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Abstract Salinity changes resulting from storm
surge, tides, precipitation, and stormwater run-off
are common in coastal wetlands. Soil microbial
communities respond quickly to salinity changes,
altering the rate of soil organic carbon (SOC) loss and
associated biogeochemical processes. This study
quantified the impact of salinity-altering pulses on
SOC loss, defined as microbial respiration (CO2 flux)
at high and low tide, CH4 flux, and dissolved OC
(DOC) release, in 3 intertidal wetlands (Jacksonville,
FL, USA). Intact soil cores from a freshwater tidal,
brackish, and salt marsh were exposed to simulated
tides and 3 salinity pulsing events during a 53-day
laboratory experiment. Soil and water physio-chemical properties, nutrient release, and microbial indicators were measured. Microbial respiration was the
dominate pathway of SOC loss ([97 %). Soil hydraulic conductivity was greater in brackish and salt
marshes and was critical to overall soil respiration.
High tide CO2 flux was greatest in the freshwater
marsh (58 % of SOC loss) and positively correlated
with DOC concentration; low tide CO2 flux was
greatest in brackish and salt marshes (62 and 70 % of
SOC loss, respectively) and correlated with NH4? and
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microbial biomass. The freshwater marsh was sensitive to brackish pulses, causing a 112 % increase in
respiration, presumably from accelerated sulfate
reduction and N-cycling. SOC loss increased in the
salt marsh pulsed with freshwater, suggesting freshwater run-off may reduce a salt marsh’s ability to
keep-pace with sea level rise. Increased inundation
from storm surges could accelerate SOC loss in
freshwater marshes, while decreasing SOC loss in
brackish and salt marshes.
Keywords Storm surge  Sea level rise  Sulfate
reduction  Urban stormwater discharge  Tidal cycle

Introduction
Coastal wetlands occupy an ecological niche along
the land’s fridge that is unique in its tidally-influenced
hydrology and gradation in surface water salinities.
With eustatic sea level rising at a rate of 2.8–3.1
mm y-1, and urban development or coastal morphology impeding the landward transgression of many
intertidal wetlands in response to sea level rise (SLR),
these ecosystems are being geographically ‘squeezed’
between terrestrial and marine environments (IPCC
2007; Nicholls et al. 1999). As such, the influence of
surface water inputs from the two salinity extremes
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(i.e., freshwater and seawater) are expected to
increase. For example, storm surges and extreme tidal
events are predicted to increase in frequency and
elevation, causing more extensive land inundation
(Mousavi et al. 2011; IPCC 2007; Michener et al.
1997). Freshwater pulses to coastal wetlands resulting
from large precipitation events, stormwater run-off, or
point source discharges from surrounding urban areas
may also increase in some regions (Mulholland et al.
1997).
Coastal wetlands are considered a significant sink
for global carbon (C) and can accumulate approximately 30–100 kg organic C m-2 in the same time
period an adjacent upland accumulates 5–10 kg
organic C m-2 (Coultas 1996). Total global C burial
in salt marshes is estimated to be 218 ±
24 g m-2 y-1, more than 40 times higher than the
average terrestrial forest (McLeod et al. 2011). This
large C sequestration and storage capacity is a function
of high primary production, slow decomposition, and
the ability to trap and bury significant amounts of
allochthonus C from terrestrial run-off and tidal
deposition (Armentano and Menges 1986). Soil
organic C (SOC) is a C storage reservoir in coastal
wetlands controlled by the balance between C inputs
(e.g., biomass production and deposition) and C losses
(e.g., mineralization and export) that can be influenced
by salinity. Variations in SOC inputs are manifested as
distinct vegetation patterns observed in coastal wetlands that are driven in large part by salinity tolerance;
these patterns include decreases in plant productivity
(McKee and Mendelssohn 1989), species richness
(Tuxen et al. 2011) and diversity (Wieski et al. 2010)
with increasing salinity, as well as differences in
belowground biomass allocation (Neubauer et al.
2005) and species composition (Smith 2009; Williams
et al. 1999), all of which orient along salinity
gradients. The effect of salinity on SOC loss is less
clear. Comparing decomposition rates along existing
coastal salinity gradients has produced varying results,
with some studies indicating the highest decomposition rates occur in the most saline wetlands (Craft
2007), others indicating the highest rates in freshwater
tidal wetlands (Quintino et al. 2009), and still others
suggesting no direct relationship between salinity and
decomposition rate (Mendelssohn et al. 1999). The
numerous confounding variables affecting in situ
decomposition rates suggests that isolating the effect
salinity on SOC loss may be better discerned by
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changes in microbial community structure and activity. Soil microbes, with their quick turnover rate and
large surface-to-volume ratio, exhibit a high sensitivity to salinity that is demonstrated by variations in the
rate of SOC mineralization under different seawater
concentrations (Chambers et al. 2011).
A pulse of higher salinity surface water in wetland
soils introduces two main biogeochemical drivers that
influence SOC cycling: an ionic effect caused by
increased ionic strength and a sulfate effect caused by
the abundant SO42- in seawater. Higher ionic strength
can cause the rapid displacement of cations (e.g.,
NH4?, Fe2? and Al3?) from the soil exchange complex
by the plentiful Na2?, Mg2?, Ca2? and K? in seawater,
subsequently releasing these elements into the soil
porewater (Weston et al. 2006; Portnoy and Giblin
1997). The efflux of NH4? and Fe2? from the cation
exchange complex typically occurs within 1–3 days of
seawater addition and persists for *16 days (Weston
et al. 2006) with the potential to enhance nutrient
supply to soil microbes and promote redox reactions
during this timeframe. Physiologically, high ionic
strength can induce osmotic stress in microorganisms,
interfering with cellular functions and reproduction, or
even causing cell lysis and the divergence of microbial
community composition along salinity gradients (Ikenaga et al. 2010; Van Ryckegem and Verneken 2005).
Some ions present in seawater are known to disrupt
specific processes or microbial guilds in the soil. For
example, chloride is the most abundant anion in
seawater and can inhibit both nitrification and denitrification in soils and organic matter (Seo et al. 2008;
Hale and Groffman 2006; Roseberg et al. 1986). One
study found the addition of Cl- to organic matter never
previously exposed to the ion caused a significant
reduction in denitrification enzyme activity, but the
effect did not occur in systems with a history of high
Cl- concentrations (Hale and Groffman 2006). This
suggests some degree of adaptation or microbial
community shifts after prolonged Cl- exposure. Sulfide ions often accumulate in saline environments as a
byproduct of sulfate reduction and can have deleterious
effects on both vegetation (King et al. 1982) and
nitrifying bacteria (Joye and Hollibaugh 1995). Understanding the effects of Cl- and HS- on N cycling is
critical to understanding C biogeochemistry because N
and C cycling are often tightly coupled (White and
Reddy 2003) and can account for significant C
mineralization in low salinity wetland soils (Craft
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et al. 2009; Gribsholt et al. 2005). There is still much
debate in the literature regarding the effects of salinity
on microbial indicators such as microbial biomass C
(Gennari et al. 2007; Rasul et al. 2006; Muhammad
et al. 2006) and enzyme synthesis (Wu et al. 2008;
Tripathi et al. 2007), with most of the previous studies
being conducted in soils exposed to evaporative
salinity, rather than seawater, and none having compared results along coastal salinity gradients. For this
reason, we quantified two key enzymes involved in C
mineralization (ß-glucosidase and dehydrogenase) in
the present study.
Arguably the most significant change in SOC
cycling in low-salinity wetlands exposed to saltwater
intrusion is the increased availability of sulfate
(SO42-), which functions as an alternative electron
acceptor during anaerobic respiration (Capone and
Kiene 1988). The introduction of seawater to a
freshwater wetland soil in the laboratory increased
CO2 flux rate 20–32 % in direct proportion to the
amount of SO42- added under anaerobic conditions,
but the effect was short-term as other resource
limitations (e.g., labile C, N or P) begin to constrain
the soil respiration rate over time (Chamber et al.
Chambers et al. 2011). A similar study showed that the
addition of 10 ppt seawater to a freshwater sediment
caused sulfate reduction to become the dominate
pathway for C mineralization in just 12 days, and can
be responsible for up to 95 % of C loss after 35 days
(Weston et al. 2006). However, high SO42- concentrations also allow sulfate-reducing bacteria to outcompete methanogens with their higher energy yield,
dramatically reducing CH4 production in saline wetlands (Capone and Kiene 1988). Adding approximately 10–14 ppt seawater to a freshwater soil can
cause the near-complete suppression of methanogenesis in just 1 week (Chambers et al. 2011; Edmonds
et al. 2009). A recent meta-analysis of in situ methanogenesis in coastal marshes revealed the lowest CH4
flux rates when salinities were [18 ppt (1.1 ±
2 g m-2 y-1), and the highest rates in freshwater
(\0.5 ppt) and oligohaline (0.5–5 ppt) marshes
(41.9 ± 76 and 150 ± 221 g m-2 y-1, respectively)
(Poffenbarger et al. 2011). Research suggests that
freshwater wetland soils exposed to low salinities
(\10 ppt) may have the highest overall rate of SOC
mineralization due to the combined effects of accelerated sulfate reduction and the maintenance of high
in situ rates of methanogenesis (Chambers et al. 2011).

Pulses of lower salinity surface water from heavy
precipitation events or stormwater run-off could also
alter soil biogeochemistry and the rate of SOC cycling
in brackish and saline wetlands. Freshwater reduces
the ionic strength and concentration of SO42- in the
soil porewater, initiating a shift in microbial community composition and biogeochemical pathways that is
comparable to the effects of increasing salinity. To our
knowledge, no one has directly measured the impact
of lower-salinity pulsing events on SOC loss in saline
coastal wetland soils, but there is ample evidence that
C mineralization pathways tend to differ along wetland salinity gradients. In freshwater marshes, CO2
flux is often dominated by nitrate and iron reduction
(Craft et al. 2009; Neubauer et al. 2005) and CH4 flux
rates are higher than in saline marshes (Poffenbarger
et al. 2011). Increasing the input of freshwater may
also assist in flushing some of the deleterious
compounds (e.g., Cl- and HS-) that accumulate in
saline soils (Jolly et al. 2008), subsequently providing
more favorable conditions for microbial respiration.
Inundation, whether the result of a storm surge or
the daily tidal cycle, are also important aspects of
coastal wetland biogeochemistry because they control
the balance between aerobic and anaerobic respiration.
The acceleration of the CO2 flux following a drop in
the water table is well established in the inland
wetland literature (e.g., Blodau and Moore 2003;
Wright and Reddy 2001; Freeman et al. 1993) and can
cause the C mineralization rate to be as much as 50
times faster during a draw-down period, compared to
flooded conditions (Clymo 1983). In intertidal wetlands, as tides recede or the water table drops, CO2 flux
has also been shown to increase (Krauss and Whitbeck
2012) possibly due to a combination of greater oxygen
availability and relief from the ionic stress caused by
saltwater inundation. Few studies have investigated
the effects of tidal cycles on SOC loss in coastal
systems and none have looked at differences across
salinity gradients (Gribsholt and Kristensen 2003;
Neubauer et al. 2000).
Many of the responses to salinity changes described
above are relatively rapid and short-lived. Therefore,
we hypothesized that abrupt, dynamic changes in
salinity will have a greater impact on the rate SOC loss
in intertidal wetlands than more gradual changes (e.g.
eustatic SLR). To test this hypothesis, replicate intact
soil cores collected from three intertidal wetlands
(freshwater tidal, brackish, and salt marsh) were
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Table 1 Outline of the major predictions for the study based on wetland type and the concentration of the pulsing event
Wetland type

Pulsing event

Hypothesized effect on SOC loss

Freshwater

Brackish (13 ppt)

Highest overall SOC loss due to due to stimulated CO2 flux (sulfate reduction) and minimal
reduction in methanogenesis

Freshwater

Salt (26 ppt)

Efflux of DOC and NH4? from the soil exchange complex due to ionic displacement

Brackish

Fresh (0.5 ppt)

No/minimal effect because the system is already adapted to salinity fluctuations

Brackish

Salt (26 ppt)

No/minimal effect because the system is already adapted to salinity fluctuations

Salt marsh

Fresh (0.5 ppt)

Accelerated CO2 flux (flushing of Cl- and HS- and a reduction in ionic stress)
and stimulated methanogenesis

Salt marsh

Brackish (13 ppt)

No/minimal effect because the system will remain dominated by sulfate reducers

exposed to pulses of salinity-altering surface water
under laboratory conditions. Throughout the salinity
manipulations, SOC loss was quantified through soil
respiration, methanogenesis, and DOC release measurements collected during simulated high tide (inundated soil) and low tide (exposed soil) conditions.
Based on the type of wetland where the soils were
collected, the salinity of the surface water pulse, and
knowledge gained from previous studies, it was
predicted that freshwater soils pulsed with brackish
salinity water and salt marsh soils pulsed with
freshwater would exhibit the greatest change in the
rate of SOC loss (Table 1).

Methods
Study area
Thirty-six intact soil cores (12 from each of 3 sites)
were collected along the natural salinity gradient of
intertidal wetlands in the City of Jacksonville, Florida,
USA. The sites were chosen based on accessibility and
ambient surface water salinity. Soil cores were
collected from the intertidal marsh platform adjacent
to tributaries of the St. John’s River. The freshwater
tidal site was located along Cedar Creek
(30°260 48.500 N, 81°400 17.100 W), the brackish site along
Broward River (30°260 22.400 N, 81°370 33.100 W), and
the salt marsh site along Pablo Creek (30°180 29.900 N,
81°250 9.800 W). Emergent marsh vegetation typical of a
sub-tropical estuarine wetland dominated each site.
The freshwater wetland had the highest species diversity with Sagittaria lancifolia, Zizaniopsis miliacea,
and Alternanthera philoxeroides being the dominant
species. Juncus roemerianus and Spartina patens
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dominated the brackish marsh, and the salt marsh
was a monoculture of Spartina alterniflora. The
freshwater marsh soil was classified as Maurepas
muck and the salt and brackish marsh soils were
classified as Tisonia mucky peat (USDA 1978). All
three sites were subject to diurnal micro-tidal fluctuations averaging 0.7–1.0 m in range (NOAA 2011).
Experimental design
The experimental design consisted of a 3 9 3 9 3
mixed model treatment design. Twelve intact soil
cores were collected in each of the three wetland types
(freshwater, brackish, and salt marsh) in 40 cm
long 9 10 cm diameter polyvinyl chloride (PVC)
tubes on April 15, 2011. All 12 soil cores from each
site were collected within a 6 m2 plot to minimize
heterogeneity between cores and using care to minimize soil compaction. Aboveground vegetation was
removed by clipping to the soil surface; the cores were
capped on top and bottom, and then transported back
to the laboratory. At the time of soil collection, 400-L
of surface water from the adjacent tidal creek was also
collected, field-filtered through a 1-micron filter bag,
and transported back to the lab. During sampling, all
three sites were near low tide, with the freshwater and
salt marsh sites on the ebb tide and the brackish site on
the rising tide.
Once at the laboratory, the 12 field-replicate soil
cores from each site were randomly assigned to one of
4 conditions (freshwater, brackish, or saltwater salinity-altering pulses, or immediate analysis). Standard
window screen mesh was affixed to the bottom of the
cores and a 1-cm diameter drain hole was drilled
exactly 10 cm above the soil surface (to maintain a
10-cm deep water column). The 10 cm deep water
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column was chosen to mimic the average tidal range of
the St. John’s River estuarine marshes where the soils
were collected (NOAA 2011). The bottom of each
core was plugged and flooded with ambient surface
water (i.e., collected from the same site location) and
allowed to acclimate for 1 week. The acclimation
period was intended to provide time for any labile C
released during the shearing of root structures at core
collection to be assimilated. Following acclimation,
bottom plugs were removed, a leachate collection
container was placed under each core, and surface
water was allowed to drain through the soil profile and
mesh screen for the first 24 h dry-down period. After
the first dry-down, the 3 cores from each site selected
for immediate analysis were destructively sampled.
Following acclimation and initial dry-down, the
remaining 9 cores from each site were subjected to 3
cycles of 3–5-day salinity-altering pulses, punctuated
by 2 ambient surface water periods, each lasting
*12 days. Between each cycle of surface water
addition, all cores were unplugged, allowed to drain
for 24 h, and leachate was collected. Once the 53 day
manipulation experiment was complete, the remaining
27 cores were destructively sampled. The goal of this
design was to investigate both the short-term and
cumulative impacts of pulsing events in each wetland
type. Data from a hurricane storm surge in the Gulf of
Mexico indicated that estuarine surface water salinities
peak quickly to a maximum of *25 ppt, and then
receded slowly over the course of approximately 4 days
(Li et al. 2009). Due to the abrupt, temporary, and
dynamic nature of most saltwater (or freshwater) pulses
that occur in coastal wetlands, the design included a
return to ambient conditions following each salinity
pulsing event. This allowed for the identification of any
possible legacy impacts from the surge on the rate of
SOC loss after natural conditions resumed. Hydroperiod was designated as high tide during periods of
surface water flooding (10 cm water column), and low
tide during the dry-down periods. Soil cores were stored
in the dark at 25 °C and the top remained open to the
atmosphere throughout the laboratory experiment.
Soil and water properties
All soil cores were sectioned into 3 depth segments
(0–5, 5–10, and 10–20 cm), stored at 4 °C, and
analyzed within 30 days. Soil property analysis
included % moisture, bulk density, % organic matter

(OM), total C, total N, and C fiber analysis (% fines
(\0.025 mm), cellulose ? hemicellulose, and lignin
content). Moisture content and bulk density were
determined after drying a subsample at 70 °C until
constant weight. Percent OM was estimated by mass
loss on ignition (LOI) where dry soils were combusted
at 550 °C for 5-h and final weight was subtracted from
initial weight. Total C and N content were determined
using a Costech Model 4010 Elemental Analyzer
(Costech 121 Analytical Industries, Inc., Valencia,
CA). Dissolved OC was measured on a TOC Analyzer
(Shimadzu Scientific Instrument TOC 5050A, Columbia, MD) following EPA method 415.1, which
included filtering the water sample through a
0.45 lm membrane filter and acidifying the sample
with H2SO4 until analysis (USEPA 1993). The fiber
analysis was performed using a modified Ankom fiber
fractionation method after Roberts and Rowland
(1998). Fines (\0.025 mm) were defined as soil
particles released from a 0.025 mm mesh bag placed
in DI water, agitated, and rinsed. During sequential
analysis, cellulose ? hemicellulose was the fraction
solubilized in 24 N H2SO4, lignin content was the
fraction combusted in a muffle furnace at 550 °C, and
inorganic ash[0.025 mm was the material remaining
following combustion.
During the laboratory experiment the surface water
in each core was regularly monitored for salinity,
conductivity, pH, dissolved oxygen (DO), and temperature using a hand-held YSI model 85 (YSI Inc.,
Yellow Springs, OH). Twenty-mL surface water was
collected from each core 2–3 times during each event/
condition to monitor SO42- concentration and rate of
loss. Sulfate samples were un-acidified, manually
diluted, and analyzed on a Dionex DX 600 Ion
Chromatograph (Thermo Scientific, Sunnyvale, CA)
using standard method 4110B (Standard Methods
1997).
The surface water collected from each wetland type
was analyzed for ammonium–N (NH4?–N) and soluble reactive P (SRP) on an AQ-2 Automated Discrete
Analyzer (Seal Analytical, Mequon, WI) using EPA
Methods 104-A Rev. 3, and 118-A Rev. 2, respectively
(USEPA 1993). Depending on salinity, the sample
matrix used was either de-ionized (DI) water or 13 ppt
artificial seawater (Neomarine Reef Salt mix, Brightwell Aquatics, Elysburg, PA), with the 26 ppt salinity
samples diluted by half. For total Kjeldahl nitrogen
(TKN) quantification, 10 mL of surface water was
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digested in glass tubes with a TKN salt catalyst and
0.5 mL of concentrated H2SO4. Samples were
digested for 2 h at 160 °C, and then at 360 °C for
30 min. Tubes were cooled, 10-mL DI water added,
vortexed, and the concentration was determined
calorimetrically using a Technicon Autoanalyzer II
(Seal Analytical, Mequon, WI), EPA Method 351.2
(USEPA 1993).

the soil profile and then released to tidal creeks.
Leachate was collected in 125-mL nalgene bottles,
acidified, and stored at 4 °C until analyzed. All DOC
samples were filtered through a 0.45 lm membrane
filter and analyzed using a TOC Analyzer (Shimadzu
Scientific Instrument TOC 5050A, Columbia, MD)
following EPA method 415.1 (USEPA 1993).
Nutrient release

Soil organic carbon loss
The rate of SOC loss was estimated by measuring the
major pathways of organic C loss- CO2 production
(soil respiration, during both low and high tide), CH4
production (methanogenesis), and DOC release. Soil
respiration was determined using a portable infrared
gas analyzer (Li-Cor 8100, Lincoln, NB) that was
factory calibrated and equipped with a 10-cm diameter
chamber. The cores were plugged/sealed and CO2 flux
was measured (1-min) a total of 16 times during the
53 day study, including a minimum of one sampling
during each dry-down, salinity-altering pulse, and
ambient surface water condition.
Methane was determined using soil slurry microcosms created at the conclusion of the study after
Chambers et al. (2011). Approximately 5-g (wet
weight) soil sub-samples from each treatment condition (0–5 cm) were prepared in triplicate and added to
four 60-mL glass serum bottles. Bottles were capped
with butyl stoppers and aluminum crimp-caps, evacuated to -75 kpa, and flushed with O2-free N2 gas for
1-min to create anaerobic conditions. Eight mL of 0.5
ppt, 13 ppt, or 26 ppt seawater was added to create a
slurry (mimicking a high tide condition) with duplicates every third. All incubations were maintained at a
slight over-pressure and stored in the dark at 30 °C.
Headspace was extracted and measured on a gas
chromatograph (Shimadzu Scientific Instruments GC
8A, Columbia, MD) fitted with a flame ionization
detector (FID) on days 3, 7, 12, and 17. Potential
methanogenesis was calculated as CH4–C production
per g dry soil, per day.
Dissolved OC release was quantified in the leachate
collected during the soil core dry-down and represented total DOC loss. Studies indicate that porewater
seepage during ebb tide in salt marshes occurs
primarily through the face of tidal creek banks
(Gardner 2005). Therefore, we attempted to simulate
a receding tide when surface water is drawn through
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Nutrient release was determined by analyzing the
leachate water collected during the dry-down periods
for a total of 5 samplings during the study. Ammonium–N, SRP, and TKN were analyzed as described
above for surface water properties. Organic-N
was calculated as the difference between TKN and
NH4?–N.
Microbial indicators
Microbial biomass C (MBC) was determined by
fumigation-extraction after Vance et al. (1987) and
White and Reddy (2001). Duplicate 5-g (wet weight)
samples were prepared in 25-mL centrifuge tubes. One
set was fumigated with chloroform for 24 h and the
other set served as the non-fumigated control. Following the chloroform treatment, both fumigates and
non-fumigates were extracted with 25 mL of 0.5 M
K2SO4, agitated for 30 min on a circulating shaker,
and centrifuged at 5,000 rpm for 10 min. The supernatant was vacuum-filtered through a Whatman # 42
filter paper and stored at 4 °C until analyzed for total
organic carbon (Shimadzu Scientific Instrument TOC
5050A, Columbia, MD). An extraction efficiency
coefficient of kEC = 0.37 was applied to all samples
(Sparling et al. 1990). Total labile organic C (TLOC)
was defined as the TOC for the fumigated samples,
labile organic C (LOC) was defined as the TOC for the
non-fumigated samples, and MBC was defined as the
difference between TLOC and LOC. The metabolic
quotient (qCO2) was calculated as the rate of soil
respiration (mg CO2–C kg soil-1 d-1) divided by
MBC (mg MBC kg soil-1).
Beta-glucosidase enzyme activity was measured
fluorometrically as described by Marx et al. (2001).
Soil samples were homogenized, diluted by 100 with
autoclaved distilled de-ionized (DDI) water, and
sonicated for 10 s. Replicate soil slurry samples
(150 lL) were added to each column of a 96 well
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plate. The top 4 rows were incubated with 100 lL
(200 lM final concentration) of fluorescently labeled
substrate (methyl umbelliferone (MUF)-glucoside) for
4 h. After 4 h, labeled MUF-glucoside was added to
the bottom 4 rows and 10 lL of 0.1 M NaOH was
added to all wells. Formation of the fluorescent
product MUF was measured at excitation/emission
wavelength of 360/460 on a Synergy HT Multi-Mode
Microplate Reader (BioTek, Winooski, VT). Quenching curves were prepared for each of the three wetland
soils and coefficients were applied to the final values,
expressed as mg MUF kg dry soil-1 h-1.
Dehydrogenase enzymes activity was determined
using the TTC (triphenyltetrazoliym chloride) method
developed by Thalmann (1968) and modified by Alef
(1995). Five-g wet weight soil was added to a 60 mL
amber glass vial along with 5 mL TTC solution.
Slurries were incubated in the dark for 24 h, 40 mL
acetone was added, the solutions were filtered through
a Whatmann #2 filter paper, and the optical density of
the solution was measured at 546 nm wavelength on a
Spectrophotometer (Shimadzu Scientific Instruments
UV-160, Columbia, MD). Dehydrogenase activities
were expressed as mg TPF kg dry soil-1 h-1.
Data analysis
Statistical analysis was performed using SAS 9.1
software (SAS Institute Inc., Cary, NC). All data sets
were first tested to determine if the assumptions of
homogeneity and normality were met using the
Brown and Forsythe’s Test and Shapiro–Wilk Test,
respectively. Where these assumptions were not met,
the raw data was log transformed and further statistical
analysis was conducted using the dataset that fulfilled
the assumptions. A three-way repeated measures
ANOVA model (a = 0.05) was used to determine
the interaction between soil respiration rate, treatment
condition, and time. A two-way repeated measures
ANOVA model was used to determine significantly
different means for complete data sets collected at
common times for each soil core where time (t) was
significant (p \ 0.05, according to a treatment specific
two-way ANOVA). This was determined to be true for
DOC release and nutrient release. When t was deemed
non-significant (p [ 0.05; two-way ANOVA), the
multivariate response was reduced to a univariate
response and a two-way ANOVA model was used to
determine significantly different means (Davis 2002).

This method was determined to be appropriate for CO2
flux. Non-repeated variables (soil and water properties, CH4 flux, and microbial indicators) were measured using one and two-way ANOVA models
(a = 0.05). Pearson’s Product correlations were performed to determine correlations between SOC loss,
soil and water properties, microbial indicators, and
nutrient release. A Chi Square test of independence
was used to test if the percent of SOC lost to each
pathway (respiration, methanogenesis, and DOC
release) depends upon the treatment condition applied,
and a Chi Square of Goodness of Fit was used to test if
the percent of SOC lost to each pathway deviated
significantly from that of the control condition (all at
a = 0.05). One intact core (a freshwater marsh soil
pulsed with salt (26 ppt) water) was completely
removed from the analysis as an outlier ([2.5 times
the standard deviation). A simple theoretical model
was developed to illustrate the effects of SLR on SOC
loss using the results for the partitioning of C loss via
the 4 pathways (high tide CO2, low tide CO2, CH4, and
DOC release) in each of the 3 wetland types. In this
model, SLR is defined as an increase in time of high
tide and decreased time of low tide. The linear model
assumes current conditions are 50 % high tide and
50 % low tide and models an increase to 100 % high
tide and 0 % low tide, with no real-time SLR scenario
specified.

Results
Soil and water properties
The brackish marsh soil had a higher bulk density
(p \ 0.01) than the freshwater and salt marsh soils;
bulk density did not vary with depth in any of the soils
(Table 2). Soil organic matter content showed an
inverse relationship with bulk density, with consistently higher OM in the freshwater and salt marsh soils
(41–52 %) compared to the brackish marsh soil
(29–34 %). Similar to % OM, total C and total N
were higher in the freshwater and salt marsh soils
compared to the brackish marsh soil (p \ 0.05) and
did not change with depth. The ratios of soil total C:N
were 16.7 ± 1.4, 18.0 ± 1.7, and 17.9 ± 1.6 for the
freshwater, brackish, and salt marsh soils, respectively. The C:N did not differ significantly with
wetland type or depth. Carbon fiber analysis revealed
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the freshwater marsh soil had fewer fines
(\0.025 mm; p \ 0.01) than the brackish and salt
marsh soils (Fig. 1). Both the freshwater and salt
marsh soils had higher lignin content (p \ 0.05) than
the brackish soil and the brackish soil had higher
inorganic ash content ([0.025 mm; p \ 0.05) than the
salt marsh. Cellulose ? hemicelluloses content did
not differ with wetland type.
Surface water salinities were 0.56 ± 0.07,
13.5 ± 0.8, and 26.5 ± 1.8 ppt for the freshwater,
brackish, and salt marsh surface water, respectively.
Sulfate concentration and specific conductivity
increased with salinity (Table 3). Surface water pH
was similar for all sites (averaging 7.7), and dissolved
oxygen also did not vary between sites (ranging from
6.4 to 6.9 mg L-1; data not shown). Ammonium
concentration was higher (p \ 0.05) in the freshwater,
compared to the brackish water, whereas TKN and
DOC did not different between wetland types. SRP
concentration was greater (p \ 0.01) in the freshwater
compared to both the brackish and salt marsh site water.
Soil organic carbon loss
Soil respiration was strongly affected by inundation
level, with CO2 flux being greater at low tide
(following a 24-h dry-down), compared to high tide
(10-cm water column), in the brackish and salt marsh
soils (Fig. 2). Using only the soil cores treated with the
control condition, the average rate of CO2 flux during
high tide was greater (p \ 0.001) in the freshwater
marsh soil (1,033 ± 347 mg CO2–C m-2 d-1) than
the salt marsh soil (500 ± 160 mg CO2–C m-2 d-1)

Fig. 1 Percent C fiber content in soils (0–10 cm) according to
wetland type. Each bar represents mean percent of the control
condition (n = 12); error bars represent standard error. Different letters represent significantly different means (p \ 0.05)
based on a one-way ANOVA

and was negatively correlated with salinity (p \ 0.05;
Table 4). The rate of high tide CO2 flux was also
positively correlated with DOC release, methanogenesis, qCO2, SRP, and Organic-N. During low tide in
the control condition soil cores, average CO2 fluxes
were 2,450 ± 680 mg CO2–C m-2 d-1 in the brackish marsh soil, 2,052 ± 1,031 mg CO2–C m-2 d-1
in the salt marsh soil, and 1,578 ± 649 mg
CO2–C m-2 d-1 in the freshwater marsh soil (Fig. 2).
Soil respiration rate at low tide in the control condition
cores was not correlated with any of the soil, water, or
microbial indicators of interest. Comparing average
high tide and low tide CO2 flux in each wetland type
revealed significant differences in the magnitude of the
tidal effect on soil respiration. Mean soil respiration

Table 2 Soil properties (mean ± standard deviation; n = 3) by wetland type and soil depth for the control condition

Freshwater

Depth
(cm)

Bulk density
(g cm-3)

Organic matter
(%)

Total C
(%)

0–5

0.17 ± 0.10a

40.7 ± 7.9ab

19.8 ± 1.1a

1.25 ± 0.03a

0.18 ± 0.01

a

ad

a

1.23 ± 0.03a

0.19 ± 0.01

a

a

1.10 ± 0.06b

0–5

0.26 ± 0.02

b

33.7 ± 1.9

b

13.5 ± 1.0

0.72 ± 0.06c

5–10

0.28 ± 0.01b

32.2 ± 1.5bc

12.5 ± 1.0b

0.70 ± 0.02c

10–20

0.28 ± 0.01

b

b

0.66 ± 0.03c

0.18 ± 0.02

a

a

1.10 ± 0.01b

0.16 ± 0.02

a

a

1.13 ± 0.03b

0.17 ± 0.01

a

a

1.07 ± 0.12b

5–10
10–20
Brackish

Salt marsh

0–5
5–10
10–20

43.8 ± 1.1

abd

42.8 ± 4.7

bc

c

28.7 ± 0.8

abd

43.2 ± 1.1

d

51.6 ± 2.8

abd

46.2 ± 3.0

19.9 ± 1.0
19.8 ± 2.8

11.5 ± 1.3
17.9 ± 1.0
21.9 ± 1.6
19.4 ± 1.6

Different letters represent significantly different means (p \ 0.05) based on a two-way ANOVA
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Table 3 Surface water properties (mean ± standard deviation; n = 12) for the control condition by wetland type
Wetland type

Freshwater
Brackish
Salt Marsh

Sulfate
(mg L-1)
43 ± 6a
b

1,485 ± 172

c

3,199 ± 842

Conductivity
(mS cm-1)

DOC
(mg L-1)

NH4?
(mg L-1)

1.0 ± 0.1a

11.5 ± 2.1
9.6 ± 2.6

20.5 ± 1.2

b

39.3 ± 1.8

c

8.3 ± 2.1

TKN
(mg L-1)

SRP
(mg L-1)

0.19 ± 0.01a

0.91 ± 0.12

0.16 ± 0.01a

0.03 ± 0.04

b

0.69 ± 0.09

0.07 ± 0.02b

0.13 ± 0.05

ab

0.78 ± 0.18

0.04 ± 0.02b

Different letters represent significantly different means (p \ 0.05) based on a two-way ANOVA

rates were 53 % greater at low tide than at high tide in
the freshwater marsh soil, 230 % greater at low tide
than high tide in the brackish marsh soil, and 310 %
greater at low tide than high tide in the salt marsh soil.
Time was not a significant factor in soil respiration
rate over the course of the experiment (p = 0.25;
three-way repeated measures ANOVA). Therefore,
CO2 fluxes from the three salinity-altering pulses were
treated as replicates. Focusing on the effects of the
salinity pulsing manipulation, results indicate that all
of the freshwater marsh soil cores had higher
(p \ 0.01) rates of CO2 flux during high tide
(1,056 ± 420 mg CO2–C m-2 d-1) than all of the
other soil cores (Fig. 3a). Soil respiration rates in the
brackish marsh soil were negatively affected by the
pulse of fresh (0.5 ppt) water, decreasing the average

Fig. 2 Effect of tidal cycle (low tide = post 24-h dry-down;
high tide = 10 cm water column) on CO2 flux rate according to
wetland type. Each bar represents mean flux rate of the control
condition (n = 9); error bars represent standard error. Different
letters represent significantly different means (p \ 0.05) based
on a one-way ANOVA

rate of CO2 flux from 426 ± 85 mg CO2–C m-2 d-1
in the control, to 286 ± 5 mg CO2–C m-2 d-1 following the pulse (p \ 0.05; Fig. 3a). Meanwhile, the
pulse of salt (26 ppt) water had no impact on the
brackish marsh soil CO2 flux during high tide. In the
salt marsh soil, respiration rates during high tide were
not affected by the addition of either fresh (0.5 ppt) or
brackish (13 ppt) water. Overall, the rates of CO2 flux
during the high tide salinity pulsing events were
positively correlated with DOC release, CH4 flux, and
SRP (all p \ 0.01; Table 4).
Following each pulsing event, the soils demonstrated a legacy effect from the surface water addition,
resulting in significantly different rates of CO2 flux
during the subsequent low tide under certain treatment
conditions (Fig. 3b). The freshwater marsh soil
receiving a pulse of brackish (13 ppt) water had a
CO2 flux of 2,587 ± 1,230 mg CO2–C m-2 d-1,
more than double the rate in the control treatment
during the same period (1,221 ± 426 mg CO2–
C m-2 d-1; p \ 0.001; Fig. 3b). In contrast, the
freshwater marsh soil pulsed with salt (26 ppt) water
showed no legacy effect during low tide. In the
brackish marsh soil, respiration rate during low tide
was unaffected by either the freshwater or saltwater
pulses, with an overall average flux rate of
1,645 ± 291 mg CO2–C m-2 d-1. The salt marsh
soil pulsed with fresh (0.5 ppt) water had a significant
legacy effect, increasing CO2 flux from
1,578 ± 313 mg CO2–C m-2 d-1 in the control treatment, to 2,775 ± 710 mg CO2–C m-2 d-1 following
the pulse (p \ 0.05). The pulse of brackish (13 ppt)
water had no legacy effect on soil respiration in the salt
marsh soil. The concentrations of NH4? and MBC
were positively correlated with CO2 flux during the
low tide that followed the salinity pulsing events
(p \ 0.05; Table 4).
Between each salinity pulsing event, all soil cores
were flooded with their original ambient site water for
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Table 4 Pearson’s product correlation coefficients for variables associated with SOC loss
CO2 flux at high tide

CO2 flux at low tide

CH4 flux

n,df

9,7/26,24

9,7/26,24

9,7/26,24

9,7/26,24

Salinity

-0.71/NS

NS/NS

NS/NS

20.87/NS

DOC Release
CH4 flux

0.83/0.73
0.69/0.51

NS/NS
NS/NS

0.93/0.69

NH4?

NS/NS

NS/0.41

NS/NS

NS/20.57

Org–N

0.85/NS

NS/NS

NS/NS

0.85/NS

DOC release

0.93/0.69

SRP

0.89/0.57

NS/NS

NS/0.47

0.81/0.76

MBC

NS/NS

NS/0.39

NS/NS

NS/-0.39

qCO2

0.92/NS

NS/NS

NS/0.40

0.67/0.53

Number represents r-value for (control condition/pulsing event)
Values in bold are significant at p \ 0.01; all other values are significant at p \ 0.05. Non-significant relationships are represented by
NS (Not Significant)
DOC dissolved organic carbon, SRP soluble reactive phosphorus, MBC microbial biomass C

Fig. 3 Effect of salinityaltering pulse during: a high
tide and b low tide, on CO2
flux rate according to
wetland type and surface
water salinity. Horizontal
bars represent mean (solid
line) and standard error
(dashed lines) of the control
condition. Each bar
represents mean flux rate
(n = 18); error bars
represent standard error;
NS = not significantly
different from the control
condition; significantly
different means (p \ 0.05)
represented by percentages
and based on a two-way
ANOVA
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*12 days to mimic a return to baseline, or natural
field conditions. During this ambient water phase,
respiration rates for each salinity pulsing treatment
condition were not different than the control for that
wetland type during both high tide and low tide
measurements, suggesting a return to baseline conditions between each pulsing event (data not shown).
The rate of methane production was an order of
magnitude higher (p \ 0.001) in the freshwater marsh
control treatment than in all other treatments
(114 ± 9 mg CH4–C m-2 d-1; Fig. 4). The addition
of brackish (13 ppt) and salt (26 ppt) water to the
freshwater marsh soil decreased methanogenesis by 98
and 97 %, respectively. In the brackish marsh soil, CH4
flux ranged from below detection to 2.2 mg CH4–
C m-2 d-1, with no affect of surface water salinity
changes. The salt marsh soil exposed to fresh (0.5 ppt)
water had a CH4 flux of 8.0 ± 6.4 mg CH4–C m-2 d-1,
marginally different (p = 0.08) from the control condition (0.12 ± 0.13 mg CH4–C m-2 d-1). Overall, CH4
flux was positively correlated with DOC release, qCO2,
and SRP (Table 4). Methane flux had high withintreatment variability and should be interpreted as a
measurement of potential methanogenesis, rather than an
approximation of in situ methanogenesis, since the soil
slurry incubations modified the physical soil structure.
DOC release from the control condition soil cores
decreased from freshwater, to brackish, to salt marsh
wetland types (p \ 0.001; Table 5). DOC release was
inversely correlated with salinity and directly correlated

with CH4 flux, qCO2, SRP, and organic-N (Table 4).
The salinity pulsing events did have a significant impact
of the rate of DOC release in both the freshwater and the
salt marsh soils. The pulse of brackish (13 ppt) water in
the freshwater marsh soil caused a decrease (p \ 0.01)
in DOC release, from 18.3 ± 2.8 mg L-1 in the
control, to 10.8 ± 2.2 mg L-1 following the pulse.
Additionally, the pulse of fresh (0.5 ppt) water in the salt
marsh soil caused an increase (p \ 0.01) in DOC
release, from 7.6 ± 0.7 mg L-1 in the control, to
11.4 ± 0.9 mg L-1 following the pulse. With the
exception of the pulsing effects, the rate of DOC release
was constant over time. Overall, DOC release following
salinity pulsing events was positively correlated with
CH4 flux, qCO2 and SRP, and negatively correlated with
NH4? and MBC (Table 4).
More than 97 % of SOC loss in this study
occurred through soil respiration, with the exception
of the freshwater marsh control, which lost 94 % of
SOC to respiration. The average total mass of SOC
lost in the freshwater marsh control treatment was
greater than in the brackish marsh salt (26 ppt) water
treatment (p \ 0.01), the salt marsh control (26 ppt)
treatment (p \ 0.01), and the salt marsh brackish (13
ppt) water treatment (p = 0.05; Fig. 5). Since the
total mass of SOC loss reflected the amount of time
each measurement or condition occurred during the
experimental manipulation (i.e., cores were exposed
to high tide conditions a greater proportion of the
time than low tide conditions), a time-corrected

Fig. 4 Effect of salinityaltering pulse (high tide) on
CH4–C flux rate according
to wetland soil type and
water salinity. Horizontal
bars represent mean (solid
line) and standard error
(dashed lines) of the control
condition. Each bar
represents mean flux rate
(n = 3); error bars
represent standard error;
NS = not significantly
different from the control
condition; significantly
different means (p \ 0.05)
represented by percentages
and based on a two-way
ANOVA
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Table 5 DOC and nutrient release (mean ± standard deviation; n = 3) for the control condition of each wetland type
NH4?
(mg L-1)

Wetland type

DOC
(mg L-1)

Freshwater

18.3 ± 2.8a

0.18 ± 0.15a

10.6 ± 2.1

b

0.16 ± 0.21

a

7.6 ± 0.7

c

0.71 ± 0.44

b

Brackish
Salt marsh

TKN
(mg L-1)

Org-N
(mg L-1)

1.18 ± 0.30

1.00 ± 0.34a

0.68 ± 0.50a

1.07 ± 0.24

a

0.30 ± 0.28a

b

0.01 ± 0.01b

1.33 ± 0.40

SRP
(mg L-1)

0.91 ± 0.47
0.63 ± 0.17

Significantly different means (p \ 0.05) represented by different letters and based on a repeated measures two-way ANOVA

average % SOC loss to each pathway was also
calculated for the control condition to demonstrate
the implications of this data under a natural tidal cycle
(Fig. 6). Based on mass C per unit time, the freshwater
marsh control lost the largest % of total SOC through
high tide CO2 flux (55 %), while the brackish and salt
marsh controls lost the largest % SOC through low tide
CO2 flux (62 and 70 %, respectively). The freshwater
marsh soil pulsed with brackish (13 ppt) water was the
only treatment to deviate significantly from its’
respective control in the % SOC lost to each of the 4
pathways. This treatment more closely resembled the
SOC loss partitioning of the brackish marsh control
(54 % loss to low tide CO2 flux, 46 % to high tide CO2
flux, and\1 % to methanogenesis) than the freshwater
marsh control.
Nutrient release
Among the soil cores receiving the control condition,
the salt marsh soil released more NH4? than the
freshwater and the brackish marsh soils (p \ 0.01;
Table 5). The salinity pulsing events had a significant
effect on the freshwater marsh soil, increasing the
concentration of NH4? release by more than an order
of magnitude when a pulse of brackish (13 ppt) water
was added, from 0.02 ± 0.19 mg L-1 in the control,
to 0.57 ± 0.79 mg L-1 following the pulse
(p \ 0.05). TKN release showed no difference
between wetland type, salinity-altering pulse, or time,
averaging 1.2 ± 0.3 mg L-1. Organic-N release differed significantly between wetland types and was
greater in the freshwater and brackish marsh soils than
the salt marsh soil (p \ 0.05). Salinity pulsing events
and time had no effect on organic-N release. SRP
release for the control condition was greater for the
freshwater and brackish marsh soils than from the salt
marsh soil, even when controlling for differences in
the concentration in the surface water (p \ 0.01).
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The concentration of MBC in the salt marsh soil control
was more than twice that of the freshwater and brackish
marsh soil controls (p \ 0.001; Table 6). The salinityaltering pulse of brackish water to the salt marsh soil
caused an increase in MBC (p \ 0.01) from
2,105 ± 159 mg kg-1
in
the
control,
to
2,974 ± 365 mg kg-1 following the 13 ppt pulse.
Time was not a significant factor for MBC and the
amount of MBC was similar between the baseline cores
(sampled on day 10) and the final cores (sampled on day
53). MBC was positively correlated with soil OM
content, TLOC, LOC, dehydrogenase activity, and
NH4? concentration (p \ 0.01; data not shown). TLOC
among the control condition cores was highest in the
salt marsh soils (p \ 0.001). Similar to MBC, TLOC
increased in the salt marsh soil following the pulse of
brackish (13 ppt) water, from 2,345 ± 389 mg kg-1 in
the control, to 3,236 ± 389 mg kg-1 following the
pulse (p \ 0.001). LOC did not differ between wetland
types, nor was it affected by the salinity pulsing events.
LOC was positively correlated with ß-glucosidase
activity (p \ 0.05; data not shown). The metabolic
quotient (qCO2) was lower in the salt marsh soil
compared to the freshwater marsh soil (p \ 0.05) and
was unaffected by the salinity pulsing events. The qCO2
was positively correlated with high tide CO2 flux and
DOC release in the control condition soils, and
positively correlated with CH4 flux and DOC release
following the salinity pulsing events (Table 4).
Beta-glucosidase activity was lower in the brackish
marsh soil compared to the freshwater marsh soil
(p \ 0.05; Table 6). The salinity pulsing events did
not affect ß-glucosidase activity, but activity was
positively correlated with dehydrogenase activity
(p \ 0.05), and organic matter content (p \ 0.001).
Dehydrogenase activity showed a similar pattern to ßglucosidase activity, but differences between wetland

Biogeochemistry
Fig. 5 Total mass of SOC
lost (CO2–C ? CH4–
C, ? DOC) during the
53 day laboratory
experiment. Each bar
represents mean mass C
(n = 3); error bars represent
standard error; significantly
different means (p \ 0.05)
represented by different
letters based on a two-way
ANOVA

Discussion
Soil and water properties

Fig. 6 Mean percent of SOC lost by different pathways
(controlling for duration of measurement) according to soil
type. Charts represent control condition (n = 3); the freshwater
marsh soil treated with brackish (13 ppt) ‘pulses’ was the only
treatment deviating significantly from its’ respective control,
according to a Chi square goodness of fit (p \ 0.05)

types were not significant. Dehydrogenase activity
was positively correlated with organic matter content
and MBC (p \ 0.05).

The brackish marsh soil had higher bulk density, lower
OM, total C, and total N content, and a large
contribution of fines and inorganic ash, all of which
is indicative of a system with greater tidal influence
and higher inorganic sediment deposition. Although
these characteristics are more commonly found in salt
marshes (Craft 2007; DeLaune et al. 2002; Odum
1988), unique sedimentation patterns and/or the
location of the estuary’s turbidity maximum in relation
to our sampling sites may have contributed to the
brackish marsh site being the most inorganic of the
three wetland types (Wieski et al. 2010; Nyman et al.
1990). Despite the many physical and chemical
similarities of the freshwater and salt marsh soils
(e.g., bulk density, OM, C, and N content), the
composition and classification of these soils varied
greatly. The freshwater marsh soil consisted of highly
decomposed herbaceous histisols (USDA 1978). Saprist soils such as these represent *80 % of North
American wetland soils and have one of the lowest soil
hydraulic conductivities, acting similar to a sponge in
its’ ability to retain water against gravitational pull
(Bridgham et al. 2006; Boelter 1965). In contrast, the
salt marsh soil was composed of less decomposed
hemist soils with higher clay and silt content (USDA
1978). These distinctions become important when
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Table 6 Microbial indicators (mean ± standard deviation; n = 3) for the control condition of each wetland type (0–5 cm)
Wetland
Type

Freshwater
Brackish
Salt marsh

MBC
(mg kg-1)

TLOC
(mg kg-1)

LOC
(mg kg-1)

qCO2
(mg CO2-C
kg-1 d-1/mg kg-1)

ß-gluco-sidase
(mg MUF
kg-1 h-1)

Dehydro-genase
(mg TPF
kg-1 h-1)

170 ± 30

0.26 ± 0.14a

318 ± 139a

148 ± 25

706 ± 157a

901 ± 214a

a

606 ± 187

755 ± 175

a

163 ± 23

0.21 ± 0.17

90 ± 25b

31 ± 11

2,105 ± 159b

2,345 ± 133b

245 ± 29

0.06 ± 0.01b

250 ± 27ab

165 ± 89

ab

Significantly different means (p \ 0.05) represented by different letters and based on a two-way ANOVA
MBC microbial biomass carbon, TLOC total labile organic carbon, LOC labile organic carbon

discussing the impact of tidal cycle on CO2 flux (see
below).
Soil organic carbon loss
Despite extensive knowledge about the influence of
inundation and water table on soil respiration rates in
non-coastal wetlands, very few studies have investigated the impact of tides on coastal wetland CO2 flux.
Low tide CO2 flux rates were higher than high tide
rates in the brackish and salt marsh soils, as would be
expected from increased soil oxygenation and redox
potential following the drop in water level (D’Angelo
and Reddy D’Angelo and Reddy 1999). However,
there was no significant difference in CO2 flux from
high tide to low tide in the freshwater marsh soil
(Fig. 2). As a result, the magnitude of the tidal effect
for the freshwater marsh was small, averaging only a
53 % increase in mean CO2 flux between high and low
tides. This tidal effect is similar to the 50 % increase at
low tide found by Neubauer et al. (2000) in a
temperate tidal freshwater marsh, but is substantially
less than the mean tidal effects observed for the
brackish marsh (230 % increase at low tide) and salt
marsh (310 % increase at low tide) in this study.
Differences in the magnitude of the tidal effect along
the salinity gradient is likely attributable to differences
in the hydraulic conductivity of the soils. The brackish
marsh soil drained the quickest during the simulated
ebb tide (\2 h), followed by the salt marsh soil
(2–6 h), and the freshwater marsh soil (up to 24 h); a
pattern that mirrors the low tide CO2 flux rates. Soils
with high water retention could allow anaerobic soil
conditions to persist during low tide, and subsequently
decrease the rate and efficiency of microbial respiration (Freeman et al. 1993). Additionally, salt can
function as both a flocculating agent, causing hydrophilic colloids to aggregate, and as a dispersing agent,
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causing hydrophobic colloids to repel one another
(Gregory 1989). Therefore, high concentrations of
Na2? in the brackish and salt marsh soils could
increase both the size of soil aggregates and the
quantity of macropore spaces in the soil profile,
allowing water to drain quickly and the soil to become
aerobic faster during low tide (Brady and Weil 2004).
Knowledge of the general patterns in soil hydraulic
conductivity along coastal wetland salinity gradients
could improve the ability to predict how changes in
inundation patterns affect C storage in these systems.
The effect of the pulsing events on SOC loss were
overall most pronounced in the freshwater tidal marsh
soil pulsed with both brackish (13 ppt) and salt (26 ppt)
water, and the salt marsh soil pulsed with fresh (\0.5
ppt) water (Table 7). When the freshwater marsh soil
was pulsed with brackish water, high tide CO2 flux
was unaffected, but a 112 % increase in CO2 flux was
observed during the subsequent low tide. This increase
could be partially explained by an influx of SO42- to
support sulfate reduction (Weston et al. 2006), but our
data also show a strong correlation between the
acceleration of low tide CO2 flux and a tripling in
the concentration of NH4? release. This correlation
suggests a short-term disruption of N cycling following pulses of seawater, a concept supported by
previous literature on chloride-induced inhibition of
nitrification and denitrification (Seo et al. 2008;
Roseberg et al. 1986), especially in systems not
previously exposed to Cl- (Hale and Groffman 2006).
Chloride concentrations as low as 80 mg L-1 caused
the complete inhibition of denitrification enzyme
activity in stream organic matter (Hale and Groffman
2006), and 13 ppt seawater contains approximately
7,000 mg Cl- L-1 (Kester et al. 1967). Hydrogen
sulfide accumulation of 60–100 lM HS- in estuarine
sediments has also been shown to suppress nitrification by 50–100 % (Joye and Hollibaugh 1995).

Biogeochemistry

Saltwater can further disrupt N-cycling by releasing
NH4? ions into solution through ionic exchange
(Baldwin et al. 2006; Weston et al. 2006; Portnoy
and Giblin 1997). Therefore, we hypothesize that
during the high tide13 ppt pulse there was an increase
in NH4? availability, a precursor to coupled nitrification–denitrification, but nitrifiers were not able to
utilize the additional inorganic N until the stress
caused by Cl- and HS- were alleviated during the low
tide dry-down. The pulse of saltwater (26 ppt) to the
freshwater marsh soil had no effect on soil respiration
during high tide or the subsequent low tide. Although
the increase in SO42- occurred, the increase in NH4?
release seen with the 13 ppt pulse was not seen
following the saltwater pulse. The reason for this is
unclear, but it could be that the salinity was so high the
freshwater marsh microbial community was under too
much osmotic stress to respond to the increased SO42availability or rebound from the inhibitory salinity
effects on N-cycling bacteria. Overall, the freshwater
marsh soil pulsed with brackish water was the only
treatment in the entire study that showed a significant
deviation from the control condition in the partitioning
of SOC loss via the 4 pathways measured.
The pulse of fresh (0.5 ppt) water to the salt marsh
soil did not affect the rate of soil respiration during high
tide, but did cause an average of a 76 % increase in CO2
flux during the subsequent low tide. Past research has
found that increasing tidal flushing can enhance
productivity in salt marshes through decreased osmotic
stress and the removal of deleterious compounds such
as sulfide (King et al. 1982; King and Wiebe 1980). It
follows that a flush of freshwater could accelerate
microbial respiration in a salt marsh soil, as observed in
this study. The only effect on CO2 flux during high tide
was observed in the brackish marsh soil pulsed with
fresh (0.5 ppt) water, which caused a 33 % decline in
soil respiration rate relative to the control. Sulfate
reduction is the dominate pathway for soil respiration
in brackish marshes and SO42- tends to have a short
residence time in the soil profile, being quickly utilized
by microbes (Weston et al. 2006; DeLaune et al. 1983).
The abrupt decline in SO42- availability when freshwater was added would have diminished the rate of
sulfate reduction and required non-sulfate reducing
microbes to activate quickly to maintain the same
overall rate of soil respiration. The brackish marsh soil
had lower microbial biomass than the salt marsh soil
(Table 6) and microbial biomass and microbial

diversity tends to be directly correlated (CordovaKreylos et al. 2006). Therefore, the low biomass of the
brackish marsh soil may have prevented the microbial
community from adapting quickly to the decrease in
SO42- availability, whereas the salt marsh soil (with
high microbial biomass) was unaffected. The absence
of a low tide legacy effect from the freshwater pulse in
the brackish marsh soil supports the earlier assertion
that low tide respiration in the brackish marsh soil is
dominated by aerobic microbes due to the high
hydraulic conductivity of the soil, making SO42availability superfluous during low tide.
Methanogenesis was an order of magnitude greater
in the freshwater marsh control compared to all other
treatments, as would be expected from pervious
literature indicating a higher energy yield for sulfate
reducers, compared to methanogens (D’Angelo and
Reddy D’Angelo and Reddy 1999). However, the
contribution of CH4 flux to overall SOC loss was still
minimal in the freshwater marsh soil, representing
only *3 % of the total SOC loss (Fig. 6). In-situ rates
of methanogenesis in freshwater tidal marshes in
another study represented about 6 % of C loss; our
rates may be underestimated because 95 % of CH4 is
normally released through macrophytes, which were
not included in the present study (Neubauer et al.
2000). Methanogenesis in the freshwater marsh soil
was near-completely suppressed (97–98 %) following
the addition of brackish and saltwater. Past laboratory
studies have indicated that salinity concentrations of
14 and 35 ppt reduced CH4 flux by 79 and 94 %,
respectively (Chambers et al. 2011). The addition of
freshwater to the salt marsh soil caused a slight
increase in methanogenesis. Although marginally
significant, this finding may still have important
global implications since CH4 has a radiative forcing
25 times greater than CO2 (IPCC 2007). These results
suggests the discharge of precipitation run-off from
urban development directly into salt marshes can
accelerate both the production of CO2 during low tide
and the release of CH4 to the atmosphere.
Dissolved OC release decreased in the freshwater
marsh soil pulsed with brackish (13 ppt) water. In other
laboratory studies, the addition of artificial seawater
(no C source) to a freshwater wetland soil caused no
change in DOC release (Weston et al. 2011). Since the
ambient concentration of DOC in the brackish water
was less than the freshwater (Table 3), the decrease in
release may have been due to DOC absorption to the
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Table 7 Summary of the observed affects of pulsing events on SOC loss, nutrient release, and microbial indicators according to
analysis of variance tests
Pulsing event

Freshwater
Brackish (13 ppt)

Brackish
Salt (26 ppt)

Fresh (0.5 ppt)

Salt marsh
Salt (26 ppt)

Fresh (0.5 ppt)

Brackish (13 ppt)

Observed effect compared to control condition
High tide CO2 flux

NS

NS

0.02 (Decrease)

NS

NS

NS

Low tide CO2 flux

<0.01 (Increase)

NS

NS

NS

0.02 (Increase)

NS

CH4 flux

<0.01 (Decrease)

<0.01 (Decrease)

NS

NS

0.08 (Increase)

NS

DOC release

<0.01 (Decrease)

0.06 (Decrease)

NS

NS

<0.01 (Increase)

NS

SOC partitioning

0.05

NS

NS

NS

NS

NS

MBC

NS

NS

NS

NS

NS

<0.01 (Increase)

TLOC

NS

NS

NS

NS

NS

<0.01 (Increase)

NH4?

0.02

NS

NS

NS

NS

NS

(Increase)
Values represent p-values when compared to the control condition for each wetland type. Increase or decrease refers to the post hoc test (least
square means) used to determine the direction of the difference relative to the control
Values in bold are significant at p \ 0.05; all other values are marginally significant at p \ 0.1. Non-significant relationships are represented
by NS (not significant)
DOC dissolved organic C, MBC microbial biomass C, TLOC total labile organic C
* Data based on Chi squares goodness of fit test indicating non-directional differences

peat matrix, or the utilization of DOC as a substrate for
microbial respiration (Freeman et al. 1997). An
increase in the concentration of DOC release was
observed following the freshwater pulse in the salt
marsh soils, but may also simply be a result of higher
DOC concentration in the freshwater marsh surface
water. Past studies have shown dramatic increases in
DOC release following the flooding of dry soils
(Blodau and Moore 2003) and there has been speculation about the impact saltwater intrusion may pose on
DOC release (Henman and Poulter 2008). Based on our
findings, DOC release appears to be controlled by the
mass balance between the concentration of DOC in the
pulsed water relative to the ambient concentration in
the soil porewater, rather than any short-term ionic
displacement from the soil matrix.

Cl- and/or HS-, which have been shown to cause an
accumulation of NH4? in the porewater (Azam and
Ifzal 2006; Roseberg et al. 1986). The addition of 10
ppt artificial seawater to a freshwater sediment displaced 70 % of NH4? from the soil exchange complex
in an intact core study (Weston et al. 2011). Similarly, a
50-fold increase in porewater NH4? concentration was
observed in a microcosm study where non-saline
wetland soils were flushed with 30 ppt seawater
(Portnoy and Giblin 1997). A previous investigation
of coastal wetland soils suggested PO42- (SRP) can be
displaced by SO42- due to their similar chemical
structure, but we found no evidence of this displacement in the current study (Bruland and DeMent 2009).

Nutrient release

Microbial biomass C is a strong indicator of soil
microbial community size that has been largely
ignored in the coastal wetland literature. It is believed
that the density and diversity of bacteria in freshwater
and marine soils are comparable, while differing only
in community composition (Capone and Kiene 1988).
This study found MBC in the salt marsh soil to be more
than double that of the freshwater and brackish marsh
soils; TLOC, an indicator of bioavailable C, also

Water nutrient concentrations showed no clear correlation with salinity, nor were they strongly impacted
by the salinity pulsing events. The only exception was
NH4?, which increased 3-fold in the freshwater marsh
leachate following the addition of brackish (13 ppt)
water. As mentioned, this could be the result of ionic
displacement and/or the inhibition of nitrification by
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showed the same pattern (Table 6). This could result
from the combination of a strong marine influence
introducing additional bacterial communities to the
system and high organic matter content to support the
additional marine microorganisms (Ikenaga et al.
2010; Blum et al. 2004). Interestingly, both MBC
and TLOC increased even more in the salt marsh soil
following the addition of brackish water (Table 7).
High ionic conductivity is known to inhibit enzyme
activity in the soil, so this study also investigated the
impact of pulsing events on enzyme synthesis (Frankenberger and Bingham 1982). ß-glucosidase, a soil
enzyme involved in glucose production, is considered a
good indicator of soil quality and general C mineralization rate (Makoi and Ndakidemi 2008). We found ßglucosidase to be lower in the brackish marsh soil than
the freshwater marsh soil, which is in agreement with
other indicators of lower soil quality in the brackish
marsh soil (e.g., lower organic matter content and
higher C:N). No relationship was found between ßglucosidase and salinity, as was also the case in a study
by Jackson and Vallaire (2009). Dehydrogenase is
produced during microbial respiration and was of
interest due to existing contradictions in the literature.
Some research has found that dehydrogenase activity is
strongly inhibited by salinity (Saviozzi et al. 2011;
Frankenberger and Bingham 1982); others have found
a positive relationship between dehydrogenase activity
and salinity (Wu et al. 2008); and the current study
found no difference in dehydrogenase activity with
salinity (Table 6). Although the chemical composition
of the salinity treatment does vary in the previously
cited literature, all contained Cl- and/or SO42-, both of
which can inhibit dehydrogenase activity (Dinesh et al.
1995). In the present study, it appears that substrate
availability may have exerted a greater constraint on
dehydrogenase activity than salinity, as evidence by
correlations between activity and indicators of soil
quality (e.g., LOC (r = 0.77, p \ 0.05) and inorganic
ash content (r = –0.73. p \ 0.05)).
The qCO2 is an index of the efficiency of the
microbial community, such that stressed populations
tend to produce more CO2 per individual and have a
higher qCO2 (Wong et al. 2008). More saline
environments are presumed to be more stressful to
microbes and typically have a higher metabolic
quotient (Saviozzi et al. 2011; Tripathi et al. 2006),
but previous studies have found a decrease in qCO2
with increasing salinity, as we did in the present study

(Wong et al. 2008). This could be a consequence of the
type of microorganisms present in the soil. For
example, fungi are known to produce less CO2 per
individual than bacteria and are commonly associated
with the decomposition of Spartina spp., the dominant
source of litter material in our salt marsh site (Wong
et al. 2008; Torzilli et al. 2006). With the exception of
MBC and TLOC, no microbial indicators were
affected by the salinity pulsing events.
Sea level rise implications
Aside from salinity pulsing effects, this study also
identified noteworthy differences in the influence of
tidal cycles (duration of inundation) on coastal wetland SOC loss that could have far-reaching repercussions for wetland C storage capacity during eustatic
SLR. According to our results, as coastal marshes
become more saline, carbon loss during low tide
becomes increasingly important (Fig. 6). Using a
simple linear model to extrapolate these SOC loss
findings to a scenario of increased tidal inundation due
to SLR rise suggests total SOC loss from freshwater
tidal marsh soils may increase with greater tidal
inundation, while SOC loss in brackish and salt marsh
soils would decrease (not accounting for accretion).
As the percent of time a marsh is inundated under high
tide increases from 50 % (assumed present condition)
to 100 % (always inundated), the mg C m-2 d-1 lost
from the freshwater tidal marsh soil is expected to
increase by approximately 4.3 mg for each 1 %
increase in inundation time, while C loss in the
brackish and salt marsh soils are expected to decrease
by *4.3 and 5.5 mg C m-2 d-1, respectively, for
each 1 % increase in inundation time. A decrease in
the rate of SOC loss could allow more C to remain
stored in the soils of brackish and salt marshes, but it is
important to consider that C inputs will likely also be
altered by SLR. For example, one study found that
tidal inundation (fully or partially submerging marsh
vegetation) reduced the rate of C fixation by approximately 46 % compared to non-inundated conditions
(Kathilankal et al. 2008). On an ecosystem scale,
increased inundation may enhance plant productivity
by promoting the deposition of sediments and nutrients (Kirwan and Mudd 2012). Predicting the overall
effect of SLR on a wetland’s C balance requires a
complete C budget to be calculated (including aboveground and belowground biomass and sediment
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deposition rates). Possibly the only study that has
attempted to establish a complete C budget in a coastal
wetland impacted by saltwater intrusion was performed by Neubauer (2011) in a tidal freshwater
marsh. This study found that a 10 ppt increase in
salinity decreased net ecosystem productivity (NEP)
by 55 %, while greater freshwater inundation
increased NEP by 75 %, resulting in no overall
change when these two parameters (salinity and
inundation) where combined.
Experimental design considerations
The use of intact soil cores to measure the response of
SOC loss, nutrient release, and microbial indicators
affected by salinity pulsing events allowed for greater
control of environmental variables such as temperature, water column depth, C inputs via photosynthesis,
and soil redox effects caused by primary producers.
Although additional research is necessary to determine if all of our findings can be replicated under
in situ conditions, a field study in a freshwater tidal
marsh documented decreases in CO2 flux with both
increased inundation and moderate increases in salinity (Neubauer 2011). Over longer time spans, processes such as soil accretion and deposition will be
important in determining if the marsh platform does
indeed experience longer periods of inundation and
increased saltwater pulsing with SLR, or if deposition
and OM accumulation compensate for the increased
elevation of ocean. In field studies, a wide variety of
responses to SLR have been documented in coastal
wetlands (e.g., DeLaune and White 2011, and references therein) with local geomorphic and ecological
factors often determining the ultimate fate of a
wetland (Fagherazzi et al. 2012; Nicholls et al. 1999).

Conclusions
Coastal wetlands function as large storage reservoirs
for global C in the form of SOC. In the contiguous
United States, only 25,000 km2 of coastal (estuarine)
wetlands sequester over 10 Tg C y-1 (Bridgham et al.
2006). The combined effects of global SLR and
coastal urban development are well documented
threats to the health and sustainability of coastal
wetlands, as well as the SOC stored within them
(DeLaune and White 2011; Craft et al. 2009).
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However, limited attention has been given to the
short-term, dynamic fluctuations in salinity that occurs
in coastal wetlands as a result of storm surges, extreme
tidal events, and urban stormwater discharge. This
study found that the impact of pulsing events on the
rate of SOC loss along a coastal salinity gradient
differs with wetland type and salinity. Freshwater tidal
marsh SOC biogeochemistry was highly sensitive to
pulses of brackish water; this type of pulsing event
could become increasingly common in low relief
coastal zones experiencing more extreme tidal events
and storm surges with rising sea levels. Brackish water
additions caused an increase in low tide CO2 flux and
NH4? release, a decrease in CH4 flux, and a shift in the
partitioning of SOC loss via the 4 pathways studied
(low and high tide CO2 flux, CH4 flux, and DOC
release) in the freshwater marsh soil during a 3–5 day
pulsing event. Based on knowledge of biogeochemical
mechanisms described in previous literature, it is
likely the brackish water pulse accelerated soil
respiration by increasing SO42- reduction and coupled
nitrification–denitrification of NH4?, while simultaneously causing the near-complete suppression of
methanogenesis through competition with sulfatereducers. The brackish marsh soil was the least
sensitive to pulses of higher or lower salinity surface
water, possibly because these intermediate systems are
already adapted to significant salinity fluctuations.
However, decreases in CO2 flux were observed during
pulses of freshwater in the brackish soil and were
presumed to be the product of reduced SO42- availability for sulfate-reducing bacteria. The salt marsh
soil responded to freshwater pulses with accelerated
SOC loss, which may have been due to the flushing of
accumulated Cl- and HS-, a reduction in osmotic
stress, and the stimulation of low levels of methanogenesis. The salt marsh soil used in this study also
benefited from a large soil microbial community,
which could have allowed for quicker adaptation to
changing environmental conditions. The increase in
low tide CO2 flux in the salt marsh soil following
pulses of freshwater has broad implications considering the juxtaposition of urban develop and many salt
marshes, particularly where stormwater is discharged
directly into adjacent tidal creeks and coastal wetlands. Most salt marshes respond to SLR through a
natural feedback loop that promotes vertical marsh
accretion (Fagherazzi et al. 2012), but our data
indicates high volumes of freshwater urban run-off
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could diminish the ability of salt marshes to keep pace
with SLR due to accelerated SOC loss. All three
wetland types recovered quickly from salinity pulsing
events, returning to baseline rates of SOC loss and
nutrient release when natural salinities were re-established during the 9–12 day ambient site water phase
between pulsing events. This demonstrates the rapidity of soil microbial responses to salinity change and
the community’s flexibility in adapting to variations in
the abundance of electron acceptors.
The ability of intertidal wetland soils to drain
quickly during ebb tides proved crucial to the overall
rate of CO2 flux in this study. High soil hydraulic
conductivity, a function of both organic matter composition and the aggregation/dispersive forces of salts,
tends to magnify the difference between high and low
tide respiration rates in brackish and saline soils by
allowing for the quick conversion from anaerobic to
aerobic respiration following the drop in water level. In
contrast, the highly decomposed organic soils of the
freshwater marsh remained saturated even during low
tide, diminishing the impact of tidal fluctuations of
CO2 loss. Such variations in soil properties along
natural salinity gradients could affect how C storage
capacity responds to eustatic SLR, particularly with
changes in inundation patterns. Based on our findings,
an increase in the duration of inundation due to SLR
could decrease the overall rate of SOC loss in brackish
and salt marshes, while increasing the rate of SOC loss
in freshwater tidal marshes.
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