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Abstract
To identify relationships between freshwater input and marsh soil properties, measurements of bulk density,

nutrients (carbon [C], nitrogen [N], phosphorus [P]), accretion, and accumulation were compared in tidal marshes
of three estuaries of Georgia that varied in delivery of freshwater. Soil organic C and N (0–30 cm) were two times
greater in marshes of the freshwater-dominated Altamaha River than in thesalt marshes of Doboy Sound and
Sapelo River.137Cs accretion and accumulation of organic C and N were three to five times greater in freshwater-
dominated marshes than in salt marshes. The patterns observed in Georgia marshes were geographically general;
data for tidal freshwater and brackish marsh soils compiled from 61 studies in the conterminous United States
showed lower bulk density and higher percent organic C and N than salt marshes, regardless of geographic region.
Salinity, a proxy for freshwater input, was inversely correlated with percent soil organic C and N and with vertical
accretion in Georgia marshes and in marshes elsewhere in the conterminousUnited States. There was no
relationship between above- or belowground emergent plant production and salinity of Georgia marshes but the
rate of root decomposition was positively related to salinity, and decomposition rate was negatively related to
percent soil organic C and C accumulation. In Georgia tidal marshes and elsewhere, soil organic matter content
and accumulation are mediated by freshwater through its effects on decomposition.

The mixing of freshwater and seawater is a fundamental
driving force that determines the structure and function of
tidal marshes. Freshwater governs the distribution of
emergent plant communities and tidal marsh fauna along
the estuarine gradient (Simpson et al. 1983; Odum 1988).
Spatial patterns in biogeochemical processes such as
sediment deposition (Paludan and Morris 1999), P sorption
(Sundareshwar and Morris 1999), denitrification (Seitzin-
ger 1988), methanogenesis (Bartlett et al. 1987), and sulfate
reduction (Capone and Kiene 1988) also are linked to
spatial and temporal variation in freshwater input.

Soils are an important component of tidal marshes. They
sequester organic matter, N, and P (Craft et al. 1988),
support complex biogeochemical reactions (Capone and
Kiene 1988), and contribute to long-term marsh stability
through deposition of mineral sediment and accumulation

of organic matter (DeLaune et al. 1983; Hatton et al. 1983;
Nyman et al. 1990; Craft et al. 1993; Morris et al. 2002).
Some work to date has suggested that soil properties vary
with freshwater input along the estuarine gradient. Along
the Louisiana Gulf coast, percent organic C and N were
greatest in tidal freshwater marshes and decreased along
the salinity gradient to salt marshes (Hatton et al. 1983).
Bulk density was lower in tidal freshwater marshes than in
salt marshes (Hatton et al. 1983; Nyman et al. 1990). In the
Cooper River estuary (South Carolina), tidal marshes
exhibited similar patterns in bulk density and percent C, N,
and P along the gradient from tidal freshwater marsh to
salt marsh (Paludan and Morris 1999; Sundareshwar and
Morris 1999).

Soil accretion, the change in vertical elevation, also is
linked to freshwater input (Stevenson et al. 1986; Nyman et
al. 1990; DeLaune et al. 2003). Riverine marshes along the
Nantikoke River (Maryland) and Savannah River (Geor-
gia) exhibited higher rates of accretion than nonriverine
estuarine marshes though much of the difference was
attributed to greater sediment input in riverine marshes
(Stevenson et al. 1986). Along the Louisiana Gulf coast,
vertical accretion was higher in brackish and tidal
freshwater marshes than salt marshes (Hatton et al. 1983)
or there was no clear trend in accretion among marshes
along the salinity gradient (Nyman et al. 1990).

Results from the studies above suggest that tidal marsh
soil properties vary along the gradient from tidal freshwater
marshes to salt marshes. It is not clear though, whether
these patterns are consistent across different geographic
regions, nor is there a clear understanding of the processes
that drive these patterns. To resolve these issues, I
measured soil properties (bulk density; percent organic C,
N, P), vertical accretion, and mass accumulation of
sediment, organic C, N, and P in nine tidal marshes on
the Georgia coast that vary in freshwater input. I
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hypothesized that enhanced delivery of freshwater would
lead to reduced bulk density and greater percent C, percent
N, vertical accretion, and accumulation of soil organic
matter and nutrients. I also measured root decomposition
and productivity in four marshes along the salinity gradient
to test the role of these processes in controlling soil organic
C stocks and accumulation. In addition, I surveyed soil
properties of tidal marshes of the conterminous United

States (northeast and southeast Atlantic, Gulf, West coasts)
to ascertain whether the patterns observed in Georgia
marshes are representative of tidal marsh systems in other
geographic regions.

Methods

Site description—Marshes of three estuaries on the
Georgia coast, representing low (Sapelo River, Doboy
Sound) and high (Altamaha River) inputs of freshwater,
were selected for sampling (Fig. 1). Within each estuary, I
sampled three marshes arrayed along an onshore–offshore
gradient and consisting of upstream, intermediate, and
downstream landscape positions (Table 1). I used salinity
as a proxy for freshwater input. Along the Altamaha
River—the freshwater-dominated estuary—mean surface
water salinity (2002 and 2003) in the adjacent river ranged
from 0.15 at the upstream location to 16.5 downstream
(Table 1). Salinities at comparable locations in Doboy
Sound and Sapelo River were substantially greater, ranging
from 23 to 30, except for the landward location on Sapelo
River (site 1, Eulonia), where salinity was 13.5. Tide range
was similar at all sites, including those along the salinity
gradient, and was approximately 2.3 m.

Vegetation of the Altamaha River marshes consisted of
smooth cordgrass (Spartina alterniflora Loisel) at the
downstream location, giant cordgrass (Spartina cynosur-
oides (L.); levee), and Juncus roemerianusScheele (marsh
plain) at the intermediate brackish marsh location, and
giant cutgrass (Zizaniopsis milaceae) (Michaux) at the
upstream tidal freshwater marsh location (Table 1). In
Doboy Sound and Sapelo River, S. alterniflora was the
dominant species at all landscape positions except for the
upstream landscape position of the Sapelo River (site 1),
where J. roemerianuswas the dominant species on the
marsh plain.

Soil sampling and lab analyses—In 2001, one soil core,
8.5 cm diameter by 30 cm deep, was collected from the
streamside zone and one from the marsh plain at the nine
sampling locations. Cores were sectioned into 2-cm depth

Fig. 1. Location of freshwater- (Altamaha River) and
marine- (Doboy Sound, Sapelo River) dominated marshes along
the Georgia coast. Numbers on the figure correspond to the
stations in Table 1.

Table 1. Site number, name, estuary, dominant water source, surface water salinity, and dominant vegetation of the nine marsh
study sites. See Fig. 1 for location of the sites. For each estuary, sites 1,4, and 7 are farthest inland.

Site No. Name Estuary Water source Salinity* Dominant vegetation

1 Eulonia Sapelo River Marine influence 12–15 Spartina alterniflora, Juncus
roemerianus

2 Four-mile 25–29 S. alterniflora
3 N Sapelo 28–32 S. alterniflora

4 Meridian Doboy Sound Marine influence 20–25 S. alterniflora
5 Folly River 22–25{ S. alterniflora
6 Dean Creek 25–29 S. alterniflora

7 Carr’s Island Altamaha River Freshwater influence 0–0.3 Zizaniopsis milaceae
8 Alligator Creek 2–6 Spartina cynosuroides, J.

roemerianus
9 Rockdedundy Island 14–19 S. alterniflora, J. roemerianus

* Annual (2003 and 2002) salinity calculated from daily measurements in the water column of the adjacent estuary.
{ Interpolated from measurements at the nearest locations, Meridian and Dean Creek (see Fig. 1).
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increments in the field and transported to the lab where
they were air-dried, weighed for bulk density, then ground
and sieved through a 2-mm-diameter mesh screen. Ground
soil was packed into 50-mm-diameter by 9-mm-deep petri
dishes and analyzed for 137Cs to determine vertical
accretion on the basis of gamma analysis of the
661.62 keV photopeak (Craft et al. 2003).

Subsamples of ground soil were analyzed for organic C
and total N with a Perkin-Elmer 2400 CHN analyzer.
Samples were tested for presence of carbonates by adding
a drop of dilute (0.1 mol L21) HCl then observing whether
effervescence occurred. Samples containing carbonates
were pretreated with 0.1 mol L21 HCl before CHN
analysis. Total P was determined by colorimetric analysis
after digestion in nitric-perchloric acid (Sommers and
Nelson 1972). Percent sand, silt, and clay (0–10 cm) was
determined by the hydrometer method (Gee and Or 2002).

Short-term sediment accretion was measured with
feldspar marker plots (Cahoon 1994). Three feldspar plots
(0.25 by 0.25 m2) were established on the marsh plain at
each site in June 2003. Small-diameter soil cores (four per
plot) were collected in January 2004 after 6.5 months. At
some salt marsh sites (2, 3, 6), the feldspar marker layer
could not be discerned because of bioturbation by fiddler
crabs.

Root decomposition and in-growth—Root decomposition
and productivity were measured in a subset of marshes
(sites 6, 7, 8 , 9), in which salinity ranged from 0 to 27,
following the methods of Blum (1993). Nylon mesh bags (2
by 2 mm), 30 cm long by 7 cm wide, were filled with 10 g
of fresh roots collected from the dominant vegetation of the
levee and plain of each marsh (Table 1). Sixteen bags
containing native roots were deployed on each levee, and 16
were deployed on each marsh plain for a total of 128 bags.
Bags were buried to a depth of between 10 and 20 cm in
June 2003. Approximately every 3 months for 1 yr (364 d),
four bags each were retrieved from the levee and the marsh
plain at each site. Bags were dried at 70uC to a constant
weight and weighed. Before deployment, a subset of four
bags from each marsh location was dried immediately to
determine the initial (time 0) dry mass. Soil temperature (n
5 5 per marsh location) was measured seasonally at the
same time that root bags were retrieved by inserting
a temperature probe 10 cm into the soil.

Root production was determined by the in-growth
method (Blum 1993). Every 3 months when bags were
retrieved, new roots that grew into the bags were carefully
removed by hand. Fresh roots were washed with distilled
water to remove soil material and dried at 70uC to
a constant weight. Root production was calculated as the
sum of new roots that grew into each of the four bags
collected seasonally during the 1-yr sampling period.

Geographic comparison of soil properties—Soil properties
and accumulation of sediment, organic C, N, and P were
compared in tidal freshwater, brackish, and salt marshes of
the northeast Atlantic (New Jersey to Maine), southeast
Atlantic (Florida to Delaware), Gulf coast (Texas to
Florida), and West Coast (California to Washington). A

total of 61 published studies and two unpublished datasets,
including this one, were used in the statistical analysis (see
Web Appendix 1, Table A1, http//www.aslo.org/lo/toc/
vol_52/issue_3/1220a1.pdf). Forty published studies and
this study were used in the analysis of vertical accretion and
sediment, C, N, and P accumulation (seeWeb Appendix 1,
Table A2).

Statistical analysis—Differences in soil properties, ac-
cretion, and accumulation among the three estuaries were
tested by analysis of variance followed by post hoc
comparisons using the Ryan-Einot-Gabriel-Welsch Multi-
ple Range Test (REGWQ. SAS 1996). Differences between
the marsh levee and plain were tested by Student’st-test.
Statistical analysis of soil properties (n 5 18 cores) was
performed on mean values integrated over the 30-cm depth
(n 5 15 depth increments). Because137Cs profiles from four
levee sites were uninterpretable, statistical analysis of
accretion; sediment deposition; and C, N, and P accumu-
lation were based on 14 rather than 18 cores.

Analysis of variance and REGWQ also were used to test
for differences among tidal freshwater, brackish, and salt
marshes of the conterminous United States and for
differences among geographic regions for a given marsh
type (i.e., salt marshes). I excluded Texas (salt) marshes
from the statistical analysis because they differed so much
from the Louisiana salt marshes that receive large amounts
of freshwater and sediment relative to the Texas marshes.
For statistical analyses, I defined tidal freshwater marshes
as having salinity , 0.5, brackish marshes with salinity5
0.5–15, and salt marshes with salinity. 15. The salinity
ranges also corresponded to the dominant vegetation (e.g.,
S. alterniflora in salt marshes) for each marsh type.

Differences in root decomposition and production were
determined with a two-way analysis of variance on the
basis of marsh type and location (levee, streamside). Main
effects means were separated by REGWQ. Decomposition
was modeled by an exponential decay regression of dry
mass remaining versus time. Correlation and linear re-
gression were used to explore relationships among shoot
and root production, root decomposition, environmental
variables (salinity, temperature, root C : N, surface water
inorganic N, P, and particulate C, crab burrows), percent
organic C and C accumulation. For all statistical analyses,
tests of significance were based ona 5 0.05.

Results and discussion

Vertical accretion—Fourteen of 18 soil cores contained
interpretable 137Cs profiles with well-defined peaks (Ta-
ble 2), and four levee sites (2, 3, 5, 9) lacked distinct137Cs
maxima in the soil profile. Marshes of the freshwater-
dominated Altamaha River had higher rates of vertical
accretion (p , 0.05) compared with marshes of the marine-
dominated Doboy Sound and Sapelo River (Fig. 2a).
Short-term accretion measured by feldspar marker layers
also was significantly greater in the Altamaha River
marshes than in the marshes of Doboy Sound (Fig. 2b),
and it was positively correlated with137Cs-based measure-
ments of accretion (r 5 0.85, p , 0.05, n 5 6 plain sites).
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Table 2. Distribution of 137Cs with depth and 137Cs inventories (0–30 cm) in Sapelo River, Doboy Sound, and Altamaha River
marsh soils.137Cs maximum (61 counting error) of interpretable cores is shown in bold.

Depth (cm)

137Cs (Bq kg21)

Site 1 Site 2 Site 3

Levee Plain Levee Plain Levee Plain

Sapelo River
0–2 18.5 8.14 6 0.7 0 1.85 4.44 6.66
2–4 30.34 6 1.7 1.11 1.48 2.22 6.29 7.77 6 1
4–6 24.42 0.00 1.85 2.59 5.55 7.77
6–8 22.94 1.11 1.48 2.96 5.92 6.66
8–10 16.28 0.00 2.59 3.70 5.92 5.92

10–12 16.28 0.37 4.81 2.96 6.29 3.70
12–14 11.10 1.48 3.70 2.59 4.44 4.07
14–16 4.81 0 3.33 6.29 6 1.0 5.18 4.44
16–18 3.70 0.74 5.55 5.92 5.18 3.33
18–20 2.96 0 3.70 3.33 5.55 2.96
20–22 1.85 0.74 1.48 4.44 5.92 0
22–24 2.22 0 4.07 2.22 6.29 0
24–26 1.85 1.48 1.48 0.74 5.55 2.96
26–28 0 1.85 0 1.48 6.29 0
28–30 1.85 0.00 0 0 6.29 0

Inventory (Bq cm22): 80.7 30.7 31.1 37.0 59.2 46.3

Site 4 Site 5 Site 6

Doboy Sound
0–2 18.5 8.14 6 1.0 0.48 4.44 5.92 14.1 6 1
2–4 30.34 6 1.0 1.11 4.81 8.14 5.55 12.95
4–6 24.42 0 7.03 11.84 6 1.9 31.45 6 0.9 10.36
6–8 22.94 1.11 5.55 3.70 4.81 7.77
8–10 16.28 0 4.44 2.59 5.92 4.07

10–12 16.28 0.37 6.29 3.33 3.70 2.96
12–14 11.10 1.48 6.66 2.22 2.22 3.70
14–16 4.81 0 5.92 2.22 2.96 2.96
16–18 3.70 0.74 7.03 2.59 0 2.22
18–20 2.96 0 7.03 0 0 1.85
20–22 1.85 0.74 5.55 0.74 0.74 1.85
22–24 2.22 0 5.18 0 0.37 0
24–26 1.85 1.48 2.59 0 0.37 0
26–28 0 1.85 2.96 0 0 0
28–30 1.85 0 2.96 0 0 0

Inventory (Bq cm22): 38.5 13.3 43.3 30.0 47.0 51.1

Site 7 Site 8 Site 9

Altamaha River
0–2 23.31 37.00 11.84 14.43 5.92 0
2–4 27.75 41.44 13.32 9.99 5.92 2.22
4–6 32.56 52.54 12.95 21.83 3.33 4.44
6–8 36.26 57.72 13.69 26.64 6 2.2 5.92 7.92 6 1
8–10 40.70 61.42 17.76 23.31 5.18 4.07

10–12 46.62 56.98 20.72 25.53 3.70 4.07
12–14 46.20 100.27 6 2.7 21.09 22.57 4.44 3.33
14–16 50.32 73.63 29.97 22.94 4.00 4.81
16–18 58.09 6 2.1 17.39 37.00 21.09 7.40 4.40
18–20 19.61 3.33 46.62 6 2.1 16.65 5.18 4.29
20–22 2.22 2.22 37.37 7.03 4.81 4.07
22–24 0 0 22.20 5.55 5.55 3.70
24–26 1.11 1.11 17.39 2.96 5.55 3.70
26–28 1.11 0 12.95 0 5.92 0
28–30 0 1.11 9.25 2.59 5.92 0

Inventory (Bq cm22): 212.7 194.6 202.8 85.1 66.6 43.3
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Sapelo River marshes exhibited statistically intermediate
rates of short-term accretion (5.36 0.5 mm yr21), but
mean rates were close to those at Doboy Sound though
bioturbation was problematic and reduced the sample size
in these estuaries. Among individual marshes, short-term
accretion was greatest in the tidal freshwater marsh (146
4 mm yr21), the upstream location of the Altamaha River
(site 7), compared with other marshes (4–10 mm yr21)
(Fig. 2b).

Cs-137 is known to be fixed by micaceous clay minerals
in soils and sediments but, in anaerobic lake sediments, can
be remobilized by ion exchange with NHz

4 (Comans et al.
1989). Remobilization of 137Cs is greater initially (2–3%
after year 1) but declines with time (0.5% per year after
30 yr) as it is buried by accumulating sediment (Smith and

Comans 1996). After 30 yr, up to 20% of the 137Cs
inventory may be remobilized. In salt marshes, there is
evidence for downward diffusion of137Cs relative to241Am,
another artificial radionuclide marker that is less mobile
than 137Cs, but the 137Cs peak remains in place (Thomson
et al. 2002). Also, in salt marshes, it appears that the
location of the 137Cs peak is unaffected by differences in
redox (oxidized vs. reduced) state (Thomson et al. 2002).

Evidence for137Cs remobilization in Georgia tidal marsh
soils comes from 137Cs inventories (0–30 cm depth) that
range from 7% (site 4, plain) to 118% (site 7, levee) of
decay-corrected atmospheric deposition (180 Bq cm22),
with an overall mean of 73 Bq cm22 or 41% of atmospheric
deposition. 137Cs inventories were greatest in tidal fresh-
water marshes and brackish marshes of the Altamaha River
(Table 2) that had the highest percent soil organic C
(Table 3) and that received greater inputs of terrestrially
derived riverborne particles (Fig. 2b). The137Cs inventory
was lowest at site 4 (plain), where percent organic matter
was low (Table 3). The137Cs maximum was located at the
soil surface (Table 2); hence, accretion was negligible.
Similar to this study, 137Cs inventories in marine sediments
were greater in areas that receive137Cs associated with
riverborne particles (Su and Huh 2002). And in tidal marsh
soils, terrestrial soils, and marine sediments,137Cs in-
ventories were positively related to organic matter content
(McHenry and Ritchie 1977; Park et al. 2004). Regardless
of 137Cs remobilization that could result in low 137Cs
inventories in Georgia tidal marsh soils, the similarity in
trends of 137Cs- and feldspar-based accretion rates provides
convincing evidence that freshwater input promotes verti-
cal accretion in these marshes.

Soil organic C and N—Percent organic C and C
accumulation were two and three times greater, respective-
ly, in marshes of the freshwater-dominated Altamaha River
than in marshes of Doboy Sound and Sapelo River
(Table 3; Fig. 3a). Greater percent organic C and C
accumulation in low-salinity marshes might be attributed
to enhanced plant productivity (NPP) that adds organic C
to the soil or suppressed decomposition that preserves C, or
both. In situ measurements with buried roots suggest C
accumulation is linked to freshwater input through its
effect on decomposition. After 1 yr, mass loss of ‘‘native’’
roots, that is roots collected from emergent vegetation
growing at each site (see Table 1), was significantly greater
(p , 0.001) in two salt marshes (41–49%) than in the
brackish marsh (29–30%) and the tidal freshwater marsh
(30–36%). The rate of decomposition (k) was positively
related to water column salinity (Fig. 4a) but not to litter
quality (e.g., nutrients, lignin), which is known to affect
decomposition rates (Melillo et al. 1982; Conn and Day
1997). Although litter quality differed among the source
materials, there was no relationship between decomposition
expressed as decay rate coefficients (k) and root C : N ( r2 5
0.01), one common measure of litter quality (C.B. Craft
unpubl. data). Decomposition rate also was unrelated to
surface water nutrient concentrations. Saline marshes
exhibiting the highest rates of decomposition had lower
concentrations of dissolved inorganic N (DIN, 3.8–6mmol

Fig. 2. (a) Long-term (137Cs) and (b) short-term (feldspar
marker) vertical accretion of freshwater- (Altamaha River) and
marine- (Doboy Sound, Sapelo River) dominated marshes along
the Georgia coast. Means6 1 SE are shown for each estuary.
Means separated by the same letter (in parentheses) are not
significantly different (p # 0.05) on the basis of the Ryan-Einot-
Gabriel-Welsch multiple range test. Locations marked with an
asterisk (*) were omitted: the feldspar marker layer could not be
detected because of bioturbation by fiddler crabs.
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L21) and P (0.26–0.37mmol L 21) than the tidal freshwater
and brackish marshes (DIN5 13.5–14mmol L 21, dissolved
inorganic P 5 0.38–0.49mmol L 21; Samantha Joye unpubl.
data). The relationship betweenk and soil temperature
(10 cm depth) , another factor that affects decomposition
rate, was not significant (r2 5 0.35, p 5 0.12). Root
decomposition has been shown to vary spatially in salt
marshes, with greater decomposition at higher elevations
on the levee (Hemminga et al. 1988). However, in Georgia
marshes, there was no relationship between decomposition
and levee versus plain locations (Fig. 4a).

The positive relationship between decomposition and
salinity could be linked to the availability of sulfate for
anaerobic decomposition or to biotic factors linked to
salinity.

Sulfate, a terminal electron acceptor for anaerobic
decomposition, is readily supplied by inundation with
seawater, and in brackish marshes and salt marshes, sulfate
reduction is the dominant pathway of anaerobic organic
matter mineralization. In a laboratory study, salinity
intrusion of 10 ppt to Georgia tidal freshwater sediments
doubled anaerobic organic matter mineralization rates
compared with sediments that were exposed to freshwater
only. After 4 weeks of exposure, sulfate reduction ac-
counted for 95% of total organic matter mineralization
(Weston et al. 2006). These findings contrast with field-
based studies that reported no difference in anaerobic
organic matter mineralization in brackish versus tidal
freshwater marsh soils (Neubauer et al. 2005) and
sediments (Kelley et al. 1990).

Of unknown importance is the contribution of aerobic
respiration to explaining the patterns of decomposition,
percent soil organic C, and C accumulation observed in
Georgia marshes. Bioturbation by fiddler crabs could
promote aerobic decomposition through burrowing that
promotes oxygen diffusion into the soil (Montague 1980;
Bertness 1985; Kostka et al. 2002). In this study, the
relationship between density of crab burrows and de-
composition rate was significant, with greater decomposi-

tion in salt marshes where fiddler crab burrows were most
abundant (Fig. 4b).

Whereas soil organic C content and accumulation were
related to decomposition rate (Fig. 4c,d), there was no
relationship between aboveground NPP (Steve Pennings
unpubl. data) and percent organic C (r2 5 0.01,n 5 18) or
organic C accumulation (r2 5 0.12,n 5 14). There also was
no relationship between root production and percent C (r2

5 0.05) or C accumulation (r2 5 0.09;n 5 4 marshes, levee
and plain locations), suggesting that marsh soil organic
matter dynamics are not determined by inputs of NPP.

Sediment deposition is another factor that could
promote accumulation of soil organic matter (DeLaune et
al. 2003) by burying it while diluting organic C content of
the soil. In Georgia marshes, I observed greater C
accumulation in tidal freshwater and brackish marshes,
in which sediment deposition on feldspar marker layers
was greater, than in salt marshes (Fig. 2b). However,
percent organic C content also was greater in the tidal
freshwater and brackish marshes, suggesting that burial by
itself does not regulate organic matter dynamics of tidal
marsh soils.

Finally, allochthonous organic matter deposited on the
marsh surface during tidal flooding could conceivably
explain the high organic C observed in Altamaha River
marshes. However, there was no relationship between
particulate carbon measured seasonally in nearby estuarine
waters (June 2003–March 2004; Samantha Joye unpubl.
data) and percent soil organic C (r2 5 0.12,p 5 0.18). Also,
organic C accumulation in soil was negatively related to
water column particulate carbon (r2 5 0.50, p , 0.01).
Thus, allochthonous C inputs to Georgia tidal marsh soils
appear to be low to negligible, which is corroborated by
studies from a variety of marsh types and geographic
locations, indicating that tidal marsh soil organic matter is
derived mostly from accumulation of belowground bio-
mass produced by emergent vegetation (McCaffrey and
Thomson 1980; Hatton et al. 1983; Bricker-Urso et al.
1989; Nyman et al. 1990, Blum 1993).

Table 3. Soil bulk density, organic C, total N, total P, C : N, and N : P (0–30 cm depth) of freshwater-dominated (Altamaha River)
versus marine-dominated marshes (Doboy Sound, Sapelo River).*

Site No. Estuary

Bulk density
(g cm23) Organic C (%) Nitrogen (%)

Phosphorus
(mg g21) C : N (mol:mol) N : P (mol:mol)

Levee Plain Levee Plain Levee Plain Levee Plain Levee Plain Levee Plain

1 Sapelo River 0.23 1.09 11.3 1.4 0.51 0.08 450 260 26 20 25 7
2 0.47 0.43 4.1 4.2 0.23 0.25 580 670 21 20 9 8
3 0.39 0.41 5.1 4.2 0.35 0.30 860 590 17 16 9 11
4 Doboy Sound 1.10 1.03 1.4 2.1 0.09 0.13 100 80 17 19 20 35
5 0.30 0.35 5.5 6.6 0.37 0.36 450 600 18 21 18 13
6 0.41 0.41 5.2 4.6 0.34 0.32 520 520 18 17 15 13
7 Altamaha River 0.32 0.19 8.0 14.7 0.54 0.93 560 520 17 18 21 39
8 0.31 0.22 10.1 16.2 0.65 0.84 640 560 18 23 22 33
9 0.27 0.38 7.9 4.1 0.50 0.40 510 648 19 18 21 9

Mean Sapelo (n 5 6) 0.5060.12 a 5.061.4 a 0.2960.06 a 570680 a 2061 a 1163 a
Mean Doboy (n 5 6) 0.6060.15 a 4.260.8 a 0.2760.05 a 380690 a 1861 a 1963 ab
Mean Altamaha (n 5 6) 0.2860.03 a 10.261.8 b 0.6460.08 b 570620 a 1861 a 2564 b

* Estuary means separated by the same letter are not significantly different (a,0.05) according to the Ryan-Einot-Gabriel-Welsch multiple range test.
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Fig. 3. 137Cs-based measurements of (a) organic C, (b) N, (c) P, and (d) mineral sediment
accumulation in freshwater- (Altamaha River) and marine- (Doboy Sound, Sapelo River)
dominated marshes along the Georgia coast. Means6 1 SE are shown for each estuary. Means
separated by the same letter (in parentheses) are not significantly different (p # 0.01) based on the
Ryan-Einot-Gabriel-Welsch Multiple Range Test.

Fig. 4. Relationships between decomposition rate and (a) salinity and (b)crab burrow
density, and (c) percent soil organic C and (d) organic C accumulation versus decomposition rate
in four tidal marshes exposed to different salinities. Salinity is based on daily (2002 and 2003)
measurements in the water column of the adjacent estuary. Burrow density is based on spring and
fall 2003 counts of crab burrows (n 5 4) per marsh zone per season (Dale Bishop unpubl. data).
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Soil N, which exists mostly (95%) in organic matter
(Craft et al. 1991), and N accumulation also were two and
three times greater, respectively, in freshwater-dominated
marshes of the Altamaha River than in marshes of Doboy
Sound and Sapelo River (Table 3; Fig. 3b). There was no
difference in soil C : N among marshes of the three estuaries
although N : P was significantly greater in marshes of the

Altamaha River compared with marshes of Sapelo Sound
(Table 3). Greater N : P in freshwater-dominated marshes
was attributed to greater percent N rather than lesser
amounts of P (Table 3).

Other soil properties—Bulk density did not differ among
marshes of the three estuaries, although bulk density in the

Fig. 5. Comparison of (a) bulk density, (b) percent organic C, (c) percent N, (d) P content,
(e) accretion rate, (f) organic C accumulation, and (g) mineral sediment accumulation in
northeast (NE) and southeast Atlantic, Gulf coast (excluding Texas salt marshes), and West coast
tidal marshes of the continental United States. Bars and error bars represent the mean6 1 SE.
Means separated by the same letter (A, B for marsh type; x, y, z for region within marsh type) are
not significantly different (p , 0.05) according to the Ryan-Einot-Gabriel-Welsch multiple range
test). Data and references used to construct the graphs are presented in Web Appendix 1 (Tables
A1, A2).
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freshwater-dominated Altamaha River marshes was half
that measured in the salt marshes (Table 3). There also was
no difference in soil properties related to the mineral
(nonorganic) fraction. For example, soil P (Table 3) and
percent sand, silt, and clay did not differ between
freshwater-dominated marshes and salt marshes (data not
shown). In spite of greater vertical accretion in Altamaha
River marshes (Fig. 2), there was no difference in long-term
(137Cs) sediment accumulation among marshes of the three
estuaries (Fig. 3d). Phosphorus accumulation, however,
was two to three times greater in freshwater-dominated
Altamaha River marshes than marine-dominated marshes
(Fig. 3c) and was attributed to greater vertical accretion in
these marshes.

Comparison with tidal marsh soils of the conterminous
United States—As found in Georgia marshes, tidal fresh
and brackish marsh soils across all geographic regions had
significantly lower bulk density and greater percent organic
C and N than salt marshes (Fig. 5a–c). Tidal fresh and
brackish marsh soils also contained more P than salt
marshes (Fig. 5d), which contrasts with my findings of
comparable P concentrations among Georgia marshes.

In marshes of the conterminous United States, vertical
accretion, although not significantly different among marsh
types, exhibited the same trend as observed in Georgia
marshes: decreasing rate of accretion with increasing
salinity (Fig. 5e). Organic C and N accumulation and
N : P were greater in tidal fresh- and brackish-water
marshes than in salt marshes of Georgia (Fig. 3; Table 3),
but I did not see the same trends when comparing tidal
marshes across geographic regions (Fig. 5f). There was no
difference in sediment deposition among tidal marshes of
Georgia or among marshes of different geographic regions
(Fig. 5g), nor were differences noted in soil C : N (range 17–
20), N : P (23–24), N accumulation (9–15 g m22 yr21), or P

accumulation (0.8–1.3 g m22 yr21) among tidal freshwater,
brackish, and salt marshes of different geographic regions.

Salt marshes were present in the four geographic regions,
which allowed for comparison of soil properties among the
NE and SE Atlantic, Gulf (Louisiana), and West coasts.
Bulk density of Louisiana Gulf Coast salt marshes was half
(0.26 g cm23), and organic C (12%) and N (0.70%) were
double, those of salt marshes of the SE Atlantic and West
coasts (Fig. 5a–c). Mississippi River flooding also en-
hanced vertical accretion of Louisiana salt and brackish
marshes relative to comparable marshes in other regions
(Fig. 5e). Although not significantly different among
regions, organic C accumulation (Fig. 5f) also trended
higher in Louisiana salt and brackish water marshes. These
findings suggest that organic matter is more important to
vertical accretion and long-term stability of subsidence-
prone Louisiana marshes relative to marshes in other
geographic regions.

Differences in soil properties also were evident between
Louisiana marshes and other Gulf coast marshes. Brackish
and salt marshes of the Louisiana coast contained more
organic C than comparable marshes in Texas, Mississippi,
and Florida. Percent organic C of Louisiana salt marshes
(12 6 1%; n 5 7) was greater than in Texas salt marshes (4
6 2%; n 5 2). Also, brackish marshes of Louisiana
contained more organic C (166 2%; n 5 7) than brackish
marshes of Mississippi and Florida (96 2%, n 5 4).

Salt marsh soils of the SE Atlantic coast were more
similar to West coast marshes than to NE Atlantic and
Gulf coast salt marshes. Bulk density, organic C, and N
were comparable in salt marshes of the two regions (Fig. 5–
c), both of which have relatively high evapotranspiration
and salinity. Salt marshes of the NE Atlantic coast have
lower bulk density and high C and N relative to SE Atlantic
coast salt marshes (Fig. 5a–c). These marshes are exposed
to a cooler climate that probably slows decomposition and
preserves soil organic C and N relative to SE Atlantic salt
marshes.

In Georgia marshes and in marshes of the conterminous
United States, percent soil organic C and N, vertical
accretion, and N accumulation were negatively correlated
with salinity (Table 4). Soil N : P and C and P accumulation
also were negatively correlated with salinity in Georgia
tidal marshes, but not in marshes of the conterminous
United States. In U.S. tidal marshes, bulk density was
positively correlated with salinity, and P concentration was
negatively correlated with salinity but I did not see the same
trends in Georgia marshes.

In Georgia tidal marshes and elsewhere, freshwater input
promotes organic matter preservation and accumulation.
In Georgia, short- and long-term accretion, percent soil
organic C, N and N : P, and accumulation of organic C and
N were greater in tidal marshes of the freshwater-
dominated Altamaha River than in salt marshes of Doboy
Sound and Sapelo River. In situ decomposition of roots
was greater in salt marshes than in the tidal freshwater and
brackish marshes and it was positively related to surface
water salinity. Percent soil organic C and organic C
accumulation were inversely related to decomposition but
were unrelated to above- or belowground emergent plant

Table 4. Correlations of soil properties with salinity for tidal
marshes of Georgia and the conterminous United States.

Georgia
Conterminous

U.S.

Soil properties
Bulk density (g cm23) 0.25 0.63***
Organic C (%) 20.70** 20.53**
Organic C (mg cm23) 20.70** 20.11
Nitrogen (%) 20.73*** 20.49*
Phosphorus (mg g21) 0.03 20.49*
C : N (mol : mol) 20.16 0.05
N : P (mol : mol) 20.63 20.07

Soil accumulation
Feldspar accretion (mm yr21) 20.94** —
137Cs accretion (mm yr21) 20.69** 20.47*
Sediment (g m22 yr21) ns 20.06
Organic C (g m22 yr21) 20.79*** 20.27
Nitrogen (g m22 yr21) 20.79*** 20.57*
Phosphorus (g m22 yr21) 20.61** 20.05

ns, Not significant.
* p,0.05.
** p,0.01.
*** p,0.001.
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production. Freshwater-driven, landscape-scale patterns of
soil properties observed in Georgia tidal marshes also occur
in other geographic regions of the conterminous United
States. In a survey of 61 published and two unpublished
studies, bulk density was lower and percent organic C, N,
and P were consistently greater in tidal freshwater marshes
and brackish marshes than in salt marshes regardless of
geographic region. These findings suggest that freshwater
input is important in structuring tidal marsh soils across
a wide range of climatic and geomorphic conditions
because of its association with lower decomposition rates
relative to areas with greater seawater influence.
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