sea level rise, and local-scale factors such as site
elevation and distance to tidal creeks. Differences in the importance of organic and mineral accumulations between tidal freshwater and salt
marshes are likely due to a combination of factors, including sediment availability (e.g., proximity to upland sources and estuarine turbidity
maxima) and the lability of freshwater vs. salt marsh plant production.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Tidal freshwater marsh stability and persistence are depen-
dent on the net balance between material inputs (allochthonous
particulate matter and in situ production) and material removal
(via erosion and organic matter decomposition), which can
allow these systems to grow vertically as sea levels increase.
Over decades to centuries, rates of vertical marsh growth typ-
ically approximate or exceed rates of sea level rise (e.g., Orson
et al., 1990; Neubauer et al., 2002; Köster et al., 2007).
Because the zonation of plants within tidal marshes is largely
a function of the hydroperiod (Odum et al., 1984; Mitsch and
Gosselink, 1993), any imbalances between rates of marsh
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accretion and sea level rise may lead to changes in plant com-
munity composition or a shift from tidal marsh to open water
habitats. Plants can influence marsh accretion through the pro-
duction of refractory organic material (e.g., Orson et al., 1990)
and can impact soil organic content and short-term (seasonal)
rates of sedimentation (Pasternack and Brush, 2001). Further,
there can be differences in long-term (decadal) marsh accre-
tion or organic accumulation between different plant zones
within the same marsh (e.g., Khan and Brush, 1994; Merrill
and Cornwell, 2000). Differences in sediment availability
can also impact sedimentation and accretion in tidal freshwa-
ter marshes. Darke and Megonigal (2003) reported up to an
order of magnitude difference in short-term deposition rates
between a pair of tidal freshwater marshes within the same
river system; this dramatic between-marsh variability was
attributed to proximity to the estuarine turbidity maximum.
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Vertical accretion rates are also sensitive to sediment availabil-
ity, with both Orson et al. (1990) and Khan and Brush (1994)
reporting increases in historical marsh accretion rates follow-
ing land-clearing activities in surrounding watersheds.

There have been no comprehensive studies to determine if
mineral or organic inputs are more important to accretion in
tidal freshwater marshes. This contrasts with tidal salt
marshes, where the relative contributions of mineral and
organic materials to vertical accretion have been well-studied
(e.g., McCaffrey and Thomson, 1980; Nyman et al., 1993,
2006; Callaway et al., 1997; Turner et al., 2000; Chmura
and Hung, 2004). Future environmental and anthropogenic
changes to watersheds and near-coastal waters could signifi-
cantly alter the dynamics of both sedimentary materials and
organic matter production in the tidal freshwater zone. For ex-
ample, (sub)urbanization, dam construction, and deforestation/
reforestation are likely to influence inputs of particulate mate-
rials to the tidal freshwater zone and therefore could affect
sedimentation onto the marsh surface. Similarly, plant produc-
tivity and community composition in tidal freshwater marshes
may be altered due to sea level rise, nutrient enrichment, and
salt water intrusion (e.g., Pearlstine et al., 1993; Morris et al.,
2002; Crain, 2007).

The objective of this study was to determine the relative
contributions of mineral and organic accumulations to vertical
accretion in tidal freshwater marshes. Here, I use accretion to
refer to a vertical increase in marsh elevation. Mineral and
organic accumulations represent the mass of mineral (i.e.,
inorganic) or organic matter deposited on the marsh surface
during tidal flooding via sedimentation (defined below) or
produced in situ (e.g., belowground root production). Sedi-
mentation is the deposition of water column particulate matter
(both mineral sediments and organic material) onto the marsh
surface. Each of these terms can be expressed as a rate by nor-
malizing accretion, accumulation, or sedimentation to a rele-
vant time scale. Because tidal freshwater marshes are located
closer to upland sediment sources, I hypothesized that mineral
accumulation would be more significant in tidal freshwater
marshes than has been reported for saline marshes (e.g.,
Turner et al., 2000). Further, I expected that the importance
of organic accumulation to marsh accretion would be greater
in the northeastern U.S.A. (due to cooler temperatures limit-
ing decomposition) and Louisiana (due to sedimentation
onto natural levees and water control structures that limit
sediment delivery to interior marshes) than in sediment-rich
Southeast U.S.A. tidal freshwater marshes.

2. Materials and methods

Tidal freshwater marsh accretion rates and soil properties
(organic content and bulk density) were compiled from the
literature. Data were located for marshes distributed along
the Atlantic coast of the U.S.A. (from Maine to Georgia),
for several locations in coastal Louisiana, and for a single tidal
freshwater marsh in Belgium (Table 1). Between one and three
cores were taken from most marshes. No non-tidal sites were
included. Only measured accretion rates are included in this
compilation; thus the accretion rates of 0.13e0.36 cm y�1

derived from a mechanistic model for a Massachusetts,
U.S.A. tidal freshwater marsh were not included (Morris and
Bowden, 1986; Bowden et al., 1991). Soil properties are
reported only for sites where accretion rates were measured;
additional tidal freshwater marsh soils data can be found else-
where (e.g., Appendix 1 in Craft, 2007).
2.1. Analytical methods
The majority of the accretion rates analyzed in this study
were determined using 210Pb (n¼ 46 samples) or 137Cs
(n¼ 24) geochronological dating techniques. The remaining
accretion rates were calculated using pollen microfossils
(n¼ 3), identifiable plant detritus (i.e., macrofossils; n¼ 2),
or a sand layer that was deposited at a known date (n¼ 1)
(Table 1). For 137Cs, only accretion rates based on the 1963/64
137Cs peak are analyzed herein, although several sources also
calculated rates using the 1954 date of first appearance (Orson
et al., 1990, 1992; Neubauer et al., 2002). Khan and Brush
(1994) calculated ‘‘instantaneous’’ accretion rates for selected
1 cm increments; this analysis reports only the average rate
since the 1964e1966 layer (i.e., that closest to the 1963/64
137Cs peak). Plant macrofossils combined with aerial photo-
graphs that documented plant species changes were used to
calculate accretion rates since 1958 in a tidal freshwater marsh
in the Scheldt estuary, Belgium (Temmerman et al., 2003).
Orson et al. (1990) measured sediment deposition above
a 2 mm thick sand layer that was deposited on the marsh in
1965/66 during installation of a pipeline across the marsh.

The 210Pb and 137Cs dating approaches are most applicable
over different time scales and therefore could provide different
estimates of vertical accretion within a single site if compac-
tion and decomposition differed in importance between
shallower and deeper soils or if accretion rates have changed
over time. However, when 210Pb and 137Cs were analyzed
on the same marsh core, accretion rates from the two tech-
niques were generally comparable (e.g., Orson et al., 1990,
1992; Church et al., 2006), but occasionally differed by
w0.5 cm y�1 (Church et al., 2006). In some cases, an accre-
tion rate could be calculated using one radioisotope but not
the other (Köster et al., 2007). Working with a database of
salt marsh and mangrove samples, Turner et al. (2006) deter-
mined that the ratio of accretion rates from the 137Cs and 210Pb
approaches (that is, Sed137/Sed210) varied non-linearly as
a function of soil bulk density. Applying the Turner et al.
relationship to the bulk densities for the 210Pb-dated cores an-
alyzed herein resulted in a median Sed137/Sed210 ratio of 1.06
(10th and 90th percentiles of 0.93 and 1.59, respectively).
Given the similarity of the calculated Sed137/Sed210 ratio to
1.0, no correction was made to adjust the 210Pb-based accre-
tion rates to the common time frame shared by the 137Cs-based
rates and the other dating methods used in this study.

Soil parameters (e.g., dry bulk density and soil organic
content) were often reported along with accretion rates. Where
these data were available, I extracted depth-specific informa-
tion from figures and tables and calculated average soil



Table 1

Data sources used in this analysis; n¼ number of accretion rate data points, which is generally equivalent to the number of cores analyzed. Species lists reflect high

diversity and co-dominance within single marshes, as well as spatial variability between marshes within the same river system

Location n Method Dominant plant speciesa Data source(s)

Abagadasset River, ME 1 210Pb ZizAqu Köster et al. (2007)

Hudson River, NY 6 210Pb NupAdv, TraNat Merrill (1999)

Delaware River, NJ 11b 210Pb BidLae, ImpCap, NupAdv, PelVir,

PolSpp, SagLat, ZizAqu

Orson et al. (1990, 1992), Sommerfield and Madsen (2003),

Church et al. (2006)10c 137Cs

1 Pollen Orson et al. (1990)

1 Sand layer Orson et al. (1990)

Otter Point Creek, MD 3 210Pb AcoCal, LeeOry, PelVir, TypAng Merrill (1999)

Patuxent River, MD 25 210Pb HibMos, NupAdv, PelVir, PolSpp, PonCor,

SciAme, SpaCyn, TypAng, TypLat, ZizAqu

Merrill (1999)

2 Pollen Khan and Brush (1994)

Pamunkey River, VA 3d 137Cs CarStr, LeeOry, PelVir, PhrAus, PonCor, SpaCyn Campana (1998), Neubauer et al. (2002)

Altamaha River, GA 4 137Cs ZizMil Craft (2007)

Gulf of Mexico, LA 7d 137Cs EleSpp, PanHem, SagLan Hatton et al. (1983), Smith et al. (1983),

DeLaune et al. (1986), Nyman et al. (1990, 2006)

Scheldt River, Belgium 2 Macrofossils PhrAus, SalSpp Temmerman et al. (2003)

All sites 76e Various

a Plant species abbreviations (first three letters of genus, followed by first three letters of species): AcoCal¼ Acorus calamus; BidLae¼ Bidens laevis;

CarStr¼Carex stricta; EleSpp¼ Eleocharis spp.; HibMos¼Hibiscus moscheutos; ImpCap¼ Impatiens capensis; LeeOry¼ Leersia oryzoides; NupAdv¼Nuphar
advena; PanHem¼ Panicum hemitomon; PelVir¼ Peltandra virginica; PhrAus¼ Phragmites australis; PolSpp¼ Polygonum spp.; PonCor¼ Pontederia cordata;

SagLan¼ Sagittaria lancifolia; SagLat¼ Sagittaria latifolia; SalSpp¼ Salix spp.; SciAme¼ Scirpus americanus; SpaCyn¼ Spartina cynosuroides; TraNat¼ Trapa

natans; TypAng¼ Typha angustifolia; TypLat¼ Typha latifolia; ZizAqu¼ Zizania aquatica; ZizMil¼ Zizaniopsis miliacea.
b Six cores analyzed for bulk density, organic content, and accumulation rates.
c Three cores analyzed for bulk density, organic content, and accumulation rates.
d The two data points from Campana (1998) were each the average of two or three individual cores. The data point from Nyman et al. (1990) is the average of

seven cores across three sites.
e Sixty-four cores analyzed for mineral and organic content and accumulation rates.
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characteristics to the core section containing the 1963/64 137Cs
peak (typically the top 15e30 cm). Depth137 (that is, the depth
to the 137Cs peak, in cm) was calculated as Depth137¼ Ratevert

(Datecore e 1963), where Ratevert is the vertical accretion rate
(cm y�1) and Datecore is the calendar year each soil core was
collected. Alternately, where depth-specific data were unavail-
able, I used average soil values as reported by the authors. In
some cases, organic matter content was calculated from re-
ported organic carbon values as % organic matter¼ 2�%
organic carbon.
2.2. Data analysis
The assembled data set was analyzed using individual core
measurements (after Turner et al., 2000; Nyman et al., 2006)
rather than marsh or site averages. This approach retains the
variability in accretion rates and soil properties that has been
reported between high vs. low marsh habitats, vegetation
zones, or creekbank vs. interior locations within a single
marsh (e.g., Khan and Brush, 1994; Merrill and Cornwell,
2000) and allows a robust determination of the relationships
between accretion, accumulation, and soil properties across
the range of conditions that can occur within and between in-
dividual tidal freshwater marshes. Bulk densities of organic
and mineral matter (g cm�3) were calculated from soil bulk
density and the organic or mineral concentration (% dry
weight) in the soil. Densities of 1.2 and 2.4 g cm�3 for organic
and mineral material, respectively (Turner et al., 2000 and ref-
erences therein), were used to convert calculated organic and
mineral bulk densities to volumetric units (i.e., percent volume
of soil that is organic or mineral matter). Accumulation rates
of mineral and organic matter (g cm�2 y�1) were calculated
as the product of the vertical accretion rate (cm y�1) and the
mineral or organic bulk density of each individual core. Rela-
tionships between accretion rates and organic or mineral accu-
mulations were determined using simple linear regression
analyses for each river system and for the entire assembled
data set. Additionally, stepwise regression analyses were
used to develop models of accretion as a function of both or-
ganic and mineral accumulations. For the stepwise analyses,
parameters were included in the model if p� 0.10. Residuals
for the stepwise regression analyses were plotted and were not
related to the predicted values. The accretion rate, soil bulk
density, and organic content data were analyzed by region,
where Northeast U.S.A.¼NJ and points north, Southeast
U.S.A.¼DE to south FL, and Gulf coast U.S.A.¼ south FL
to TX (regions defined following Craft, 2007). Data from
the Scheldt River were not analyzed as a European region
due to the low sample size (n¼ 2). Differences between
regions were assessed using ANOVA, followed by Tukey’s
multiple comparison tests. All statistical analyses were con-
ducted using JMP v. 5.0 (SAS Institute, Cary, North Carolina,
U.S.A.).

The organic matter inventory, that is, the total mass of or-
ganic matter that has accumulated above a defined horizon
(typically the 1963/64 137Cs peak), has previously been iden-
tified as a significant variable in salt marsh accretion studies
(Nyman et al., 1993, 2006; Chmura and Hung, 2004). In
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this study, organic matter (and mineral) accumulation rates,
rather than inventories, were presented and analyzed for two
reasons. First, in several of the literature sources, it was not
possible to determine exactly when cores were collected so
inventories to the date of core collection could not be calcu-
lated. Second, core inventories (e.g., InvOM, core) are directly
and proportionally related to the accumulation rate (e.g.
RateOM) in studies when all cores are collected at the same
time [i.e., InvOM, core¼RateOM (Datecore e 1963) where
Datecore e 1963 is the elapsed time between the 137Cs peak
and the date of core collection]. When samples with a wide
range of core collection dates are analyzed, as in this study
(1987e2002), the apparent relationship between accretion
and inventories (relative to the date of core collection) will
change as a function of time, even if the underlying parame-
ters (i.e., vertical accretion rate and organic matter bulk den-
sity) are constant. As an example, consider a hypothetical
marsh with a constant vertical accretion rate of 1 cm y�1

and an organic accumulation rate of 0.05 g cm�2 y�1. If the
marsh is sampled in 1973 (10 years after the 1963 137Cs
peak), the organic matter inventory above the 137Cs horizon
is 0.5 g cm�2. If the same marsh is resampled in 2003 (40
years after the 1963 137Cs peak), the organic matter inventory
increases to 2.0 g cm�2, illustrating that inventories will
change depending on when samples are collected. In this
case, soil inventories could be extrapolated to a common
Fig. 1. Distributions of accretion rate, mineral and organic accumulation rates, soi

indicate the 25th and 75th percentiles of the data distribution, the vertical line within

Open diamonds indicate the mean of each distribution. Solid dots show individual

with three or fewer data points; n for the accretion and accumulation rates is shown

accumulation rates.
datum rather than to the (variable) core collection dates, but
then, as above, the calculated inventory would be directly
related to the accumulation rate. Therefore, there is no analyt-
ical benefit to report inventories instead of accumulation rates.

3. Results
3.1. Marsh accretion and accumulation rates
There was a wide range in reported tidal freshwater marsh
accretion rates: 0.11e2.19 cm y�1, with an overall median rate
of 0.76 cm y�1 (Fig. 1). Similarly, mineral (range: 0.003e
0.748 g cm�2 y�1; median: 0.144 g cm�2 y�1) and organic ac-
cumulation rates (0.002e0.186 g cm�2 y�1; 0.037 g cm�2 y�1)
were highly variable within and between individual river sys-
tems. The highest and lowest accretion and accumulation rates
were all reported for marshes on the Patuxent River, Maryland.
The lowest accretion and accumulation rates were measured
near a Scirpus spp. (threesquare), Spartina cynosuroides (big
cordgrass) transition zone, w30 m from the river edge. The
highest accretion and mineral accumulation rates were in
a frequently flooded low marsh habitat dominated by Nuphar
advena (spatterdock), whereas the highest organic matter
accumulation rate was in a S. cynosuroides zone adjacent to
a wide band of N. advena that occurred along the river edge
(Merrill, 1999). For the entire data set, there were no
l bulk density, and soil organic content by river system. The ends of each box

the box is the median, and the outlier bars mark the 10th and 90th percentiles.

data points that lie beyond the ends of the box. No boxes are shown for rivers

in Table 1; n for the bulk density and percent organic data is the same as for the



Fig. 2. (a): Relationships between soil bulk density and the percent of the soil volume occupied by organic and mineral matter, or air and water. Regression lines

shown on panel (a) are: bulk density¼ 0.024(% mineral, vol.)þ 0.061, r2¼ 0.974; bulk density¼�0.022(% airþwater, vol.)þ 2.196, r2¼ 0.976; and bulk den-

sity¼ 0.954(mineral bulk density)� 0.051; r2¼ 0.974. (b): Relationship between soil bulk density and organic/mineral content as the percent of dry weight. The

dashed line on panel (b) is the regression line calculated by Turner et al. (2000) for salt marsh soils: bulk density¼ 0.0004(% organic, dry wt.)2� 0.037(% organic,

dry wt.)þ 0.94.
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differences in accretion rates by region ( p¼ 0.12) although
there was a general trend for lower accretion rates, on average,
in the southeastern U.S.A. than in the other regions. Mineral
and organic accumulation rates tended to be lower in the
Gulf coast than elsewhere. There was not a relationship be-
tween the dating technique (e.g., 210Pb, 137Cs, pollen) and
the calculated accretion rate ( p¼ 0.31).
3.2. Soil properties
The median bulk density for all sites was 0.313 g cm�3,
with a range from 0.040 to 0.846 g cm�3 (Fig. 1). Bulk densi-
ties were similar in the Northeast and Southeast regions (aver-
ages of 0.372 and 0.336 g cm�3, respectively), but significantly
lower in the Gulf of Mexico marshes (0.106 g cm�3). Of the
material in the marsh soils, 5.8e87.9% was organic matter
(overall median: 20.8%, mean: 25.3% by weight) (Fig. 1).
There was a significant increase in the average soil organic
content (weight basis) from northeastern (14.4%) to southeast-
ern (26.3%) to Gulf coast marshes (53.5%). On a volumetric
basis, organic matter occupied between 1.4 and 10.8% of the
total soil volume, with a higher average amount in southeast-
ern U.S.A. marshes (6.5%) than in northeastern or Gulf coast
marshes (3.9e4.6% by volume, respectively). Mineral matter
provided 0.5e32.0% of the soil volume, with the remaining
61.6e97.7% of the soil occupied by water and air-filled
spaces. Mineral matter occupied only a small portion of the
soil volume in Gulf coast tidal freshwater marshes (average:
2.1%) but averaged 10.7e13.5% of the volume in tidal fresh-
water marshes in the southeastern and northeastern U.S.A.,
respectively. The soil bulk density was highly correlated
with the percent of soil volume occupied by mineral matter
or air and water, but not with the volume of soil organic matter
(Fig. 2a). Soil bulk densities were highest when the organic
content (on a weight basis) was lowest, or conversely, bulk
densities were high when the mineral content was high
(Fig. 2b). There were no correlations between the vertical
accretion rate and soil, mineral, or organic bulk density
( p¼ 0.53e0.76), weight % organic matter ( p¼ 0.47), or the
volumetric mineral, organic, or air and water contents
( p¼ 0.51e0.75).
3.3. Accretioneaccumulation relationships
There were significant relationships between accretion rates
and mineral/organic accumulation rates for the entire data set
and for most individual rivers (Table 2, Fig. 3). For the entire
data set, mineral and organic accumulations each individually
explained slightly more than 50% of the variability in vertical
accretion rates. Slope coefficients for accretion vs. mineral
accumulation ranged from 1.15 to 4.64 cm3 g�1 for individual
rivers (2.04 cm3 g�1 for the entire data set) and were greatest
in the Gulf of Mexico region and Orson et al.’s (1990) Delaware
River study. Slope coefficients for accretion vs. organic accu-
mulation ranged from 10.71 to 24.20 cm3 g�1 (9.21 cm3 g�1

for all sites), suggesting that a unit input of organic matter
resulted in a greater increase in volume than the same (mass)
input of mineral material. With the exception of the two south-
ernmost systems (Altamaha River and Louisiana), organic and
mineral accumulation rates were positively correlated within
individual rivers (r2¼ 0.36e0.98) and for the entire data set
(r2¼ 0.48) (Table 2, Fig. 4).

Mineral and organic accumulations were both significant
factors in the stepwise regression model for all tidal freshwater



Table 2

Simple regression statistics for relationships between vertical accretion (cm y�1) and mineral and organic accumulation rates (g cm�2 y�1). Units for the reported

slope coefficients are cm3 g�1 for accretion vs. accumulation, and g organic (g mineral)�1 for organic vs. mineral accumulation; *, **, and *** indicate significance

at p� 0.10, 0.05, and 0.01, respectively; n.s.¼ not significant (i.e., p> 0.10). Orson et al. (1990) and Church et al. (2006) data were analyzed separately since

visual examination of the data suggested distinct relationships for these studies. The ‘‘All sites’’ regressions are shown on Figs. 3 and 4 and are for all data points,

including the Abagadasset and Scheldt Rivers (n¼ 1 and 2, respectively), which were not analyzed separately

Location n Accretion vs. mineral accumulation Accretion vs. organic accumulation Organic vs. mineral accumulation

Slope (SE) Adj. r2 Slope (SE) Adj. r2 Slope (SE) Adj. r2

Hudson River, NY 6 1.53** (0.37) 0.761 9.60*** (1.57) 0.879 0.130* (0.054) 0.496

Delaware River, NJ e all 11 n.s. 23.46* (11.30) 0.248 0.041** (0.016) 0.359

Orson et al. (1990) 7 4.64** (1.26) 0.677 24.20** (8.33) 0.553 0.170*** (0.023) 0.903

Church et al. (2006) 4 n.s. n.s. 0.109* (0.027) 0.838

Otter Point Creek, MD 3 1.15* (0.013) 0.975 n.s. 0.166* (0.017) 0.978

Patuxent River, MD 27 2.47*** (0.24) 0.796 10.91*** (0.68) 0.909 0.209*** (0.024) 0.735

Pamunkey River, VA 3 2.18** (0.14) 0.992 10.71* (1.06) 0.980 0.203** (0.007) 0.998

Altamaha River, GA 4 2.52* (0.71) 0.793 17.45* (4.38) 0.832 n.s.

Gulf of Mexico, LA 7 4.45** (1.64) 0.516 n.s. n.s.

All sites 64 2.04*** (0.24) 0.525 9.21*** (0.11) 0.532 0.156*** (0.020) 0.482
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marsh data points. In the model, which explained 62% of the
variability in vertical accretion, an input of organic matter
resulted in more than 4 times the leverage of the same mass
input of mineral matter (5.50 vs. 1.18 cm3 g�1; Table 3). In
the Northeast U.S.A., organic accumulation rates (but not min-
eral accumulation rates) were a significant predictor of vertical
accretion, but the overall model had low predictive power
(r2¼ 0.22). In the Southeast U.S.A., both mineral and organic
accumulations were significant components of the model and
together explained nearly 92% of the variability in vertical ac-
cretion rates. In contrast, only mineral accumulation rates
were related to vertical accretion in Gulf coast tidal freshwater
marshes. Further, the slope coefficient for mineral accumula-
tion increased with increasing latitude (i.e., moving from the
Gulf coast to the Southeast region), whereas the organic accu-
mulation coefficient increased with decreasing latitude (i.e.,
Northeast vs. Southeast regions).
Fig. 3. Mineral and organic accumulation rates were strongly correlated with verti

accretion¼ 2.04(mineral accumulation)þ 0.37, and accretion¼ 9.21(organic accum

indicate the regression equations calculated by Turner et al. (2000) in an analysis

lation)þ 0.49, and accretion¼ 11.06(organic accumulation)þ 0.18. For presentati
4. Discussion

This analysis of accretion rates and organic and mineral
accumulation rates for tidal freshwater marshes along the
Atlantic and Gulf of Mexico coasts of North America and
on the Scheldt River in Europe demonstrated that both mineral
and organic inputs are important in influencing vertical marsh
growth (Fig. 3, Tables 2 and 3). On a weight basis, a unit input
of organic matter contributes about 4 times more toward ac-
cretion than does the same input of mineral material. When
extrapolated to the average soil composition of the studied
tidal freshwater marshes (74% mineral, 26% organic by
weight), organic accumulation accounts for 62% of vertical
marsh growth with the remaining 38% due to mineral accumu-
lation. This overall picture, however, obscures some large
regional differences. In the Southeast U.S.A., as in the entire
data set, stepwise and simple linear regressions indicated
cal accretion rates. Solid lines are fit to all data points and have equations of:

ulation)þ 0.33. Regression statistics are shown in Table 2. The dashed lines

of salt marsh accretion and accumulation: accretion¼ 1.36(mineral accumu-

on, data are grouped by region following Craft (2007).



Fig. 4. Relationship between mineral and organic accumulation rates. The

solid line is fit to the data points: organic accumulation¼ 0.156(mineral accu-

mulation)þ 0.017. Regression statistics are in Table 2. The dashed line is

a polynomial fit from Turner et al.’s (2000) salt marsh analysis: organic accu-

mulation¼ 0.022þ 0.22(mineral accumulation)� 0.24(mineral accumula-

tion)2. Symbols are as on Fig. 3.
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that both mineral and organic accumulations drive rates of
marsh accretion. In the Northeast U.S.A., vertical accretion
was dependent on organic accumulation but not on mineral
inputs. In contrast, only mineral inputs were significantly
correlated with accretion in Louisiana marshes on the Gulf
coast. For these regions, it remains to be determined if the
trends identified in this analysis are real or instead are analyt-
ical artifacts due to high between-site variability (especially in
the Northeast, see Table 2 and Fig. 1) or low sample sizes
(n¼ 7 for the Gulf coast).
4.1. Tidal freshwater vs. salt marshes
A recent literature synthesis by Craft (2007) showed that
vertical accretion rates were negatively correlated with salinity
in tidal marshes of Georgia, with a similar (non-significant)
trend for tidal marshes across the U.S.A. Accretion rates
from the present study support this broad generalization: the
Table 3

Stepwise regression models for vertical accretion (cm y�1) vs. mineral and

organic accumulation rates (g cm�2 y�1). Variables were added to the model

if p� 0.10; *, **, and *** indicate significance at p� 0.10, 0.05, and 0.01,

respectively; n.s.¼ not significant. Data are grouped by region following Craft

(2007)

Region n Slope (cm3 g�1) Intercept

(cm y�1)

Adj. r2

Mineral Organic

Northeast U.S.A. 18 n.s. 18.80** 0.22 0.220

Southeast U.S.A. 37 0.52* 8.99*** 0.08 0.917

Gulf coast U.S.A. 7 4.45** n.s. 0.63 0.516

All sites 64 1.18*** 5.50*** 0.27 0.618
median tidal freshwater marsh accretion rate of 0.76 cm y�1

is greater than the brackish and salt marsh averages reported
by Craft (0.60 and 0.50 cm y�1, respectively). This trend is
driven, in part, by positive effects of freshwater on organic
matter production and preservation (or conversely, positive
effects of salt water on decomposition) (Craft, 2007). This
suggests that sea level rise and salt water intrusion may have
negative consequences for tidal freshwater marsh accretion, al-
though modern accretion rates in marshes are generally greater
than recent rates of sea level rise, regardless of salinity.

Based on the analyses presented herein, vertical accretion
in tidal freshwater marshes is a function of both mineral and
organic matter accumulations, whereas accretion in tidal salt
marshes is largely (or exclusively) driven by organic matter
accumulation (e.g., Nyman et al., 1993, 2006; Callaway
et al., 1997; Turner et al., 2000; Chmura and Hung, 2004)
although, as discussed below, there is significant regional
variability in the importance of mineral and organic inputs
in salt marshes. This difference is consistent with the hypoth-
esis that mineral inputs will be more significant in tidal
freshwater marshes due to their proximity to upland sediment
sources. Additionally, some tidal freshwater marshes can
have high rates of sedimentation when located near the estu-
arine turbidity maximum (Darke and Megonigal, 2003),
which is typically near the freshwatereoligohaline transition
(Nichols and Biggs, 1985).

Another part of the difference between freshwater and saline
tidal marshes is likely an artifact related to the geographic cov-
erage of the individual data sets. With the exception of Chmura
and Hung’s (2004) study of Canadian marshes, the salt marsh
analyses cited in the previous paragraph have been largely
(122 of 141 data points; Turner et al., 2000) or exclusively
based on data from wetlands along the Gulf of Mexico (Nyman
et al., 1993, 2006; Callaway et al., 1997). Indeed, the slope
coefficients for east coat U.S.A. tidal salt marshes (mineral:
1.15 cm3 g�1; organic: 5.82 cm3 g�1; from Turner et al.,
2000) are similar to those for east coast tidal freshwater
marshes (mineral: 1.00 cm3 g�1; organic: 6.34 cm3 g�1) and
nearly identical to those for the entire tidal freshwater marsh
data set (mineral: 1.18 cm3 g�1; organic: 5.50 cm3 g�1; Table 3).
Therefore, it appears that tidal marshes along the U.S. Atlantic
coast have similar depositional dynamics, regardless of salin-
ity. In contrast, tidal freshwater and saline marshes along the
Gulf of Mexico coast have different accretion vs. accumulation
relationships, both between freshwater and saline marshes
within this region as well as between the Gulf coast and other
regions.

Vertical accretion in tidal freshwater marshes in Louisiana
is correlated with mineral (but not organic) accumulation rates
(Tables 2 and 3). In contrast, accretion in Gulf of Mexico salt
marshes is significantly correlated to organic (but not mineral)
accumulation rates or inventories (e.g., Nyman et al., 1993,
2006; Turner et al., 2000). If this is not an artifact due to
low sample size (n¼ 7 for tidal freshwater marshes), it ap-
pears that accretion in tidal freshwater and salt marshes on
the Gulf of Mexico is driven by different factors. This could
be related to proximity to upland sediment sources, the



Fig. 5. Organic content of water column suspended solids, recently deposited

sediments (‘‘Deposited’’), and marsh soils at various depths for Sweet Hall,

a tidal freshwater marsh on the Pamunkey River, Virginia. High and low

tide data are for �1 h around the peak tide for a total of 10 tidal cycles in

85S.C. Neubauer / Estuarine, Coastal and Shelf Science 78 (2008) 78e88
estuarine turbidity maximum, or the high lability (and there-
fore lower preservation potential) of tidal freshwater marsh
vegetation relative to salt marsh vegetation (e.g., Odum and
Heywood, 1978; Webster and Benfield, 1986).

Despite differences between tidal freshwater and salt
marshes in terms of the factors that influence vertical marsh
growth, underlying soil parameters are governed by similar
factors in all tidal marshes. The relationship between soil
bulk density and mineral bulk density for tidal freshwater
marshes is nearly identical to that of salt marshes (Fig. 2a;
slope of 0.95 vs. 0.97 for salt marshes; Turner et al., 2000).
Similarly, the correlation between bulk density and % organic
matter reported by Turner et al. (2000) visually describes the
tidal freshwater marsh data (Fig. 2b); bulk density decreases
as organic content increases to about 40e50% and then re-
mains fairly constant at higher organic matter concentrations.
The similarities in mineraleorganicebulk density relation-
ships indicate some common functional relationships between
tidal freshwater and salt marshes, but differences in overall
soil properties between these marsh types (e.g., bulk density,
organic C, N, and P contents) suggest that seawater-derived sa-
linity plays an important role in structuring the characteristics
of tidal marsh soils (Craft, 2007).
May, June, August, and November. Sediment and soil values are for multiple

locations in the marsh and several sampling dates. Data presentation is as for

Fig. 1; n¼ 259 for deposited material and 56e60 for soil depths. Water col-
4.2. Organic matter sources

umn data are from Anderson et al. (1998); deposited sediment and soil data

are from Neubauer et al. (2002).
As documented in this study and multiple analyses of salt
marshes (e.g., McCaffrey and Thomson, 1980; Bricker-Urso
et al., 1989; Turner et al., 2000; Chmura and Hung, 2004;
Nyman et al., 2006), organic matter can play an important
role in driving vertical marsh growth. As discussed by Nyman
et al. (2006), the source(s) of this organic matter have not been
fully explored or explained. Most explanations have involved
the sequestration of autochthonous plant production, including
aboveground detritus (Craft et al., 1993), litter (Rooth et al.,
2003), aquatic roots (Nyman et al., 2006), and subsurface roots
and rhizomes (Wolaver et al., 1988). Together, the consensus
that plants are primarily responsible for organic matter accu-
mulation in tidal saline and brackish marshes is encapsulated
in McCaffrey and Thomson’s (1980, p. 228) statement that
‘‘the vertical development of the high-marsh surface is gov-
erned by vegetative growth, not particle deposition.’’ Does
this generalization based on salt marsh research apply to tidal
freshwater marshes?

There are few data from tidal freshwater marshes regarding
the sources of organic matter that contribute to vertical growth,
but it is likely that both allochthonous and autochthonous
organic matter sources will be important in some systems. At
Sweet Hall marsh, a tidal freshwater marsh on the Pamunkey
River, Virginia, water column particulate material is enriched
in organic matter relative to recently deposited material and
marsh soils (Fig. 5). Over a 16-month period, particulate matter
deposited on the marsh surface averaged 16.5% organic
(weight basis; Neubauer et al., 2002). Similarly, for a New Jer-
sey tidal freshwater marsh, Orson et al. (1990) calculated that
a significant fraction (30%) of the annual net particulate flux
onto the marsh was as organic matter. Further, the nitrogen
content of deposited sediments is correlated with the nitrogen
content of marsh soils (Morse et al., 2004). With respect to
marsh elemental budgets, inputs of carbon and nitrogen via
sedimentation are significant. At Sweet Hall, 517 g C m�2 y�1

are deposited on the marsh surface (Neubauer et al., 2002),
whereas an average of 307 g C m�2 y�1 are distributed between
plant particulate inputs to the soil macro-organic matter pool,
export from the marsh, and herbivory (Neubauer et al., 2000).
Inputs of nitrogen via particle deposition (48 g N m�2 y�1) sim-
ilarly exceed the retention of autochthonous production
(27 g N m�2 y�1) (Neubauer et al., 2005a). A final line of evi-
dence suggesting that the deposition of allochthonous material
can be important is the correlation between organic and mineral
accumulation rates for individual rivers and the entire tidal
freshwater marsh data set (Fig. 4, Table 2) that may reflect
the co-deposition of allochthonous organic and mineral mate-
rials. However, this correlation could also be due to the role
that plants play in slowing water flow and promoting sediment
deposition (i.e., higher autochthonous production promotes
mineral deposition) (e.g., Leonard et al., 1995), or due to the
positive influence of soil mineral content on plant productivity
(i.e., higher mineral deposition promotes autochthonous pro-
duction) (e.g., Bricker-Urso et al., 1989). These mechanisms
are not mutually exclusive. Whether the organic matter associ-
ated with settling particles is ultimately buried and preserved
long-term is unknown e it should be noted that up to 30%
of deposited organic matter is mineralized within a month of
deposition (Neubauer et al., 2002) and that rates of sedi-
ment-associated deposition of both carbon and nitrogen are
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more than double the long-term (137Cs-based) burial rates of
224 g C m�2 y�1 and 18 g N m�2 y�1 (Neubauer et al., 2002,
2005a). It is likely that the importance of particle-associated
organic matter will vary from system to system, but it is clear
that sedimentation can provide considerable organic matter to
some tidal freshwater marshes.

There is also a role for autochthonous production as a soil
organic matter source in tidal freshwater marshes. At Sweet
Hall, the organic content of marsh soils increased with in-
creasing depth (to w21% below 18 cm; Fig. 5). The higher
soil organic content in deeper soils is consistent with the be-
lowground biomass distribution of Peltandra virginica (arrow
arum) and Pontederia cordata (pickerelweed), the dominant
plants at the study site. In a Patuxent River, Maryland, marsh
with a similar plant community, the root and rhizome densities
(g dm�3) were 14e20 times greater in the 13e20 cm depth
than in the top 8 cm of the soil (Neubauer et al., 2005b).
Additionally, as speculated by Neubauer et al. (2002), high
organic matter concentrations in surface soils (up to 80%,
Fig. 5) may reflect localized detritus inputs or the presence
of shallow adventitious roots. Together, these examples illus-
trate the potential importance of allochthonous organic matter
sources (e.g., water column plankton and organics sorbed to
mineral surfaces), in combination with autochthonous vegeta-
tive growth (e.g., roots, rhizomes, and detritus), in supporting
vertical marsh growth.
4.3. Environmental factors driving marsh accretion and
accumulation
The data sources used in this study did not allow for
a robust testing of how accretion and accumulation in tidal
freshwater marshes are related to factors such as tidal range,
site elevation, rate of sea level rise, or climatic factors (e.g.,
similar to analyses by Chmura and Hung, 2004). The individ-
ual studies compiled for the analyses presented herein were
designed for various purposes e comparing vegetation com-
munities, assessing short-term vs. long-term accretion dynam-
ics, or determining the developmental trajectory of a marsh,
for example e and are often missing key data that would allow
for ‘‘local’’ factors (e.g., site elevation and distance to nearest
tidal creek) to be accounted for so that ‘‘regional-scale’’ fac-
tors (e.g., rate of sea level rise, climate, and tidal range) could
be assessed. For example, Merrill (1999) reported accretion
rates for 25 locations within the Patuxent River, Maryland;
these sites contained both the lowest (0.11 cm y�1) and high-
est (2.19 cm y�1) accretion rates of the 76 measurements com-
piled for this entire tidal freshwater marsh analysis (Fig. 1).
Factors such as climate and rates of sea level rise are going
to be identical within this single river (within the resolution
of available weather/tidal stations), indicating that factors
such as site elevation and plant community need to be ac-
counted for before other climatic and environmental variables
can be assessed. Unfortunately, those data were not reported
for most sites. Thus, a study designed to assess how environ-
mental factors affect tidal freshwater marsh accretion and ac-
cumulation over large spatial scales would need to be designed
to control for factors that can have a significant influence on
small scales so that the effects of larger scale factors could
be determined.
5. Conclusions

This first comprehensive analysis of accretion rates and or-
ganic and mineral accumulation rates for tidal freshwater
marshes along the Atlantic and Gulf of Mexico coasts of
North America and on the Scheldt River in Europe demon-
strated that both mineral and organic inputs are important in
influencing marsh accretion. This finding is in contrast to
many salt marsh accretion studies, which have largely reported
that organic (but not mineral) accumulation drives vertical ac-
cretion. There are, however, salt marshes where mineral accu-
mulation is a significant factor (e.g., east coast U.S.A. marshes
in Turner et al.’s, 2000 compilation). In part, real differences
between freshwater and saline tidal marshes in terms of min-
eral sediment deposition and retention, and the preservation of
autochthonous plant material affect the balance between or-
ganic and mineral accumulations. Regional variability in tidal
freshwater marshes suggests that both mineral and organic
components contribute significantly to accretion in the South-
east U.S.A. In contrast, only organic accumulation is signifi-
cant in the Northeast U.S.A., while mineral accumulation
appears to drive accretion in Gulf of Mexico tidal freshwater
marshes. However, conclusions for the Northeast and Gulf
coast regions are equivocal and would be strengthened with
more data from these locations.

On a per unit mass basis, the average contribution of organic
matter to marsh accretion is more than 4 times greater than the
volumetric leverage of mineral matter. When the composition
of the average tidal freshwater marsh soil is considered (74%
mineral, 26% organic by weight), organic matter is responsible
for 62% of vertical marsh accretion, with the remaining 38%
from mineral contributions. The organic material that contrib-
utes to tidal freshwater marsh soil structure and vertical growth
contains a combination of autochthonous production (both
aboveground and belowground) as well as organic materials
that are deposited on the marsh surface in association with
mineral sediments.

Most tidal freshwater marshes are poised to grow vertically
at rates that approximate or exceed current rates of sea level
rise. Only 4% (three of 76 data points) of the compiled mea-
surements had vertical accretion rates that were lower than
the average 1.8 mm y�1 rate of global eustatic sea level rise
since the 1960s (Gornitz et al., 1982). However, more than
20% of tidal freshwater marshes (16 of 76 samples) have
decadal-scale accretion rates that are less the 3.8 mm y�1 fore-
cast for 2090e2100 (based on the SRES A1B scenario of fu-
ture population growth and greenhouse gas emissions; Meehl
et al., 2007). An analysis of marsh accretion rates relative to
recent rates of sea level rise would provide some predictive
power to assess how tidal freshwater marshes in different re-
gions will respond to increasing rates of sea level rise, as
well as other changing environmental parameters. Such a study
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would need to be carefully designed so that potentially subtle
regional-scale influences including sea level rise and tidal
range could be separated from dominant local influences
such as site elevation.
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