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Abstract Plant-mediated processes determine carbon (C) cycling and storage in many ecosystems; how
plant-associated processes may be altered by climate-induced changes in environmental drivers is
therefore an essential question for understanding global C cycling. In this study, we hypothesize
that environmental alterations associated with near-term climate change can exert strong control on
plant-associated ecosystem C cycling and that investigations along an extended hydrologic gradient may
give mechanistic insight into C cycling. We utilize a mesocosm approach to investigate the response of plant,
soil, and gaseous C cycling to changing hydrologic regimes and elevated atmospheric carbon dioxide (CO2)
concentrations expected by 2100 in a coastal salt marsh in Louisiana, USA. Although elevated CO2 had no
significant effects on C cycling, we demonstrate that greater average flooding depth stimulated C exchange,
with higher rates of labile C decomposition, plant CO2 assimilation, and soil C respiration. Greater average
flooding depth also significantly decreased the soil C pool and marginally increased the aboveground
biomass C pool, leading to net losses in total C stocks. Further, flooding depths along an extended hydrologic
gradient garnered insight into decomposition mechanisms that was not apparent from other data. In C-4
dominated salt marshes, sea level rise will likely overwhelm effects of elevated CO2 with climate change.
Deeper flooding associated with sea level rise may decrease long-term soil C pools and quicken C exchange
between soil and atmosphere, thereby threatening net C storage in salt marsh habitats. Manipulative studies
will be indispensable for understanding biogeochemical cycling under future conditions.

Plain Language Summary This study examines how near-term climate change may affect the
exchange and storage of carbon by plants in salt marshes. Our results indicate that sea level rise will
increase the amount of carbon that is moved from the soil into the atmosphere, shrinking the amount of
carbon in salt marsh soil. This may reduce the ability of salt marshes to keep carbon in soil long term and
decrease the ability of salt marshes to offset climate change. As salt marshes are some of the best ecosystems
on the planet for storing carbon in soils, any change in how these ecosystems process carbon is important
to understand.

1. Introduction

Carbon (C) cycling is a critical ecosystem function that determines how much C is stored or sequestered in
various pools (Lal, 2004; Pan et al., 2011) and how much C is released back into the atmosphere. Carbon
cycling in vegetation-dominated communities is often mediated by plants, as plants assimilate and sequester
carbon dioxide (CO2), vent CO2 and methane from soil respiration to the atmosphere (reviewed in Reddy &
DeLaune, 2008), and affect rates of decomposition (Mueller et al., 2016). Because of the important roles that
plants play in mediating ecological function, understanding how plant responses vary along environmental
gradients is crucial for predicting how ecosystem C cycling may shift with environmental change.

Climate change is altering environmental gradients through increased atmospheric CO2 concentrations,
increased temperatures, and sea level rise (IPCC, 2013). Coastal habitats are located at the junction of marine
and terrestrial biomes and thus have to respond to sea level rise and increasing atmospheric CO2 concentra-
tions in concert. As coastal plants respond to climate change, we expect that plant-mediated ecosystem func-
tions, including C cycling, will respond in kind. Climate change will also increase the severity and frequency of
disturbances, including drought and flooding (IPCC, 2013), that coastal systems experience. These rare events
occur at the boundary of hydrologic gradients marshes are adapted to and may push ecosystems into alter-
native stable states (Beisner et al., 2003). Climate changemay therefore indirectly impact ecosystem C cycling
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through shifts in plant community dynamics (e.g., Stagg, Schoolmaster,
Krauss, et al., 2017), which may occur gradually with consistent environ-
mental change or stochastically with rare conditions.

Salt marsh C cycling is of special global interest because of their large C
storage capacity, often termed “blue carbon,” that may help mitigate cli-
mate change impacts globally (Bridgham et al., 2006; Duarte et al., 2013;
Mcleod et al., 2011). Salt marshes can store C-rich organic matter on mil-
lennial time scales (Chmura et al., 2003; Mitsch et al., 2013) and have the
ability to increase their C storage capacity through continuous elevation
gains (Morris et al., 2002; Reed, 1995). These habitats are also model sys-
tems for exploring responses of C cycling to climate change because they
can exist along wide hydrologic gradients and experience rare hydrologic
conditions (e.g., McKee et al., 2004). Rare conditions are difficult to capture
in the field, but understanding C cycling along an extended hydrologic
gradient may give insight into the mechanisms behind key processes.

Despite an increase in studies investigating C cycling in coastal salt
marshes, uncertainty remains in how C cycling will respond to sea level
rise and elevated atmospheric CO2 concentrations expected in the next
century (Hopkinson et al., 2012; Mcleod et al., 2011). There is conflicting
evidence in the literature on how key pieces of the C cycle, such as
decomposition, respond to sea level rise (Kirwan et al., 2013; Mueller
et al., 2016; Stagg, Schoolmaster, Krauss, et al., 2017). Hydrologic gradi-
ent analyses have elucidated C-related responses for typical conditions,
but few studies have captured responses to rare conditions on the edge

of the hydrologic gradient (e.g., Zedler et al., 1986). Incorporating variability in hydrologic treatments
along an extended gradient that includes rare conditions may be crucial to generating realistic stress
responses, as in temperature experiments (Thompson et al., 2013). Few studies have investigated salt
marsh C cycling responses to CO2 concentrations in marshes dominated by C-4 photosynthetic pathway
plants (Cherry et al., 2009; McKee & Rooth, 2008), as manipulating CO2 concentrations is costly and logis-
tically difficult. C-4 dominated marshes may not show direct responses to CO2 concentrations, but indirect
effects from enhanced water-use efficiency may be important drivers of C cycling in these marshes (Sage
& Kubien, 2003). Further, marsh plant responses to CO2 concentrations may be influenced by other co-
occurring drivers such as increased nitrogen loads and sea level rise (e.g., Erickson et al., 2007; Langley
& Megonigal, 2010). Understanding how C cycling responds to changing conditions in salt marshes allows
insight into how alterations in environmental gradients associated with climate change may shift C cycling
in ecosystems more generally.

We investigated how changes in atmospheric carbon dioxide concentration and average water depth asso-
ciated with near-term (before 2100) climate change may alter the C cycling of Spartina alterniflora dominated
coastal salt marsh and included rare treatments along an extended hydrologic gradient. We hypothesized
that (1) hydrologic regime would be the dominant driver of C cycling in this C-4 marsh; (2) the amount of
C exchanged through the system would mirror trends in plant production, with high turnover rates asso-
ciated with high production; and (3) simulated sea level rise would stimulate the amount of C stored in bio-
mass and soil pools up to a flooding stress threshold, after which C pools would decrease due to plant stress.

2. Materials and Methods

Wemanipulated carbon dioxide concentrations and hydrologic regimes to represent near-term climate con-
ditions in a controlled greenhouse environment, using mesocosms of S. alterniflora. Hydrologic regimes
represented both static and tidal inundation and included conditions that are rarely observed in the field
to encompass the entire hydrologic gradient these marshes experience (Figure 1). In response to these treat-
ments, we measured a suite of C cycling parameters, including C stored in biomass and soil pools, assimila-
tion of carbon dioxide into plant tissue, emission of C gases from plants and soil, and decomposition of labile
C in soils. We utilized a mixed model framework to analyze the nested design.

Figure 1. Experimental design showing water level and inundation type
treatments. Four static and three tidal treatments experienced water
levels within the in situ tidal range (�18.5 to +18.5 cm), while two static
treatments experienced rare conditions (�20 and +24 cm). The dotted lines
show tank groupings.
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2.1. Experimental Design

In early summer 2014, we collected sods of intact soil and vegetation from monospecific stands of
S. alterniflora in southeastern Louisiana, United States (29.18°N, 90.25°W), using sharpshooter shovels. Sods
were collected from the same relative elevation (approximately 50% time flooded) in healthy marsh that
experiences an average 0.37-m diurnal tide range (NOAA, 2017) and were located in subtropical, mineral-
based deltaic soils (Weindorf, 2008). Sods were transplanted into mesocosms (18.9 L) in the field. After collec-
tion, sods were transferred to the U.S. Geological Survey Wetland and Aquatic Research Center in Lafayette,
Louisiana, United States. We trimmed sods to a uniform 20-cm soil depth, added pea gravel to the bottom of
the mesocosms, and removed all fiddler crabs and snails. We drilled several holes in the side of the meso-
cosms, which, in combination with the pea gravel, allowed both vertical and horizontal movements of water
through the mesocosm soil profile. Sods were acclimated to the mesocosms for approximately 1 month by
sitting under a shade cloth with constant moisture before placement in the greenhouse facility.

The experimental greenhouse facility included four 12-m2 greenhouses (described thoroughly in McKee &
Rooth, 2008), which allowed for tight control of hydrologic and atmospheric conditions. Experimental treat-
ments were applied using a split-plot design. At the greenhouse/whole-plot level, we varied CO2 concentra-
tions at ambient (~400 ppm) or elevated (~720 ppm; possible by 2100; IPCC, 2013) concentrations in two
greenhouses each. Within the greenhouses, at the split-plot level, water level and inundation type were
manipulated to generate nine hydrologic treatments, replicated twice in each greenhouse (Figure 1).
Seven hydrologic treatments spanned the in situ tidal range, providing average water depths that occur at
present or may occur by the end of the century with sea level rise (IPCC, 2013). As they are commonly used
in greenhouse experiments, especially in microtidal systems, average water level in four of these treatments
was kept static (�9.5 to +13.5-cm water levels compared to soil surface). To compare static treatments to
more realistic field conditions, three tidal treatments that experienced 30-cm tidal inundation (one high
and one low per day) were included (�12 to +9-cm average water levels compared to soil surface; 15 to
75% inundation). Two additional static treatments experienced rare hydrologic conditions outside of the
average in situ tidal range (�20 and +24-cm water levels compared to soil surface), to investigate C cycling
along an extended hydrologic gradient. Groups of mesocosms were placed in tanks to allow for the large
volumes of water needed for treatments (Figure 1). Water levels were manipulated using aquarium pumps
and drains and by controlling mesocosm elevation within tanks. In total, the whole-plot CO2 treatment
was replicated twice, with split-plot hydrologic regimes replicated 2 times in each whole-plot, for a total of
72 experimental units. This design allowed us to control for variability within greenhouses, given the limited
space available. Sods were ordered by estimated initial biomass and then randomly assigned to treatments,
to avoid confounding effects of initial condition.

Mesocosm salinity was set to field conditions at 20 ppt (growing season last 5 years 18.0–29.0 ppt monthly
average; Coastwide Reference Monitoring System, 2017). Salinity was checked weekly, and adjustments were
made with deionized water or Instant Ocean (Spectrum Brands, Inc., Blacksburg, VA, USA). Water was chan-
ged quarterly to prevent excessive algal buildup. To remove salt buildup on plant leaves, plants were lightly
sprayed with deioized water biweekly. At the beginning of the experiment, all mesocosms received 2 L of
10% strength Hoagland’s solution to prevent nutrient limitation. We monitored the experiment from
September 2014 to November 2015. To monitor hydrologic treatment progression, pore water was collected
quarterly and assayed for conductivity (YSI 3100; YSI Inc., Yellow Springs, OH, USA), pH (Orion model 420A;
Thermo Fisher Scientific Inc., Waltham, MA, USA), and sulfide concentrations (modified from McKee et al.,
1988). Soil redox potentials were also measured at 5 and 15 cm (Orion ORP Electrode 9179BN; Thermo
Fisher Scientific Inc., Waltham, MA, USA).

2.2. Biomass Carbon Dynamics

We quantified the biomass C pool by measuring plant above- and belowground production rates and end of
season biomass and converting grams of biomass to grams of C. Initial aboveground biomass was calculated
by harvesting over 100 stems from the initial collection and deriving an allometric equation using stem
height (biomass [g] = 0.28 * stem height [cm] � 1.07, P < 0.01). Dead stems were collected quarterly during
the experiment, dried at 60°C, and weighed. At the end of the experiment, all aboveground biomass was
harvested, dried at 60°C, and weighed. Annual aboveground biomass production was calculated as the
difference between cumulative biomass (including final harvest) and initial biomass values. Root ingrowth
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bags were deployed for the duration of the experiment to quantify belowground biomass production rates
(Neill, 1992). Root ingrowth bags were 5 cm in diameter and were filled with mineral sediment to approxi-
mate the low organic matter marshes they were deployed in. After ingrowth bag harvest, roots and rhizomes
were sorted into live and dead fractions by sieving to 2 mm and floating in water. Tissue was then dried at
60°C and weighed. End of season belowground biomass was quantified by washing soil from root material
through a 2-mm sieve, drying at 60°C, and weighing. Due to the large size of mesocosms, belowground
end of season biomass was not sorted into live and dead fractions. Initial belowground standing stocks were
not assessed. Biomass was converted to grams C by using literature values of both above- and belowground
percent C of S. alterniflora tissue (aboveground 42% C, belowground 38% C; Gallagher et al., 1984; McKee &
Rooth, 2008). Root-to-shoot ratios were also calculated by comparing total belowground biomass to above-
ground biomass following Robinson et al.’s (2010) framework (sensu Stagg, Schoolmaster, Krauss, et al.,
2017), to avoid problems associated with conducting regression on ratios.

2.3. Soil Carbon Dynamics

We quantified the soil C pool by calculating soil C density from soil cores. Cores were collected at the begin-
ning and end of the experiment using a 5-cm diameter soil corer; each 20-cm length core was dried at 60°C to
constant mass and weighed. These data allowed calculation of soil moisture and bulk density via dry weight
to volume (Blake & Hartge, 1986). Percent organic matter was calculated by homogenizing each dried core
through a 2-mm sieve and processing a 2-g subsample using loss-on-ignition at 500°C for 5 hr, following
recommendations of Wang et al. (2011). Soil organic matter was then converted to percent soil organic C
(multiplied by 0.4014 for saline marsh soil in Terrebonne Basin, Louisiana; Wang et al., 2017). Percent soil
organic C was multiplied by bulk density to calculate soil C density (Chmura et al., 2003) and scaled to soil
C pools by multiplying C density by mesocosm-specific soil volume.

We estimated cellulose decomposition rates. The percent of tensile strength loss from cotton strips was
quantified as a proxy for soil decomposition (Maltby, 1988). Cotton strips were inserted throughout the entire
20-cm soil profile at three time periods and left until approximately 65% degraded. Simultaneously, control
strips were inserted into each mesocosm, immediately removed, and otherwise treated identically to test
strips. After collection, cotton strips were gently washed of soil particles, dried, and cut into 2-cm-wide strips.
The total force necessary to pull each strip apart was then recorded using a tensiometer (outfitted with
Mecmesin BFG 1000 N; Mecmesin Limited, West Sussex, UK). To calculate percent tensile strength loss, tensile
strength values for each experimental strip were divided by the average tensile strength of control strips.

2.4. Gaseous Carbon Dynamics

We quantified gaseous C cycling by measuring net ecosystem exchange of CO2 and methane at midday dur-
ing peak photosynthesis, scaling photosynthesis to total leaf area for total plant C uptake, and calculating
ecosystem C respiration. Clear Plexiglas chambers (42.6 L) were placed over mesocosms (Weston et al.,
2014), and 15-mL air samples were collected and stored in scintillation vials that were vacuumed during
sample collection to prevent leakage. Samples were collected initially, at 30 min, and at 1-hr postchamber
installation during sampling events in May, August, and November. Mesocosms were not drained for data
collection, but tidal treatments were sampled at low tide to quantify maximum gas fluxes. Gas samples were
analyzed using a Varian CP-3800 Gas Chromatograph (Varian Inc., Palo Alto, California, USA) for CO2 and
methane; measurable levels of nitrous oxide were not detected. Due to sample storage issues during
HVAC repairs at the Wetland and Aquatic Research Center, May samples were discarded. Gas concentrations
were regressed over time and fit to a linear regression, using the slope as the gas flux rates for each
mesocosm (Krauss & Whitbeck, 2012).

To separate plant C uptake from net CO2 flux, we measured photosynthesis using an LI-6400XT Portable
Photosynthesis System (LI-COR Inc., Lincoln, Nebraska, USA). Photosynthesis was measured on the first fully
expanded leaf on a stem in each mesocosm, allowing the leaf to equilibrate before recording data. Stomatal
ratio (0.003; Maricle et al., 2009), actual chamber leaf area, and light intensity (1,200 μmol * m�2 * s�1) were
adjusted accordingly. All measurements were taken at the same time of day as gas exchange measurements,
during peak photosynthesis. To scale from leaf-level to plant-level photosynthesis, total leaf area was quan-
tified by counting the number of live leaves and multiplying by average leaf area for each mesocosm. Total
leaf area was then multiplied by photosynthesis to calculate plant-level CO2-C uptake and scaled to uptake
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per unit area (mg C * m�2 * h�1). Finally, to estimate CO2 respiration, CO2

uptake was subtracted from net CO2 flux. Net CH4-C flux was then
summed with CO2-C respiration to calculate total C respiration (m�2) for
each mesocosm.

2.5. Statistical Analyses

We analyzed data using a mixed model regression framework to quantify
the relationship between hydrologic regime, CO2 concentration, and our
response variables (package “nlme” in R statistical software version 3.3;
Pinheiro et al., 2016; R Core Team, 2016). Mixed models allow proper
accounting of nesting (Zuur et al., 2009); hydrologic regime was nested
inside greenhouse as a random effect, matching our split-plot design.
We did not detect any effects of greenhouse on response variables, so
replicates were pooled across CO2 treatments. When temporal effects
were insignificant, data were pooled across time periods for all analyses.
For all regression analyses, treatments outside of the in situ tide range
were excluded from model fitting but are presented for comparison. We
modeled error variance to account for heterogeneity when present (Zuur

et al., 2009). Full models included CO2 concentration (elevated or ambient), inundation type (static or tidal),
water level (continuous), and all two-way interactions as fixed effects. Model selection was carried out using
corrected Akaike information criterion values (due to small sample sizes) and single deletion of terms that
were insignificant (P < 0.05). Final models were determined by using function anova. lme() between full
and reduced models to ensure no significant terms were dropped. Marginally significant terms
(0.01 > P < 0.05) were dropped if their inclusion did not improve corrected Akaike information criterion
scores by at least 2. Carbon uptake, respiration, and decomposition responses were log-transformed before
analysis to meet linear assumptions, and an offset was added before log-transformed analyses to remove any
negative numbers. All P values for final model terms, and pseudo R2 for final models (mixed models do not
have typical R2 due to random effects), are reported in Table S1 in the supporting information. Three outliers
were removed for methane net ecosystem exchange data that were an order of magnitude larger than other
samples; if present, outliers were retained for all other analyses.

3. Results

The amount of C stored in soil and biomass pools and the exchange of C between pools were altered by
hydrologic regime, but not atmospheric CO2 concentration (Table S1). Further, inundation type often
affected the relationship between average water depth and response variables. With greater average flood-
ing depth, edaphic variables indicated that our hydrologic regimes affected soil parameters as expected;

Figure 2. Root to shoot ratio response to water level and inundation type,
with rare hydrologic conditions presented as comparison. No model
fit, the lines are presented to visualize trend only. The values are
averages ± standard error (n = 4).

Figure 3. Total biomass (a) carbon pool and (b) soil carbon pool response to water level, with rare hydrologic conditions
presented as comparison. Note change in y axis between panels. The lines represent linear mixed model fits (fixed
effects: total biomass carbon [g * m�2] = 1,888 + 15 * water level [cm] P < 0.01; belowground biomass carbon
[g * m�2] = 1,219 slope not significant; soil carbon pool [g * m�2] = 7,777–46 * water level [cm] P < 0.05). The values
are averages ± standard error (n = 4).
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redox values for typical conditions averaged 327 mV in the least flooded
treatment and �132 mV in the most flooded treatment, spanning a range
of oxygen availability.

3.1. Biomass Carbon Dynamics

Greater average flooding depth doubled aboveground biomass produc-
tion along our gradient from 1,043 to 2,110 g * m�2 * yr�1. In contrast to
aboveground gains, flooding did not affect total belowground production
rates measured via ingrowth bags (295 g * m�2 * yr�1) or end-of-season
belowground biomass stocks (3,207 g * m�2). Although total belowground
production rates were unaffected by treatments, root production did
increase with flooding, although tidal treatments had a muted response
(Figure S1 in the supporting information). Root-to-shoot ratios indicated
that with greater average flooding depth, more biomass was allocated to
aboveground structures (Figure 2). Tidal treatments had lower root-to-
shoot ratios than static treatments in less flooded conditions.

Greater average flooding depth enlarged the total biomass C pool by
affecting aboveground stocks (Figure 3a), regardless of inundation type.
For typical hydrologic regimes, an increase in water level of 10 cm
increased the total C stored in the biomass pool by 150 g C * m�2.

3.2. Soil Carbon Dynamics

Greater average flooding depth decreased soil C density, resulting in a smaller total soil organic C pool
(Figure 3b), regardless of inundation type. For typical hydrologic regimes, an increase in water level of
10 cm decreased the soil C pool in the top 20 cm by 460 g C * m�2. The soil C pool contained 3–4 times more
C than the biomass C pool, and soil C pool losses outweighed biomass C pool gains (Figure 3).

Greater average flooding depth exponentially increased decomposition
rates, and tidal treatments had higher rates of decomposition than static
treatments (Figure 4). Total aboveground production correlated positively
with decomposition rates regardless of inundation type (Figure 5), but
total belowground production did not (data not shown). Additionally,
the modeled production-decomposition relationship was unable to
capture the mean response of the rare drought treatment (Figure 5).
Belowground root production was weakly positively correlated with
decomposition rates, and tidal treatments had higher decomposition rates
than static treatments (Figure S2).

3.3. Gas Carbon Dynamics

Increased CO2 concentrations temporarily increased photosynthesis rates
by 77% across all hydrologic treatments, but the effect subsided over
time (Figure 6). Greater average flooding depth exponentially increased
total plant C uptake; tidal treatments responded less dramatically than
static treatments (Figure 7a). All treatments took in C (negative values),
with the most flooded treatments taking in C at rates exceeding
750 mg C * m�2 * h�1. Leaf number appeared to drive increased uptake
with greater average flooding depth (data not shown).

Carbon dioxide dominated C gas fluxes. Nevertheless, methane emis-
sions increased with greater average flooding depth, especially in tidal
treatments (Figure S3); measurements in November exhibited the same
pattern as measurements in August, but with less overall emissions (data
not shown). When combined with calculated CO2-C respiration, overall C
emissions increased exponentially with greater average flooding depth;
tidal treatments responded less dramatically than static treatments

Figure 4. Cellulose decomposition response to water level and inundation
type as measured by cotton strip tensile strength loss, with rare hydrologic
conditions presented as comparison. The lines represent linear mixed model
fits (fixed effects: Log (static tensile loss [% * d�1]) = (0.005 + 0.073 * water
level [cm])� 0.1; log (tidal tensile loss [% * d�1]) = (0.602 + 0.031 * water level
[cm]) � 0.1; P < 0.001). The values are averages ± standard error (n = 4).

Figure 5. Average cellulose decomposition as measured by cotton strip ten-
sile strength loss related to average aboveground plant production, with rare
hydrologic conditions presented as comparison. The solid line represents
linear regression fit of typical hydrologic conditions (average tensile loss
[% * d�1] = �1.1 + 0.0018 * average aboveground biomass [g * m�2],
P< 0.0001, R2 = 0.25). The dashed line is 95% confidence interval. The values
are averages of each water level treatment ± standard error (n = 4).
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(Figure 7b). All treatments emitted C (positive values), with the most
flooded treatments emitting C at rates exceeding 750 mg C * m�2 * h�1.
Greater average flooding depth increased both C uptake and emissions,
resulting in weak net C flux patterns, especially in tidal treatments
(Figure S4). Regardless of hydrologic regime, all treatments experienced
net C uptake rates (negative fluxes) of 33–102 mg C * m�2 * h�1.

4. Discussion

Sea-level rise expected before 2100 may speed soil labile C decomposition
and atmospheric C exchange, decreasing the blue carbon pools of
S. alterniflora salt marshes. Despite their common use in coastal ecosystem
greenhouse manipulations, static treatments did not quantitatively
respond like more realistic tidal treatments, although responses were qua-
litatively similar at the same average flooding depth. Additionally, an
extended hydrologic gradient including rare conditions garnered insight
into the mechanisms underlying decomposition rates in this system.
Greenhouse studies that manipulate future climate scenarios in tidal wet-
lands should therefore prioritize realistic tidal hydrologic regimes if data
will be used for modeling or prediction and should include treatments
along extended hydrologic gradients to investigate mechanisms of
C responses.

4.1. Carbon Cycling Drivers

As predicted, hydrologic regime was a strong driver of salt marsh C cycling, while CO2 concentration did not
affect C pools or cycling. We attribute this pattern to S. alterniflora’s use of the C-4 photosynthetic pathway,
which does not strongly respond to elevated CO2 concentrations in the absence of nutrient additions (McKee
& Rooth, 2008; Sage & Kubien, 2003). Acclimation to elevated CO2 over time may explain the temporary
increase in photosynthetic rates we observed and has been shown for C-4 plants (Sage & Kubien, 2003). In
a previous study, S. alterniflora initially increased growth in elevated CO2 but had dampened growth
responses after 4 months of treatment (Pickens, 2012).

In contrast, CO2 fertilization work in brackish marshes of the North Atlantic supports increased growth and C
gain by C-3 species on long and short timescales (Drake, 2014; Langley et al., 2009; Pastore et al., 2017). These
photosynthetic pathway-specific differences in sensitivity to CO2 concentrations may have implications for
coastal wetland C cycling. Coastal wetland habitats dominated by C-4 plant species may continue to be dri-
ven by hydrology, even as CO2 levels double from historical levels. Where a mix of C-3 and C-4 species occurs,

Figure 6. Net photosynthesis rate in response to CO2 concentration, over
three sample periods. The asterisks denote significant differences
(P< 0.05) between CO2 treatments within sample period. The boxplot boxes
span the lower and upper data quartiles, with the center line the median
(n = 36). The boxplot whiskers go out as far as 1.5 * the interquartile range.
The dots are points beyond 1.5 * the interquartile range.

Figure 7. (a) Plant carbon uptake and (b) system respiration in response to water level and inundation type, with rare
hydrologic conditions presented as comparison. The lines represent linear mixed model fits (fixed effects: Log
(static plant uptake [mg C * m�2 * h�1]) = �(4.99 + 0.13 * water level [cm]), P < 0.0001; log (tidal plant uptake
[mg C * m�2 * h�1]) = �(6.36 + 0.010 * water level [cm]), P < 0.0001; log (static system respiration [mg C * m�2 * h�1])
= (5.48 + 0.087 * water level [cm]) � 100, P < 0.0001; log (tidal system respiration [mg C * m�2 * h�1]) = (6.41 +
0.016 * water level [cm]) � 100, P < 0.0001). The values are averages ± standard error (n = 4).

10.1029/2017JG004369Journal of Geophysical Research: Biogeosciences

JONES ET AL. 1982



shifts in species dominance over time could lead to shifts in the major drivers of C cycling in those marshes,
for example, from hydrology to nitrogen availability or CO2 concentration.

Temperature can also broadly influence carbon cycling in ecosystems (Davidson & Janssens, 2006), and
average global surface temperatures will likely increase by more than 2°C with near-term climate change
(IPCC, 2013). Although we could not test effects of temperature in this study, studies that manipulate carbon
dioxide levels, hydrology, and temperature simultaneously are needed to fully disentangle the responses of
key carbon cycling processes in salt marshes. Some work has elucidated, for example, increased decomposi-
tion rates with temperature increases in salt marshes (Kirwan & Blum, 2011; Lewis et al., 2014), a result that
could exacerbate the influence of greater average water depth on decomposition rate outlined here.

4.2. Carbon Exchange

As expected, the amount of plant-mediated C exchange was related to plant production, which was strongly
controlled by hydrology. Previous work has come to various conclusions regarding whether and why flood-
ing affects decomposition in marsh habitats, from finding insignificant effects (Kirwan et al., 2013), positive
effects from soil moisture (Stagg, Schoolmaster, Krauss, et al., 2017) or aboveground production (Mueller
et al., 2016), and negative effects from decreased oxygen availability (Day & Megonigal, 1993). In this study,
aboveground production and soil moisture increased with greater average flooding depth regardless of inun-
dation type, while redox values decreased as expected. We therefore propose that plant production and/or
soil moisture are stronger drivers of labile soil C decomposition rates than redox potential in these anaerobic
systems. Mueller et al. (2016) similarly found that aboveground plant production, not flooding directly, exerts
strong control on marsh soil organic matter decomposition in a brackish marsh. Although the current study
was not able to detect pulses of labile C to the soil environment, our data support Mueller et al.’s (2016) con-
clusions and extend their findings to subtropical S. alterniflora saline marsh. Furthermore, we found that the
production-decomposition relationship was strong except in rare drought conditions, where soil was partially
oxidized. The influence of plant production on labile C decomposition may therefore be a general phenom-
enon in anaerobic tidal wetlands, although the direct role of sulfate-reducing and methanogenic microbial
communities is understudied (Mueller et al., 2016).

Carbon gas fluxes have been related to plant production and species composition in tidal marshes (Martin &
Moseman-Valtierra, 2015; Simpson et al., 2017; Sutton-Grier & Megonigal, 2011); flooding depth can also
strongly influence gas flux relative contributions in wetlands (e.g., Miao et al., 2017), as in this study. Our mea-
sured methane fluxes were comparable to other salt marsh studies and were therefore low compared to
brackish and fresh marsh methane emissions (e.g., Weston et al., 2014). Despite greater average flooding
depth increasing gaseous C emissions, net C emissions were stable due to concomitant increases in gaseous
C uptake by plant tissue. Our sampling scheme measured the potential maximum gaseous C flux as we
sampled during midday conditions and at low tide in tidal treatments (Kathilankal et al., 2008). We cannot,
therefore, predict overall trends in gaseous C fluxes as our samples were too infrequent to pick up on strong
seasonal or diel patterns. Nonetheless, the snapshot of gaseous C fluxes presented here suggests that further
research with more intensive sampling schedules should be undertaken along extended hydrologic gradi-
ents. S. alterniflora does have a flood stress tolerance (Mendelssohn & McKee, 1988); when this tolerance is
surpassed and plant production declines, gaseous C fluxes and decomposition may decline in response. In
this way, we expect that near-term climate change in this system will induce temporary increases in the
amount of C exchange, with a concomitant decrease as plant stress thresholds are exceeded.

4.3. Carbon Pools

Aboveground production did not follow the expected unimodal relationship with hydrology (e.g., Morris
et al., 2002). Instead, we found a positive linear relationship between aboveground C pool and flooding.
Our aboveground production values compare well to studies on S. alterniflora on the subtropical Gulf
Coast (Kirwan et al., 2009; Stagg, Schoolmaster, Piazza, et al., 2017). We observed a marginal increase in
belowground root production and no response in total belowground production in response to greater
average flooding depth; this is in contrast to previous studies that have shown decreases in S. alterniflora
belowground biomass in response to increased flooding (Snedden et al., 2015; Voss et al., 2013; Watson
et al., 2017). Other marsh species also typically respond strongly to flooding in biomass production above-
and belowground (e.g., Janousek et al., 2016; Kirwan & Guntenspergen, 2012). We are confident that our
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20-cm soil depth captured realistic belowground responses in this species, especially for live roots (Darby &
Turner, 2008). S. alterniflora may need more intense and long-lasting stressful conditions than experienced
during this study before plant responses affect biomass C pools. Ultimately, our greenhouse manipulations
may be especially applicable to initial responses of salt marshes to near-term climate change and stressor
interactions, while field studies may be necessary to elucidate longer term biomass C pool responses.

Soil C pools decreased linearly with greater average flooding depth, a product of enhanced decomposition.
Some C also undoubtedly left the soil dissolved in water; this unmeasured pool of C may play an important
role in C losses with climate change for wetlands (e.g., Freeman et al., 2004). Heightened decomposition rates
are therefore not the only potential route for the C loss we observed. Our overall soil C density across treat-
ments is similar but slightly lower than values reported for Terrebonne Basin, LA (0.049 g * cm�3 [15 cm soil
depth] in Hinson et al., 2017; 0.034–0.040 g * cm�3 present study). Our range of soil C pools also compares
well to other estimates in salt marsh systems (78 ± 6 Mg * ha�1 [20 cm soil depth] in Chmura et al., 2003;
68–84 Mg * ha�1 present study). Most of the C in marshes (and vegetated habitats generally; Post et al.,
1982) is stored in the soil, which can sequester C long term (Chmura et al., 2003). Losses in soil C are therefore
especially relevant for blue carbon pools, as opposed to aboveground biomass which is largely recycled and
decomposed annually (Dai & Wiegert, 1996; Morris & Haskin, 1990). With flooding equivalent to relative sea
level rise that coastal Louisianamarshes will experience before 2050 (10 cm; Gonzáles & Törnqvist, 2006; IPCC,
2013), the net C pool measured here would decrease by 313 g * m�2. Losses in the soil organic C pool more
than offset modest gains in the aboveground biomass C pool, with predicted net losses from 10 cm of relative
sea level rise representing approximately 4% of the average C pool. This is a disconcerting decrease in the
often-touted blue carbon storage capacity of salt marshes, especially as we expect our biomass C pool
increases with flooding to become less positive as flooding conditions continue long term.

4.4. Experimental Considerations

Realistic tidal treatments significantly differed from static treatments at the same average water depth for
almost all responses (Table S1). Static treatments have been commonly used in wetland research and did
respond in the same general qualitative manner as more realistic tidal treatments. Static treatments therefore
can inform response trajectories over hydrologic gradients. However, to more accurately model and predict
quantitative responses such as decomposition rates, net C flux rates, and other key processes, tidal treat-
ments were necessary. This finding is especially important for microtidal marshes like the Northern Gulf of
Mexico, where meteorologically driven and weak tidal forcing make static treatments seemingly realistic.
We expect that static treatments will be even less predictive in marshes with larger tidal ranges.

By working along an extended hydrologic gradient, we gained insight into the potential mechanisms under-
lying decomposition rates in salt marshes. We hypothesize that decomposition drivers shift from plant
production in anaerobic conditions to oxygen availability in rare drought conditions; this response is critical
to understand as high decomposition rates in drought conditions may trigger large-scale respiration of pre-
viously stored C pools. To better understand decomposition rates during rare conditions, mechanistic
hypotheses must be put forward for blue carbon systems (sensu Stagg, Schoolmaster, Krauss, et al., 2017).
As measuring rare conditions in the field is difficult due to their stochastic nature, manipulative greenhouse
experiments are imperative to better understand mechanistic responses of C cycling. As blue carbon systems
are crucial habitats in mitigating the effects of climate change globally, understanding feedbacks between C
cycling, climate change, and rare conditions is paramount.

4.5. Conclusion

This study presents evidence that changes in environmental gradients associated with near-term climate
change can strongly influence plant-mediated C cycling and that realistic tidal treatments along extended
hydrologic gradients can better inform our understanding of C cycling mechanisms. This research warrants
investigation of other blue carbon systems to determine how their C cycling may shift with near-term climate
change. Future experiments with other key drivers, such as temperature, will be needed for a robust under-
standing of C cycling. By altering plant-mediated C cycling, climate change within the next century has the
potential to decrease the amount of C in soil C pools by increasing decomposition rates and other processes,
at least temporarily. For blue carbon systems such as salt marshes, this could hamper C sequestration and
storage and influence habitat persistence in a dynamic landscape.
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