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Abstract Many tidally influenced freshwater forested wet-
lands (tidal swamps) along the south Atlantic coast of the
USA are currently undergoing dieback and decline. Salinity
often drives conversion of tidal swamps to marsh, especially
under conditions of regional drought. During this change,
alterations in nitrogen (N) uptake from dominant vegetation
or timing of N recycling from the canopy during annual
litter senescence may help to facilitate marsh encroachment
by providing for greater bioavailable N with small increases
in salinity. To monitor these changes along with shifts in
stand productivity, we established sites along two tidal
swamp landscape transects on the lower reaches of the
Waccamaw River (South Carolina) and Savannah River
(Georgia) representing freshwater (≤0.1 psu), low oligoha-
line (1.1–1.6 psu), and high oligohaline (2.6–4.1 psu)
stands; the latter stands have active marsh encroachment.
Aboveground tree productivity was monitored on all sites
through monthly litterfall collection and dendrometer band
measurements from 2005 to 2009. Litterfall samples were
pooled by season and analyzed for total N and carbon (C).
On average between the two rivers, freshwater, low oligoha-
line, and high oligohaline tidal swamps returned 8,126,
3,831, and 1,471 mg Nm−2 year−1, respectively, to the forest
floor through litterfall, with differences related to total litter-
fall volume rather than foliar N concentrations. High

oligohaline sites were most inconsistent in patterns of foliar
N concentrations and N loading from the canopy. Leaf N
content generally decreased and foliar C/N generally in-
creased with salinization (excepting one site), with all sites
being fairly inefficient in resorbing N from leaves prior to
senescence. Stands with higher salinity also had greater
flood frequency and duration, lower basal area increments,
lower tree densities, higher numbers of dead or dying trees,
and much reduced leaf litter fall (103 vs. 624 gm−2 year−1)
over the five study years. Our data suggest that alternative
processes, such as the rate of decomposition and potential
for N mineralization, on tidal swamp sites undergoing
salinity-induced state change may be more important for
controlling N biogeochemical cycling in soils than differ-
ences among sites in N loading via litterfall.
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Introduction

Tidal freshwater forested wetlands (or tidal swamps) gener-
ally exist as a consequence of river flow and tidal reach.
Tidal swamps normally occupy the upper intertidal zone
between upland nontidal swamp or hardwood forests and
tidal marsh. Regions with large tidal range (2–3 m), such as
the Atlantic coast of the USA from north Florida to southern
North Carolina, have the largest percentage of tidal swamps,
ranging to over 60 % of the Nation’s inventory (Field et al.
1991). Of an estimated 6.4 million ha of freshwater and
saltwater wetlands within watersheds of the Atlantic coast,
freshwater forested wetlands occupy 3.5 million ha com-
pared to 0.7 million ha of freshwater marsh (Stedman and
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Dahl 2008). Where freshwater tides influence coastal wet-
lands, swamp vegetation generally performs quite well;
collectively, freshwater tidal wetlands are recognized for
plant species diversity and high rates of productivity
(Neubauer et al. 2000; Mitsch et al. 2009; Whigham
2009). While management of species diversity and produc-
tivity within tidal swamps may be related strongly to hy-
drology (cf., Rheinhardt and Hershner 1992), state change
from tidal swamp to marsh is often mediated by two primary
natural drivers: small, permanent changes in hydrology
(Rheinhardt 1992) and salinity (Brinson et al. 1985;
Hackney et al. 2007).

Altered hydrology, drought, coastal land development,
agriculture, accelerated sea-level rise, and persistent river
dredging to support navigation have reduced the distribution
of tidal swamps in the Southeast (Brinson et al. 1995; Doyle
et al. 2007). Indeed, a number of research studies have
documented sea-level rise and salinity-induced change
among upper intertidal forested watersheds in Louisiana
(Salinas et al. 1986; Pezeshki et al. 1987), Mississippi
(Keeland and McCoy 2007), Florida (Williams et al. 1999,
2003; DeSantis et al. 2007; Light et al. 2007), North Caro-
lina (Brinson et al. 1985; Hackney and Yelverton 1990), and
Maryland/Delaware (Rheinhardt 1992; Baldwin 2007).
While these studies have described the role of certain envi-
ronmental variables responsible for altering productivity
and community composition on a holistic spatial scale,
identifying inter-annual patterns in productivity and nutrient
recycling will provide insight into the edaphic and biogeo-
chemical processes driving change.

In one of the first comprehensive studies on tidal
swamps, Brinson et al. (1985) described premature litterfall
on salt-impacted, streamside swamps in North Carolina, and
hypothesized that premature leaf fall potentially leads to a
build-up of nitrogen (N) in the litter deposited on the soil
surface. Higher soil N at moderate salinity levels (1.2–
2.1 psu) was found in tidal swamps in Louisiana, South
Carolina, and Georgia, leading Krauss et al. (2009) to sug-
gest that, in addition to the aforementioned hypothesis,
perhaps moderate salinity (1.2–2.0 psu) could result in in-
creased N retention in soils receiving greater N concentra-
tions in leaf litter or, at even higher salinities (>2.1 psu),
drive greater N mineralization rates, increasing N loss from
the soil and contributing directly to marsh encroachment.
Some biogeochemical studies do support this latter possi-
bility (e.g., Weston et al. 2006), but no comprehensive
assessment of growth periodicity and nutrient composition
has been reported from additional tidal swamps in order to
verify the role of litterfall in influencing N budgets.

The primary goal of this study is to determine the effect
that increased salinity during drought has on primary pro-
ductivity and N cycling in tidal swamps. In doing so, we
replicate components of the research of Brinson et al. (1985)

by selecting sites farther south, and include replicate rivers
along with multiple wet and dry years. We focus on salinity
gradients occurring along the Waccamaw River (South
Carolina) and Savannah River (Georgia), and test whether
location along a river transition from intact freshwater tidal
swamp to degraded swamp with marsh invasion of the
understory gives rise to distinctive patterns of stem growth
and litterfall periodicity, as well as facilitates different pat-
terns of N recycling. Our data span a half-decadal period of
low rainfall for the Southeast. While the tide may buffer
swamps from drought effects (cf., Reich and Borchert 1984;
Young et al. 1993; Day et al. 2007), drought alone can
concentrate salinity in some tidal swamps and have strong
influences on growth patterns in current and future years
(Hinckley et al. 1979; Schöngart et al. 2002; Davidson et al.
2006).

Materials and Methods

Site Characteristics

Studies were conducted along coastal reaches of the Wacca-
maw River near Georgetown, South Carolina and the Sa-
vannah River near Port Wentworth, Georgia (Fig. 1). Three
sites (upper, middle, lower) were established along each
river, and located on the floodplain within 100 m of river’s
edge. Both rivers maintain large areas of healthy tidal
swamps beginning upstream from approximately river-km
30. The Waccamaw River is a predominantly “black water”
river that receives drainage from 11 watersheds encompass-
ing an area of nearly 253,000 ha, with approximately 20 %
categorized as forested (SCDHEC 2000). “Black water”
rivers are typically acidic and transparent, but are dark
stained by the high amount of tannins in the river. The Pee
Dee (a “red water” river) and Black Rivers flow into the
Waccamaw River, which join Sampit River discharge in
Winyah Bay. The Waccamaw Lower site was actually lo-
cated along the Sampit River, but close to where the Wac-
camaw and Sampit Rivers converge into the bay. The
Waccamaw River doubles as the Atlantic Intracoastal Wa-
terway and therefore has much recreational and industrial
boat traffic. The Pee Dee River is regulated by a series of
impoundments upstream of its convergence with the Wac-
camaw River and Winyah Bay. The Savannah River, which
is a “red water” river that drains an area of approximately
2.7 million ha (Bristol et al. 2005), is heavily used for
shipping and is undergoing persistent dredging just seaward
of established sites. “Red water” rivers typically carry red,
eroded soils of the Piedmont and generally have higher silt
and clay loads than “black water” rivers. Hydrology of the
Savannah River has been altered further by damming up-
stream and through the operation of a decommissioned, one-
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way tidal flap gate downstream, which forced vegetation
shifts as salinities increased over 14 years of operation
(Pearlstein et al. 1993).

Each site consisted of paired, 20×25-m plots encompass-
ing an area of 1,000 m2 (0.1 ha). Study sites differed in
overstory species composition, standing basal area, mean
canopy height, individual tree diameter, flood duration, and
soil porewater salinity from upstream to downstream posi-
tions in the estuary (Table 1; Krauss et al. 2009). Waccamaw
and Savannah Upper sites were established as true tidal
freshwater swamps, in areas having no salt water incursion.
Overstory species included Taxodium distichum [L.] L.C.
Rich., Nyssa aquatica L., Nyssa biflora Walt., Fraxinus
spp., and/or Acer rubrum (L.). Alnus serrulata (Aiton)
Willd. was present as a shrub on both sites. The herbaceous
community was composed mostly of Polygonum hydropi-
peroides Michx., Polygonum arifolium L., Thelypteris sp.,
Carex spp., Commelina diffusa Burm. f., Toxicodendron
radicans (L.) Kuntze, and Iris sp. Waccamaw and Savannah
Middle sites (low oligohaline) were established at the sea-
ward limit of tidal forest, and represented sites undergoing
early stages of stress, including some epicormic branching,
fewer overstory species, and presence of oligohaline marsh
species. Overstory species were restricted to T. distichum,

with a sparse mid-story of N. biflora, and the herbaceous
communities were composed of Peltandra virginica (L.)
Schott, Sagittaria lancifolia L., Lilaeopsis chinensis (L.)
Kuntze, and some Schoenoplectus robustus (Pursh) M.T.
Strong. Finally, Waccamaw and Savannah Lower sites (high
oligohaline) were composed of a salt-stressed monoculture of
T. distichum in the overstory, including several dead stems,
with an understory of oligohaline marsh plants, including
Zizaniopsis miliacea (Michx.) Döll & Asch., Spartina cynosur-
oides L., Schoenoplectus robustus, and Sagittaria lancifolia.

Hydrology

Tides along both river systems are semi-diurnal. The mean
tidal range is 1.1 and 2.3 m for the Waccamaw and Savan-
nah Rivers, respectively. Flooding depth and duration varies
according to local conditions, so we measured water levels
of each site between the paired plots. PVC wells (7.6 cm
diameter) were inserted to approximately 1 m into the soil,
and pressure sounds (model #138, Infinities USA, Port
Orange, Florida, USA) recorded water levels at hourly inter-
vals from 2005 to 2009. Salinity was measured from the
four extreme corners of each site with permanently
emplaced, 3.8-cm-diameter PVC wells inserted to

Fig. 1 Location of the Waccamaw River in South Carolina and Savannah River in Georgia, USA. The mouths of these rivers are approximately
200 km apart, and both discharge into bays feeding into the Atlantic Ocean
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approximately 60 cm into the soil. Wells were capped and
residual water was removed prior to monthly salinity read-
ings. Salinity was measured with a portable conductivity
meter (YSI Model 30, Yellow Springs, Ohio, USA), tested
periodically against standards. Thirty-year annual rainfall
averages for the study area ranges from 117.9 to 130.8 cm.
Normal monthly precipitation is lowest in the months of April,
May, October, November, and December; normal monthly
precipitation typically peaks in July and August (http://
www.ncdc.noaa.gov/oa/climate/online/ccd/nrmlprcp.html).
Rainfall amount can be highly variable, especially along the
coast, and droughts often have pervasive effects regionally.
Therefore, the balance among wet and dry years here was
described as meteorological drought severity using the Palmer
Drought Severity Index (PDSI: Palmer 1965). The PDSI meas-
ures the duration and intensity of long-term drought based upon
regional moisture balance in a given month (Guttman 1998).
Data were obtained from the National (U.S.) Climate Data
Center (http://www7.ncdc.noaa.gov/CDO/), as “South Caro-
lina Northeast Division” for Waccamaw River sites and “Geor-
gia Southeast Division” for Savannah River sites.

Stem Growth Increment

Stem growth was measured monthly from January 2005
to December 2009 on 10 co-dominant T. distichum trees
associated with each plot, for a total of 20 trees from
each site. T. distichum was the only tree species occur-
ring on all sites. We used stainless steel dendrometer
bands affixed at stem heights ranging from 1.3 to
2.0 m above ground in order to account for several trees
with high basal swelling. Trees were scraped to ensure a
tight fit and fastened to the tree with springs. Dendrom-
eter bands measure fractions of millimeters in individual
tree circumference increment (Hall 1944; Cattelino et al.
1986), and are very precise (Keeland and Sharitz 1993).

First, circumference changes were converted to monthly
diameter increment adjusted by individual tree size, pro-
viding for some standardization among trees of different
initial sizes. Next, individual tree basal area was deter-
mined for each measurement. Finally, the initial basal area
of each tree was subtracted from its new monthly basal area
measurement to obtain a basal area increment for all trees
studied. Stem growth is reported in units of individual tree
basal area increment (square centimeter per month). This
metric is different than stand basal area, typically reported as
square meter per hectare, and represents only the growth
associated with select individual trees.

Litterfall

Ten, 0.5×0.5-m, wooden litter baskets with fiberglass
screening were elevated to 1 m above ground on each site,
and positioned to collect leaves, twigs, fruits, and flowers
falling from the canopy. Five baskets were placed system-
atically and evenly on each of the two plots per site. Litter
was collected monthly from January 2006 to December
2009, dried in an oven for at least 48 h at 60°C, then sorted
into two categories: (1) foliage and reproductive material
(including caterpillar frass), and (2) woody structures (in-
cluding bark, lichens, Spanish moss). Sorted litter from each
trap was then weighed to the nearest 0.01 g.

Foliage made up the largest percentage of litterfall, and
was analyzed further for tissue N and carbon (C) content.
Foliage from each trap was separated from caterpillar frass
and pulverized, then pooled and homogenized for each site
in 3-month groups (Jan–Mar, Apr–Jun, Jul–Sep, Oct–Dec)
by year for samples collected in 2004, 2005, and 2006. Total
N and total C of the leaf litter were measured with a CN
elemental analyzer (Flash EA 1112, ThermoFinnigan, Wig-
an, UK). Foliar concentrations of N and C (percent) were

Table 1 Summary of forest structure and soil physico-chemical properties (mean ± SE) on tidal swamp sites along the Waccamaw River (South
Carolina) and Savannah River (Georgia)

Forest structure Soil physico-chemical properties

Mean forest height (m) Mean dbh (cm) Mean basal area (m2 ha−1) Tree density (ind ha−1) TN (%) TC (%) Atomic C:N

Waccamaw River

Upper 25.3±0.31 23.0±0.96 59.46 1,190 1.26±0.09 19.5±1.64 15.5

Middle 18.4±0.38 31.9±1.34 44.29 510 1.09±0.05 18.6±1.06 17.1

Lower 15.9±0.44 20.2±1.12 25.38 660 1.29±0.15 22.9±2.67 17.8

Savannah River

Upper 25.6±0.48 23.5±1.04 65.19 1,220 0.63±0.10 10.1±1.50 16.1

Middle 23.4±0.34 29.5±1.33 59.97 760 1.17±0.08 22.0±1.36 18.8

Lower 13.5±0.50 20.7±0.63 23.06 650 0.58±0.08 10.9±1.61 18.8

The forest structure and TN data were originally reported in Krauss et al. (2009)
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multiplied by monthly litterfall biomass (grams) to attain
rates of N and C loading from the canopy to the forest floor.

Soil Nutrients

Soil samples to a depth of 30 cm were collected from three
of the four corners of each plot, for a total of six soil
samples per site. These soils were collected at the time of
plot installation in 2005; some of the soils data and the
complete sample methods were originally reported in

Krauss et al. (2009). Total N and total C were also deter-
mined using a CN elemental analyzer (Flash EA 1112,
ThermoFinnigan, Wigan, UK) on dried and pulverized
samples. TN and TP data are reported here as percent
concentrations.

Statistical Analyses

Replicate litterfall traps in each site (n010) were aver-
aged for each month from January 2005 to December

Fig. 2 Calculated values for the Palmer Drought Severity Index
(PDSI) for regions of South Carolina and Georgia that encompass the
a Waccamaw River and b Savannah River, respectively, and examples
of Savannah River hydrographs from c August 2007 (severe drought)
and d May 2009 (very moist). Data from National (U.S.) Climate Data

Center, referenced in text. Key: Extreme drought, <−4; severe drought,
−3 to −3.99; moderate drought, −2 to −2.99; middle range (normal),
−1.99 to 1.99; moderately moist, 2 to 2.99; very moist, 3 to 3.99;
extremely moist, >4
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2009; monthly data from each site were combined to
obtain annual estimates of leaf litterfall. Raw treeband
data from up to 20 trees per site were used to calculate
diameter increments and individual tree basal area incre-
ment at each site per month from January 2006 to De-
cember 2009. Significant mortality has occurred since the
onset of the experiment at the lower sites on both rivers.
As a result, dead trees were eliminated from further
analysis; only 13 trees on Waccamaw Lower and 8 trees
on Savannah Lower remain for analysis. Different time
intervals were selected for analyses (i.e., month versus
year). In order to account for some missing months and
to tease out whether seasonal differences in litterfall
productivity or growth increment existed among the six
sites, months were combined in sets of two. For the
remainder of the manuscript, “month” represents 2-

month averages (n06 per year) for all litterfall and tree-
band data.

All data were analyzed using a cubic spline interpolation to
account for missing data, which were rare since data were
pooled by 2-month averages. We used a general linear model
(Proc GLM, SAS Institute, 2007) to compare river, site, and
time. Because there were many more time points from which
data were collected, but only six sites, standard repeated
measures could not be used. We tested for homogeneity of
residual variances for each response variable model and de-
termined that log transformation was most appropriate for
both datasets. We then ran least squared means comparisons
for site by year and site by two-month averages, adjusting for
the study-wise alpha level (0.05/180 comparisons0
0.000278). All statistical analyses were performed using
SAS, Version 9.2 (Statistical Analysis Software, 2009).

Fig. 3 Summary of monthly hydrological conditions on the a Wacca-
maw River and b Savannah River, including mean (diamond symbol),
maximum, and minimum water levels (format after Brinson et al.
1985). Hydrological time series are from Upper sites, and are arranged
relative to ground level (y00) of Upper sites as a base. Because all sites

were strongly tidal, hydrology among sites differed most in terms of
flood depths, and not frequency. Horizontal reference lines and values
represent 5-year mean annual water table depths for upper, middle, and
lower sites
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Results

Drought Indices, Water Level Variability, and Soil Salinity

Drought conditions along the South Carolina and Georgia
coasts in 2006 and 2007 were prevalent, but followed a 2-
year period of moderate moisture in both regions (Fig. 2a,
b). The earlier part of the decade was also characterized by
drought (2000–2002; Fig. 2a, b). While many tidal wet-
lands may be buffered somewhat from drought effects by
having reliable delivery of tidal flood waters, fluctuations
in many parts of the estuary are dependent upon river
stage. This becomes evident when hydrographs from sim-
ilar locations are compared in wet and dry years. The
month of August 2007 (Fig. 2c), which experienced a
moderate to severe drought (PDSI0−2.95), and the month
of May 2009 (Fig. 2d), which was very moist (PDSI0
3.14), had similar projected tidal ranges (2.96–2.98 m)
along the Savannah River; however, the hydrograph during
the drought (Fig. 2c) indicated greater dewatering between
spring tidal events than during wetter periods (Fig. 2d). It
should be noted that the number of surface floods between
wet and dry periods do not necessarily differ at all loca-
tions. Similar patterns were repeated along the Waccamaw
River.

Contrasts among sites become more evident when mean,
maximum, and minimum water levels are reported relative to
ground level on all Waccamaw River and Savannah River
study sites over a 60- and 40-month period, respectively
(Fig. 3a, b). Low mean water table depths in 2006 and 2007
tend to linger into 2008 until a short wet period beginning in
September. As expected with a transition seaward, water table
depths were 4.8 and 7.5 cm higher on WaccamawMiddle and
Lower, respectively, than on Waccamaw Upper as mean site
elevations relative to sea level decrease. Mean water table
depths span 5 cm for Savannah River sites (Fig. 3). However,
while Savannah Middle maintained a 3.2-cm-greater water-
table depth than Savannah Upper, Savannah Lower broke this
pattern by maintaining the lowest water table depth among all
sites along both rivers (–7.7 cm); Savannah Lower was estab-
lished on a slightly elevated area.

Coupled to low atmospheric moisture availability and a
corresponding six-month decrease in mean water table
depths on all sites after a persistent 2006–2007 drought
(Fig. 3a, b), soil porewater salinity increased in middle and
lower sites along both rivers (Fig. 4a, b). Upper sites
remained fresh throughout the study (≤0.1 psu), while sa-
linity of middle sites averaged 1.1 to 1.6 psu and lower sites
averaged 2.6 to 4.1 psu. Salinity was lower in the wetter
year of 2005 but began to increase as PDSI index values
decreased into 2006. Site salinities increased consistently
toward the latter months of each year, and decreased into
winter months. This was most evident in 2007 along the

Waccamaw River, when salinity for middle and lower sites
increased by nearly 5 psu from October to December 2007,
followed by a decrease in salinity to approximately 2 psu by
April 2008 (Fig. 4a). Summer increases in salinity were not
as evident along the Savannah River until 2008, but even
there, major salinity pulses were restricted to Savannah
Lower (Fig. 4b).

Stem Growth Increment

Seasonal patterns of basal area increment were fairly con-
sistent for upper and middle sites from both rivers; peaks
occurred in late spring and summer (May–August), with
relatively little basal area increment in fall and winter
months (Fig. 5a, b). Seasonal patterns were much less
distinctive on lower sites (Fig. 5c). While the magnitude
of individual tree basal area increment differs between
Savannah Upper and Middle sites at salinities below
2 psu (Table 3), growing season length is affected above
2 psu along both rivers, and is tempered by seasonal
variation in salinity. For example, the greatest monthly
growth rate of 2.1 cm2 month−1 on Waccamaw Lower
(Fig. 5c) corresponded to salinities below 2 psu in 2007,
just prior to a large increase in salinity in subsequent
months with drought (Fig. 4a).

Hence, for all years and months, mean patterns among
sites are always the same; decreasing individual tree basal
area increment from fresher to more saline environments
(Fig. 6). Tree diameter growth even among surviving trees
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is suppressed at the lower sites (more saline sites) for both
watersheds beyond what would be considered sustainable;
lower sites are rapidly converting to marsh. Statistically,
monthly individual tree basal area increments are highly
variable because of complete growth cessation in decidu-
ous trees during winter months, making site by month
interactions more important than site by year interactions
(Table 3).

Litterfall

Mean forest canopy leaf litterfall differed significantly
among sites (Table 3) ranging from as high as 732 g
m−2 year−1 on an upper, freshwater site, to as low as
64 gm−2 year−1 on a lower, saline site (Table 2). Maxi-
mum monthly rates of leaf litterfall occurred in the fall
(October to December) at all sites with a second smaller
peak in the spring (April and May) at the upstream sites
(Fig. 7). Fall peaks represent senesced leaves from late

spring and summer foliar growth; the much smaller
peaks in the spring on upper and middle sites correspond
to annual defoliation from caterpillars. Significant differ-
ences were evident among sites, years, and months
(Table 3). On average, annual litterfall was 233 and
527 % higher on middle and upper sites, respectively,
than lower sites on the same river; however, the differ-
ential was much more distinct along the Waccamaw
River (Table 2; Fig. 7). Furthermore, there were no clear
differences among sites in terms of onset or duration of
litterfall on a temporal resolution of months; physical
leaf fall from canopies is driven by similar weather
events on all sites (e.g., wind from cold fronts). Litter
dropped from the canopy quicker at lower sites than
upper and middle sites in early fall (Fig. 7). When sites
had increased salinity due to drought conditions, like
those present in 2007 and 2008 (Figs. 2 and 4), the
overall capacity for leaf litterfall was suppressed (Fig. 7),
providing less C and nutrient return to the forest floor.
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N and C Loading to the Forest Floor

The two watersheds did not differ significantly in the
amount of C (F02.23, P00.0963) or N (F01.56, P0
0.2208) returned to the forest floor annually by way of leaf
litterfall (Table 4). The concentration of C in senesced
leaves was uniform among sites, ranging narrowly from
0.50 to 0.52 g g-1. The concentration of N in senesced leaves
was high at Savannah Lower (14.2 mg g−1), 38 % greater
than at Waccamaw Lower (10.3 mg g−1). However, concen-
trations of N in senesced leaves at the Savannah Lower site
was similar to the Waccamaw Upper and Savannah Upper
sites (Table 4) despite much lower total litterfall at the lower
sites (Fig. 7). When concentrations of N in senesced leaves
were multiplied by total annual leaf litterfall, litterfall N
fluxes at the Waccamaw Lower and Savannah Lower sites
were only about 11 and 27 %, respectively, of those at the

upper freshwater sites along the same rivers (Table 4). Dif-
ferences in litterfall N fluxes are partly influenced by con-
centrations of N in the litter, but are primarily driven by
differences in total mass of litterfall among our study sites.

Generally, N concentrations in senesced leaves decreased
with increasing salinity, while leaf C/N ratios increased.
Savannah Lower was the exception, with proportionally
more N in senesced leaves. Total N in underlying soils
was also reduced in both Savannah Lower and Savannah
Upper locations (Table 1).

Discussion

Past investigations have documented the vegetation transition
of tidal swamps to marsh at rather low salinity concentrations
around 2 psu (Hackney et al. 2007; Krauss et al. 2009). While
hydrology certainly mediates transitions to some degree, state
change appears to be driven strongly by salinity, with exam-
ples of similar change along rivers and watersheds with vastly
different hydrologies (Day et al. 2007).

Rates of Litterfall

Leaf litterfall rates from our tidal swamps were comparable
to other reports. In another location along the Waccamaw
River, the rate of leaf litterfall was 564–667 gm−2 year−1

(Ratard 2003), and a study from the Donnelley Wildlife
Management area farther south along the South Carolina
coast documented rates ranging from 355 to 655 g
m−2 year−1 (Burke et al. 1999). Along the Savannah River,
Megonigal et al. (1997) and Muzika et al. (1987) docu-
mented leaf litterfall rates of 644–972 and 337–544 g
m−2 year−1, respectively. Other studies in forested wetlands
along the east coast reported a variety of leaf litterfall rates:
Ogeechee River, Georgia (627–902 gm−2 year−1; Cuffney
1988), Ichauway Ecological Reserve, Georgia (243–582 g
m−2 year−1; Watt and Golladay 1999), Great Dismal Swamp,
Virginia (455–536 gm−2 year−1; Gomez and Day 1982), and

Table 2 Annual leaf litterfall for 5 years at tidal swamp sites along the Waccamaw and Savannah Rivers

Year Annual leaf litterfall (g m−2)

Waccamaw River Savannah River

Upper Middle Lower Upper Middle Lower

2005 645.87 337.21 97.73 618.44 337.70 165.31

2006 732.18 402.53 114.19 504.01 320.00 130.76

2007 645.36 358.45 82.99 613.43 340.73 147.58

2008 719.54 345.88 64.38 551.47 280.26 74.49

2009 688.64 324.36 82.01 527.10 298.00 72.96

X (S.E.) 686.32 (18.06)a 353.69 (13.42)c 88.26 (8.36)d 562.89 (22.93)b 315.34 (11.61)c 118.22 (18.97)d
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Fig. 6 Individual tree basal area increments for the six sites versus
salinity (±1 SE). The data represent the averages of individual tree
basal area increments for monthly measurements of 20 trees at each site
from January 2006 to December 2009. Salinities are site averages of
monthly samples of four wells per site from January 2006 to December
2009. Regression analysis yielded an r2 of 0.843 for a quadratic fit with
variation associated with means for y (y01.05−0.3936x+0.0409x2)
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Okefenokee Swamp, Georgia (231–595 gm−2 year−1;
Schlesinger 1978). Rates as low as 252 gm−2 year−1 were also
reported in a tidal bottomland hardwood forest in Virginia
(Fowler and Hershner 1989). Lower leaf litterfall rates
reported by the literature mimic what we found onWaccamaw
and Savannah Upper and Middle sites, but rates from the
literature were greater than the litterfall rates at our higher
salinity lower sites (Table 2). Brinson et al. (1985) also found
lower leaf litterfall rates in downstream, more frequently
flooded sites (290 and 381 gm−2 year−1) than in upstream,
less frequently flooded sites (600 and 731 gm−2 year−1), sug-
gesting similarly to our study that salinity can reverse the
positive, nutrient-mediated relationship between litterfall and
flood duration commonly documented from forested wetlands
in the southeastern USA (Conner et al. 1981; Gomez and Day
1982; Megonigal et al. 1997).

Influence of Salinity on Litterfall, Growth, and N Recycling

Salinity tended to affect the mass of litter but neither the
timing of leaf litter fall nor the concentration of foliar N

consistently over five study years. Brinson et al. (1985)
found that peaks in tidal swamp litterfall occurred slightly
later on freshwater sites than on salt-impacted sites along
tidal creeks in the Pamlico Sound, North Carolina. A 1-
week shift in timing of litterfall in Brinson’s study equated
to 60–73 % of total litterfall dropping in October instead of
November for more saline, downstream sites versus 38–
55 % for upstream sites. While these differences in timing
may seem small, foliar concentrations of N were higher in
salinity stressed stands, potentially forcing greater amounts
of N to surface litter during this early leaf abscission
(Brinson et al. 1985). Leaves developing under true tidal
freshwater conditions are expected to return many of the
N-based compounds (including nucleosides and amino
acids) to branches through phloem transport just prior to
leaf abscission at the end of each year (Pennell and Lamb
1997), thus conserving N within deciduous stems. We did
find that concentrations of foliar N were considerably higher
for litter falling from April to September versus October to
December (Table 4), such that premature leaf fall could add
proportionally more N to the soil per leaf.
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However, we found no indication that leaves were shed
out of phase, earlier or otherwise, among our study sites at
monthly resolutions (Fig. 7). Perhaps more frequent collec-
tions would have revealed smaller-scale differences in litter-
fall timing among sites, but the differences in litterfall
volume among sites were so great (Table 4) that within-
month shifts in timing would be masked. Monthly variation
in stem growth increment was consistent among our study
sites despite increasingly saline conditions (Fig. 5), indicat-
ing an inherent, in lieu of relative, timing for growth pat-
terns. Furthermore, as lower sites became progressively
saltier in late 2007 through 2009, litterfall volume was
reduced, but timing remained unchanged. Instead, it
appeared that at the scale of an individual river, wind asso-
ciated with frontal passages standardized pulses of litter to
the forest floor. Litter did tend to fall over shorter time
periods on more saline sites, especially after 2007 (Fig. 7),
perhaps reflecting less canopy structure with reduced over-
story species diversity. Peaks in litterfall were also linked
more directly to high precipitation and wind events for a
Pterocarpus forest in Puerto Rico undergoing transition to
mangrove with salinity increases (Eusse and Aide 1999).

Resorption proficiency of N from leaves prior to senes-
cence can be determined when compared with values from the
literature (Killingbeck 1996); resorption is highly proficient
when foliar N values in senesced leaf material are below
0.7 %. However, N made up 1.03–1.42 % of senesced leaf
biomass from our tidal swamp sites, with one lower and one
upper site tying for most inefficient (Table 4). Compared with
many deciduous species surveyed (median00.87 % foliar N;
Killingbeck 1996), resorption proficiency from litter in our
tidal swamps was not strong regardless of salinity. Further-
more, during periods of maximum leaf fall in October through
December, the highest concentration of foliar N (12.8 mg g−1)
was found on Savannah Lower, yet this same site registered
among the lowest concentration of soil total N (Table 1).
Otherwise, reductions in litter N concentrations appeared lin-
ear from freshwater sites to saline sites along both rivers. It is
possible that soil total N concentrations may be related to site-
level differences in the refractory nature of litter N balanced
against supply of N from flood waters (sensu Noe and Hupp
2007). Foliar C content, which ranged narrowly from 0.50 to
0.52 gg−1, offered little insight per se.

Hydrological Variation among Study Sites

The effect that increased salinity has on primary productivity
at these sites may be confounded by the influence of the
frequency and duration each site is flooded. Both Waccamaw
and Savannah Lower sites were flooded between 591 and
633 hyear−1 over the first several years of study, while flood
duration for upper and middle sites ranged from 256 to 390 h
year−1 over that same interval (Krauss et al. 2009). However,
in terms of flood frequency, middle and lower sites were more
similar, receiving between 137 and 169 floods per year. Wac-
camaw and Savannah Upper sites were flooded between 48
and 97 times per year. Hence, litterfall was greatest on sites
that had among the lowest flood durations along with the
lowest flood frequencies (Fig. 7). Stem growth patterns were
variable by river in patterning between middle and either
upper or lower sites (Fig. 5). This indicates that relative flood
frequency may be as important as duration for maintaining
forest productivity during drought.

A few studies have indicated that wetland trees experi-
ence less seasonal variation in growth because of a more
reliable supply of soil water (Reich and Borchert 1984;
Young et al. 1993), which may be extrapolated to wet versus
dry years (but see Davidson et al. 2006). More importantly,
flood frequency is also a primary driver for soil N dynamics
in floodplain forests (Conner et al. 1981; Gomez and Day
1982; Noe and Hupp 2007). Mean N concentrations in the
peak leaf litterfall of T. distichum and N. aquatica species
were higher in more frequently flooded T. distichum stands
than in either cedar or mixed hardwood forests (Gomez and
Day 1982). Variation in when water is delivered via surface

Table 3 Significance values for main effects and interactions of
ANOVA comparisons for individual tree basal area increment and
litterfall for tidal swamps along the Waccamaw and Savannah Rivers

Source of variation DFnum, DFden MSE F value Pr>F

Individual tree basal area increment

River 1, 144 0.04181 0.39 0.5330

Site 2, 144 0.78138 7.30 0.0010

River × site 2, 144 0.06294 0.59 0.5568

Month 5, 144 2.86676 26.78 <0.0001

River × month 5, 144 0.10616 0.99 0.4251

Site × month 10, 144 0.47000 4.39 <0.0001

River × site × month 10, 144 0.04588 0.43 0.9307

Year 3, 144 0.13606 1.27 0.2867

River × year 3, 144 0.25716 2.40 0.0701

Site × year 6, 144 0.03895 0.36 0.9007

Litterfall

River 1, 180 11.02988 27.22 <0.0001

Site 2, 180 62.69820 154.72 <0.0001

River × site 2, 180 1.63124 4.03 0.0195

Month 5, 180 62.56346 154.39 <0.0001

River × month 5, 180 1.43288 3.54 0.0045

Site × month 10, 180 1.06959 2.64 0.0050

River × site × month 10, 180 0.47829 1.18 0.3068

Year 4, 180 1.90459 4.70 0.0012

River × year 4, 180 0.66640 1.64 0.1650

Site × year 8, 180 0.64720 1.60 0.1284

Month refers to bimonthly or 2-month averages (1: Jan/Feb, 2: Mar/
Apr, 3: May/Jun, 4: Jul/Aug, 5: Sept/Oct, 6: Nov/Dec)

Estuaries and Coasts



flooding should influence productivity interactively with
soil nutrient status.

Relative to our hypothesis, greater flood frequencies would
tend to flush surface litter from sites more efficiently, perhaps
forcing a greater role for litter dynamics to influence N bio-
geochemistry on upstream sites with less frequent flooding,
especially during drought. Furthermore, with such a large
discrepancy in the volume of litter N falling in the two less
frequently flooded, upstream freshwater sites (8,126 mg N
m−2 year−1) versus the four downstream sites (2,651 mg N
m−2 year−1: Table 4), any increase in soil total N stores with
higher salinity would have to be related to differential flush-
ing, decomposition, and/or mineralization in lieu of litter N
loading alone. Accordingly, flushing of litter from our sites is
expected to be higher on seaward sites flooded more frequent-
ly, while litter decomposition may be faster on freshwater sites
because of generally lower C:N concentrations in leaf litter
(Table 4; Taylor et al. 1989). Regardless, the six sites we
selected indicated enough variation in soil total N, foliar N
concentrations, and litter C/N ratios to cloud clear patterns;
hydrological control over biogeochemical cycling provides a
likely explanation for variable patterns (Clawson et al. 2001).

Conclusions

Forest stands with higher salinity had greater flood frequen-
cy and duration, lower basal area increments, lower tree

densities, higher numbers of dead or dying trees, and re-
duced leaf litter fall. We also tested the hypothesis that
higher soil total N concentrations at moderate salinities
may be explained by greater amounts of N loading to the
soil from litterfall on salt-impacted sites. Overall, our data
did not indicate that litterfall N is a likely source for the
increased soil total N on our study sites at moderate salin-
ities. However, this conclusion may be masked by the lack
of data from litterfall and N content of plants less than 1 m
(the height of our litter traps). These results are based on
litter N inputs from the dominant vegetation in the overstory
and do not reflect the inputs from understory herbaceous
vegetation. Alternatively, the rate of decomposition and po-
tential for N mineralization on our study sites undergoing
salinity-induced state change may be more important for
controlling N biogeochemical cycling in soils than N loading
via litterfall. Further study of organic matter mineralization
rates is needed as well as a comprehensive study of nitrogen
fluxes from soil respiration and dissolution of N gas in the
porewater and surface water to determine the influence of
these proposed processes on N cycling in these tidal forest
systems.
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