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Abstract

Tidal freshwater ecosystems experience acute seawater intrusion associated with periodic 

droughts, but are expected to become chronically salinized as sea level rises. Here we report the 

results from an experimental manipulation in a tidal freshwater Zizaniopsis miliacea marsh on the 

Altamaha River, GA where diluted seawater was added to replicate marsh plots on either a press 

(constant) or pulse (2 months per year) basis. We measured changes in porewater chemistry 

(SO4
2−, Cl−, organic C, inorganic nitrogen and phosphorus), ecosystem CO2 and CH4 exchange, 

and microbial extracellular enzyme activity. We found that press (chronic) seawater additions 

increased porewater chloride and sulfate almost immediately, and ammonium and phosphate after 

2–4 months. Chronic increases in salinity also decreased net ecosystem exchange, resulting in 

reduced CO2 and CH4 emissions from press plots. Our pulse treatment, designed to mimic natural 

salinity incursion in the Altamaha River (September and October), temporarily increased 

porewater ammonium concentrations but had few lasting effects on porewater chemistry or 

ecosystem carbon balance. Our findings suggest that long-term, chronic saltwater intrusion will 

lead to reduced C fixation and the potential for increased nutrient (N, P) export while acute pulses 

of saltwater will have temporary effects.
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Introduction

Tidal freshwater marshes (TFMs) are influenced by astronomical tides but are defined as 

having salinities less than 0.5 psu (Barendregt et al. 2009). They are highly productive 

systems that support a diverse community of plant and animal species and higher carbon 

sequestration than their saline counterparts (Odum 1988; Hopkinson 1992; Barendregt et al. 

2009; Craft 2007; Neubauer 2008). Climate change is predicted to alter patterns of 

precipitation and temperature regimes, changing the magnitude and frequency of droughts 

and tropical storms that lead to acute (pulse) seawater intrusion into freshwater habitat 

(Nijssen et al. 2001). Meanwhile, mean sea level is expected to increase between 0.38 and 2 

m in the next 100 years (Parris et al. 2012; Church et al. 2013; Horton et al. 2014), pushing 
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seawater into historically freshwater areas such as tidal freshwater marshes. This chronic 

(press) seawater intrusion will likely be exacerbated by anthropogenic activities (damming, 

freshwater withdrawals) that reduce freshwater discharge (Prat and Ibanez 1995; Montagna 

et al. 2002).

Seawater intrusion can alter both C fixation and mineralization (Neubauer and Craft 2009; 

Herbert et al. 2015). Increased ionic concentrations lead to osmotic stress while microbial 

reduction of seawater SO4
2− produces H2S, both of which can be toxic to freshwater species 

(Nielsen et al. 2003; Lamers et al. 2013). Seawater intrusion has been observed to alter plant 

physiology (Madrid et al. 2012; Sutter et al. 2013; Johns et al. 2014), reduce plant 

productivity (Spalding and Hester 2007; Sutter et al. 2013; Hackney and Avery 2015) and 

alter plant species composition (Flynn et al. 1995; Neubauer et al. 2013). Freshwater 

vegetation may recover from short pulses of salinity but prolonged periods of increased 

salinity result in a shift to communities dominated by brackish species (Flynn et al. 1995; 

Spalding and Hester 2007; Sharpe and Baldwin 2012; Sutter et al. 2013).

Seawater also alters soil microbial community composition (Jackson and Vallaire 2009; 

Edmonds et al. 2009; Nelson et al. 2015) and soil biogeochemistry. The most well studied 

consequence of saltwater intrusion is reduced methane (CH4) production and enhanced 

SO4
2− reduction (Bartlett et al. 1987; Weston et al. 2006; Chambers et al. 2011; 

Poffenbarger et al. 2011; Segarra et al. 2013). Sulfate reduction yields more energy than 

CH4 production (Lovley and Klug 1986) and increased SO4
2− reduction following seawater 

intrusion is predicted to increase mineralization of soil organic matter. However, the 

literature contains mixed reports with some studies finding that seawater enhances 

mineralization (Weston et al. 2006, 2011; Chambers et al. 2013a), while others document no 

change (Marton et al. 2012). Chambers et al. (2011) observed greater C loss from pulsed 

compared to press salinity treatments. There are also a growing number of studies that show 

that seawater as a press (Weston et al. 2011) or pulse (Chambers et al. 2013b) can enhance 

CH4 production in addition to CO2 production. While SO4
2− reduction has been the 

emphasis of many recent studies of seawater intrusion, increased availability of SO4
2− is not 

the only factor in salinity-driven changes in C mineralization. Wetland type (freshwater vs. 

brackish), soil type (peat vs. mineral), and vegetation type can also affect wetland response 

to increased salinity.

The enzymatic hydrolysis of large organic compounds has been proposed as the putative 

rate-limiting step in microbial organic matter mineralization (Sinsabaugh and Moorhead 

1994; Schimel and Weintraub 2003; Allison and Vitousek 2005) and has been linked to rates 

of C mineralization and CH4 production in wetland soils (Sinsabaugh and Findlay 1995; 

Freeman et al. 1998; Neubauer et al. 2013; Morrissey et al. 2013). Correlations between 

extracellular enzyme activity and salinity along estuarine salinity gradients (Morrissey et al. 

2014) as well as experimental salinity manipulations (Jackson and Vallaire 2009; Neubauer 

et al. 2013; Chambers et al. 2013a) indicate that enzyme activity plays a role in the response 

of C mineralization to seawater intrusion. Changes in salinity and SO4
2− have also been 

observed to alter the availability of inorganic nutrients such as nitrogen (N) and phosphorus 

(P), which can also affect microbial abundance and activity (Giblin et al. 2010; Jun et al. 

2013; Noe et al. 2013; Lamers et al. 2014).
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Many assessments of the effect of seawater intrusion on TFMs C cycling rely on short-term 

laboratory incubations of bare soils. However, plants interact strongly with changes in 

subsurface biogeochemistry, including enzyme activity, C mineralization, nutrient 

availability and methanogenesis (Van Der Nat and Middelburg 1998; Kang and Freeman 

1999; Neubauer et al. 2005; Sutton-Grier and Megonigal 2011). In one of the few studies 

that linked plant and microbial responses to salinity at the ecosystem scale Neubauer et al. 

(2013) showed that soil CO2 production (excluding root respiration) increased in response to 

a short-term (3 days) salinity pulse but declined over time in response to long-term (3.5 

years) salinity exposure. They attributed the long-term reduction in C mineralization to 

changes in plant productivity and species composition that decreased the quantity and 

quality of C available to mineralization pathways and to N-limitation of enzyme production.

We investigated the impacts of chronic (press) and acute (pulse) saltwater intrusion on a 

TFM dominated by giant cutgrass (Zizaniopsis miliacea (Michx.) Döll and Asch.), on the 

Altamaha River (GA). We amended plots with either press or pulse doses of low 

concentrations of seawater to elevate porewater salinities and measured changes in soil 

biogeochemistry and plant communities against freshwater-treated and control (no water 

addition) plots. Here we present data on changes in porewater chemistry, extracellular 

enzyme activity, and C gas flux due to pulse and press seawater addition from the first 2.5 

years of the Seawater Addition Long Term Experiment (hereafter SALTEx). We hypothesize 

that press additions of seawater will increase porewater salinity, Cl−, SO4
2−, N, and P, 

enhance enzyme activity and organic matter mineralization, and reduce ecosystem 

productivity and CH4 emissions. We expect to see similar changes in pulse plots during 

seawater additions, but hypothesize that upon a return to freshwater conditions porewater 

chemistry and biogeochemical process rates will return to baseline conditions without 

inducing major ecosystem changes.

Methods

Study site

The experimental site is located in an emergent TFM in Macintosh County, Georgia 

dominated by Zizaniopsis miliacea, Ludwigia repens J.R. Forst., Pontederia cordata L., and 

several Polygonum species. SALTEx consists of thirty 2.5 × 2.5 m plots arrayed over a 0.1 

ha area of marsh (Fig. 1). Plots are separated by a 3 m buffer to minimize leakage between 

treatments and accessed via a network of raised boardwalks. Plots were assigned to 6 groups 

(blocks) based on average elevation. Within each block, plots were randomly assigned to one 

of 5 treatment groups: control, control with sides, fresh water (hereafter fresh), press salinity 

(hereafter press) or pulse salinity (hereafter pulse; n = 6 per treatment). “Control” plots are 

left unmanipulated as methodological controls. The remaining 24 plots were demarcated by 

pushing a 0.3 m (h) by 2.5 m (l) × 2.5 m (w) ridged corrugated polycarbonate frame 15 cm 

into the soil so that approximately 15 cm remain aboveground (Polygal multiwall sheeting, 

Plazit-Polygal Group, Gazit, Israel). Each frame contains two open holes at the soil surface 

to allow for the exchange of water, organisms and materials. The holes were plugged during 

dosing then removed the rest of the time to allow for tidal exchange. The frames were 

installed in March 2013 and the marsh was allowed to equilibrate for 13 months before 
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experimental water additions began. The “Control Sides” plots were included to assess the 

effects of the hydrologic barrier created by the frame and received no experimental water 

additions.

Experimental water additions were made 4 times per week starting in April 2014 by 

plugging the holes and flooding the plots with approximately 265 L of treatment water 

which was allowed to infiltrate into the soils before the plugs were removed. “Press” plots 

receive a brackish mixture of seawater and fresh river water at a salinity of 15 psu and 

“fresh” plots receive fresh Altamaha River water throughout the year. “Pulse” plots receive 

river water for 10 months a year (November–September) and brackish treatment water for 2 

months (September and October), mimicking the timing of periodic natural saltwater 

intrusion into the freshwater reaches of the Altamaha during low flow conditions in the fall 

(Supplementary Fig. 6).

Starting in March 2015, we discontinued measurements from five plots (two control with 

sides, one fresh, and two press) because porewater salinities were not in the correct range 

due to consistent leakage from the plots (i.e., press plots were not maintaining ~ 5 psu 

salinity and the fresh and control with sides plots had salinities > 0.5 psu). These plots were 

not included in statistical analyses from July 2015 onward.

In 2015, a representative year in terms of river flow, the plots were inundated (i.e. flooded to 

the soil surface or more) 95% of the time based on water levels measured every 15 min at a 

well in the center of the experiment. The average depth of flooding at high tide was 25 cm 

which is considerably above the 15.5 cm height of the plot siding. During 2015, 69% of the 

high tides exceeded the height of the siding, indicating that the plots are still hydrologically 

connected with the surface water at the site. The amount of water added to each 2.5 by 2.5 m 

plot by the treatment additions was approximately 53,000 L/year which was 5% of the water 

added by the tides (1,056,000 L/year) that year, assuming tidal additions are equal to the 

summed volume of water arriving at each high tide, calculated as plot area mutiplied by 

maximum tide height for each semidiurnal tide of 2015.

The source waters (river water and sea water) mixed for dosing the press and pulse 

treatments were sampled periodically throughout the experiment to characterize their 

chemical composition (Table 1). As expected, seawater contained much higher salinity (22 

psu) and sulfate (1914 mg/L) than river water (0.09 psu, 36 mg/L) whereas river water was 

higher in ammonium-N, nitrate-N, total N, total P, and dissolved organic carbon. The 

brackish treatment water’s chemical composition was intermediate to those of sea water and 

river water. A more detailed description of the site and the experimental design are available 

in Supplementary Material.

Porewater chemistry

Each plot is outfitted with 4 porewater sampling wells consisting of a porous sintered plastic 

cup extending from 10 to 35 cm below the soil surface (nominal pore size 40 μm; Porex Co. 

Fairburn, GA) attached to a PVC pipe outfitted with an airtight cap and Tygon tubing. 

Salinity is measured from at least one well in each plot once per week and all wells are 

measured once per month.
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Porewater chemistry was sampled seasonally in spring (March or April), summer (July), fall 

(October) and winter (December or January) starting in December 2013 preceding the start 

of treatments. All samples were collected at least 24 h (two tidal cycles) after the most 

recent treatment water application. At each sampling, two randomly selected wells in each 

plot were sampled as described in Supplementary Information. Porewater subsamples for 

NH4
+, NO3

−/NO2
− and PO4

− analysis were shipped frozen on dry ice to the US EPA Office 

of Research and Development (Cincinnati, OH) and analyzed within 28 days of collection. 

Samples were analyzed using a Lachat QuikChem 8500 Flow Injection Analysis system 

(Hach Company, Loveland, CO, USA) using the indophenol blue complex for NH4
+ (EPA 

ESF-SOP-0270), cadmium reduction/EDTA red complex for NO3
−/NO2

− (EPA ESF-

SOP-029) and molybdate blue complex for reactive P (EPA ESF-SOP-026). We summed 

NH4
+ and NO3

− as total inorganic N (TIN). Subsamples for Cl−, SO4
2− and DOC were 

shipped frozen to Indiana University (Bloomington, IN). Porewater Cl− and SO4
2− were 

measured on a Dionex ICS-2000 Ion Chromatograph (Sunnyvale, CA) with an AS11-HC 

analytical column. DOC was analyzed via high-temperature oxidation using a Shimadzu 

TOC-VCPN analyzer (Columbia, MD, USA). For all analyses, known standards and 

ultrapure deionized water blanks were run every 10 samples to ensure accuracy and to 

correct for instrumental drift.

Extracellular enzyme activity

One 5.08 cm diameter by 25 cm deep soil core was taken in one sub-plot (see Fig. 1) in June 

2013 and then seasonally in concert with gas flux and porewater measurements from 

January 2014 to March 2015. Soils were homogenized in the field and then stored at 

− 80 °C. We assessed extracellular enzyme activities (EEA) for four C-acquiring enzymes, 

β-D-glucosidase (BG), 1,4-β-cellobiosidase (CBH), β-xyloxidase (XLY) and β−1,4-N-

acetylglucosaminidase (NAG), using a fluorometric assay following protocols modified 

from Bell et al. (2013). Soil slurries were prepared from the − 80 °C preserved samples 

using 10 g of soil and 91 mL of 50 mM acetate buffer adjusted to the pH (5.8) of the field-

moist soils. 800 μL of slurry was pipetted in triplicate into deep 96-well plates and incubated 

at room temperature for 3 h with 250 μL of 300 μM 4-methylmubelliferyl-linked (MUB) 

model substrate, 4-MUB β-D-glucopyranoside for BG, 4-MUB β-D-cellobioside for CBH, 

4-MUB-β-D-xylopyranoside for XLY and 4-MUB N-acetyl-β-D-glucosaminide for NAG 

(Sigma-Aldrich Co. Ltd.). This substrate concentration was determined to be non-limiting 

over the course of a 3–4 h incubation in previous assays (unpublished data). Standard 

quench curves (0–100 μM) for individual soil were prepared in separate plates for MUB to 

account for difference in fluorescent quenching between soils. Following the incubation 

period, 250 μL samples of the supernatant were pipetted into a clear-bottom 96-well plate 

and fluorescence was quantified at 360 nm excitation and 460 nm emission wavelengths on a 

Synergy 2 plate reader (Bioteck, Winooski, VT, USA). Enzyme activity was calculated by 

regressing fluorescent intensity against standard quench curves for each soil and then 

calculating the change in MUB concentration over incubation time per gram dry soil.

Gas exchange measurements

Gas flux measurements were made in June, July, and October 2013 and then seasonally in 

concert with the enzyme and porewater measurements starting in January 2014. Flux 
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measurements were made from a 0.69 × 0.69 m square base placed inside one subplot, 15 

cm from the plot frame (Fig. 1). A 0.9 m tall rigid translucent Polygal chamber was placed 

over the flux collar. An extension could be added to increase the chamber height to 1.8 m to 

allow for taller vegetation. Connections between chamber sections and the chamber lid were 

made gas-tight using a water-filled channel. Three small fans were mounted inside the 

chamber to ensure the chamber air was well mixed. Gas was pumped from one side of the 

chamber through black Viton tubing to a PP Systems EMG4 portable infrared gas analyzer 

with onboard data logger (IRGA; PP Systems, Amesbury, MA) to non-destructively measure 

CO2 concentrations in the chamber and then the gas returned to the main gas flow. The 

IRGA was calibrated daily per the manufacturer’s instructions with a 500 ppm CO2 Scott™ 

standard (Air Liquide, Troy, MI) and the calibration was checked with three Scott™ 

standards (10, 100, 1000 ppm CO2).

We simultaneously measured air temperature and photosynthetically active radiation (PAR) 

inside and outside the chamber. Soil temperature was measured adjacent to the chamber (PP 

Systems soil temperature probe). The chamber temperature was maintained within 1.5 °C of 

outside air temperature by pumping ice water through a copper heat-exchange coil. Flux 

measurements were generally made over the course of 1 week between peak PAR hours of 

10 am–3 pm at low tide. The chamber was placed within the designated sub-plot (Fig. 1) and 

allowed to equilibrate for 25–30 min before the chamber top was sealed. Gas exchange was 

measured at full sun and 3 levels of shade (40, 70%, full dark) by covering the chamber with 

shade cloth (SunBlocker™) or a black polyethylene sheet. Temperature, PAR and CO2 

measurements were recorded every 30 s. For CH4, every 4 min a 20 mL sample of gas was 

withdrawn from a Luer Lock fitting and injected into an N2 flushed and evacuated 12 mL 

Exetainer vial (Labco Limited, Lampeter, UK) and stored under deionized water. Five to 

seven gas samples were taken over the course of the flux measurements.

Gas samples were analyzed for CO2 and CH4 within 1 month of collection using a Varian 

450-GC (Varian/Agilent Technologies, Palo Alto/Santa Clara, CA, USA) equipped with a 

thermal conductivity detector for CO2 and flame ionization detector for CH4. The GC was 

calibrated daily with 4–5 certified Scott™ standards for each gas (AirLiquid, Troy, MI). 

Certified standard mixtures and blanks were run every 15 samples to ensure accuracy and 

correct for instrument drift. Analysis of stored standards showed there was no effect of the 

holding time on gas concentrations. The gas concentrations were corrected for dilution from 

sampling and expressed on an areal basis and then regressed against sampling time. 

Production rates were calculated using the slopes of the regression for the linear portion of 

the curve (≥ 5 points, general time 4–28 min). We did not include gas concentration below 

the minimum detection limit of the instrument in the regressions nor did we utilize 

regressions with r2 < 0.85.

Gas flux modeling

We modified the C gas flux model of Neubauer et al. (2000) to calculate daily gas fluxes 

from measured rates. For each plot at each sampling, we calculated photosynthesis by 

summing gross ecosystem productivity (GEP; the uptake rate of CO2 during the light 

incubation in mg C m−2 min−1) and ecosystem respiration (ER; emission rate of CO2 under 
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dark conditions in mg C m−2 min−1). We then developed photosynthesis versus PAR curves 

for each plot on each sampling date by fitting a hyperbolic curve following Whiting et al. 

(1992). Because we had only one ER and one CH4 rate for each sampling date, we 

developed temperature versus ER or CH4 curves for each plot using measurements from the 

first 2 years of data collection (10 sampling dates plot−1) following Neubauer (2013). We 

then modeled hourly flux rates using 15 min PAR and temperature data from a weather 

station at Sapelo Island, Georgia (http://gce-lter.marsci.uga.edu/portal/marshlanding.htm), ~ 

16 km from the SALTEx site. Because we found that CH4 emissions decreased ~ 30% under 

dark conditions, we multiplied hourly CH4 rates by 0.7 for time periods when PAR was < 

100 μE m−2 s−1. Hourly flux data was summed to calculate daily (24 h) rates of GEP, ER, 

and CH4. Net ecosystem productivity NEP (g C m−2 d−1) was calculated as the difference 

between daily GEP and ER. Based on Neubauer et al. (2000) and Neubauer (2013), we did 

not alter flux rates due to tides. For the first year of treatments (April 2014–March 2015), we 

calculated annual fluxes by multiplying weighted fluxes over annual cycles using 

temperature and PAR data. For instance, July and August had similar observed temperature, 

standing biomass and PAR regimes and thus the July PAR-photosynthesis and temperature-

ER relationships were applied for August. Following previous studies, we did not propagate 

the errors associated with the photosynthesis-PAR (r2 > 0.95) or respiration-temperature 

curves (r2 > 0.85) forward into the uncertainty estimates for our annual flux values and thus 

our annual flux calculations may underestimate standard error estimates.

Statistical analysis

All statistical analyses were performed in SAS 9.4 (2012, SAS institute, Cary, NC). Prior to 

statistical tests, we verified assumptions of normality and homoscedasticity. To meet these 

assumptions, data were log-transformed. For presentation, means and standard errors (SE) 

were back-transformed. Data from the 6 replicates of each treatment were analyzed using 

ANOVA for a randomized block design based on treatment, elevation, and sampling date, 

which tests for the effect of differences among the five treatments adjusting for the variation 

between elevation blocks. Treatment means were separated post-ANOVA using the Ryan-

Einot-Welsch Multiple Range Test. All tests were conducted at α = 0.05 unless otherwise 

noted.

We explored associations between gas flux rates, EEA, and porewater chemistry in year 1 

(2014–2015) using Spearman’s rank-order correlation (ρ) for un-transformed data as well as 

linear regressions to compare patterns between the four enzymes. The influence of 

physiochemical parameters (Cl−, SO4
2−, DIN, PO4

−, air temperature) and productivity 

(GEP) on measured gas exchange rates and EEA was explored using forward stepwise 

multiple linear regression for the same time period.

Results

Porewater chemistry

Prior to the start of the treatments, porewater Cl− was the same in all plots (28 ± 4 mg Cl− L
−1) and increased significantly in press plots to 173 ± 40 mg Cl− L−1 in April 2014, 2 weeks 

after treatments were initiated (Fig. 2a). Porewater Cl− in the press plots increased to a 
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maximum of 1599 ± 463 mg Cl− L−1 in October 2014 and remained elevated throughout the 

experiment. At the end of the 2-month pulse treatment in October 2014, porewater Cl− in the 

pulse plots increased to 1300 ± 395 mg Cl− L−1 and was not significantly different from 

concentrations in the press plots. By December 2014, 2 months after the end of the pulse 

period, Cl− concentrations in the pulse plots fell back to control levels. These patterns 

continued until October 2016, when a natural seawater intrusion event raised the porewater 

Cl− concentrations to at least 236 mg L−1 in all plots and only the pulse treatment was 

significantly different from the others.

Porewater SO4
2− prior to the start of water additions was 1.54 ± 0.3 mg S L−1 and did not 

differ between plots (Fig. 2b). Sulfate concentrations in the press plots increased to 7.3 ± 3 

mg S L−1 within 2 weeks of treatment initiation and were significantly higher than all other 

treatments for the remainder of the experiment, except in October 2014 and Oct. 2016. 

Porewater SO4
2− was elevated in the pulse plots during the seawater pulses in Oct. 2014, 

Oct. 2015, and Oct. 2016. However, it was statistically significant from other treatments only 

during Oct. 2016.

Porewater DOC was variable (but not significantly different) between plots prior to 

experimental water additions (7.1–10.2 mg C L−1; Fig. 2c). In the first year of treatments, 

DOC in both press and pulse plots showed a similar response to salinity in which DOC 

declined immediately following seawater application (April 2014 for press plots and October 

2014 for pulse plots) but increased in later months (July and October 2014 for press and 

December 2014 for pulse). By March 2015, pulse plots had similar DOC concentrations to 

fresh and control plots (between 11.4 and 13.6 mg C L−1) but press plots had significantly 

lower DOC concentrations (6.9 ± 3 mg C L−1). For the remainder of the experiment, DOC 

did not show consistent patterns in either the press or the pulse plots.

Porewater DIN was between 2–7 μg N L−1 in all plots prior to water additions (Fig. 2d). In 

press plots, DIN exhibited a significant increase to 15 ± 3.8 μg N L−1 in July 2014 and 

remained elevated, but extremely variable between plots, through October 2016. DIN in 

pulse plots was slightly elevated during the seawater pulse in October 2014, but was never 

significantly different from the freshwater and control plots. Throughout the experiment, > 

90% DIN was NH4
+.

DIP was similar amongst all treatments through July of 2014 (10–30 μg P L−1; Fig. 2e). In 

October 2014 DIP increased to 65.3 ± 15 μg P L−1 in the press plots and then declined in 

December 2014 and was not significantly different from other treatments in March and July 

2015. After that it remained elevated relative to the other treatments. The seawater pulse had 

no significant effects on DIP. The blocking factor was significant for all porewater chemistry 

(p < 0.05) as concentrations were more diluted in the lower-elevation plots than in the higher 

elevation plots.

C-Acquiring enzyme activity

The activities of all four C-acquiring enzymes (BG, CB, XLY, NAG) were positively related 

to one another (r2 > 0.37, p < 0.001; Fig. 8 in Supplementary Materials) so, to simplify 

presentation, we summed their activities (∑EEA) for each plot at each sampling date. Prior 
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to experimental water additions, there were no significant differences in ∑EEA between 

treatment groups (Fig. 3). In the winter months, ∑EEA was < 150 nmole g dry soil−1 h−1 and 

peaked in June and July 2014 between 335 and 559 nmole g dry soil−1 h−1. While ∑EEA 

appeared to be lower in press plots than other plots after the experimental water additions 

began, it was highly variable, limiting our ability to detect any treatment effects. By March 

2015, ∑EEA was 53% lower in the press plots than in the control and freshwater plots (p < 

0.05). The pulse treatment showed no significant response to the 2-month saltwater addition 

in October, however in March 2015 after the pulse, ∑EEA was 50% higher in pulse plots 

than control or freshwater plots.

Gas flux

Gross ecosystem productivity remained similar in all plots until July 2014, 3 months after 

the press treatment began, when GEP in press plots was 30% lower than control plots (p < 

0.05; Fig. 4a). GEP was significantly lower in press plots than in other treatments (p < 0.05) 

for all other sampling dates except October 2014 (p < 0.10) and March 2016 (no significant 

differences). Annual estimated GEP for the first year of the study (April 2014–March 2015) 

was 24% lower in the press plots than other treatments (p = 0.03; Table 2). Gross ecosystem 

productivity peaked in June and July of 2013, 2014, and 2016 between 9.9 and 25.7 g C m−2 

d−1 and fell to 0.6–9.1 g C m−2 d−1 in December and January.

Ecosystem respiration was strongly correlated with GEP (ρ = 0.93, p < 0.0001; Table 3) and 

followed a similar trend as GEP (Fig. 4b). ER in press plots relative to control plots was 

12% lower in June 2014 and ~ 30% lower in December 2014. Annual estimated ER for the 

first year of the study was 25% lower in the press plots than control plots (p = 0.04; Table 2). 

In 2015 and 2016, ER in press plots continued to decline relative to control plots. The 

highest rates of ER were in June and July, between 4.5 and 20.8 g C m−2 d−1 (Fig. 4b). 

Wintertime ER ranged from 0 to 7.3 g C m−2 d−1.

The declines in GEP and ER in the press plots corresponded to a 27–40% decrease in NEP 

compared to control plots between July and December of 2014 (p < 0.1; Fig. 4c). Annual 

estimated NEP for the first year of the study was 26% lower in the press plots than control 

plots, but was significant only at α = 0.1 (p = 0.07; Table 2). NEP was also significantly 

lower in press plots than control plots in June and October of 2016 (p < 0.1; Fig. 4c). Net 

ecosystem productivity was generally highest in summer months and decreased to between 

− 2.8 and 2.7 g C m−2 d−1 in the winter months.

Seawater additions decreased CH4 emissions in the press plots 55% by July 2014, but this 

difference was not statistically significant due to high variability between replicates in all 

treatments (Fig. 4d). By October of 2014, CH4 emissions were 70% lower in press plots than 

control plots (p < 0.05) and CH4 emissions remained significantly lower in press plots than 

in other treatments through June 2016. Annual estimated CH4 emissions for the first year of 

the study were 72% lower in the press plots than control plots (Table 2). Methane emissions 

were highest in July 2014 and June 2016, but were highly variable, between 1.2 and 5.7 g C 

m−2 d−1 and were an order of magnitude lower in the winter and spring months, < 0.6 g C m
−2 d−1.
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We observed no consistent differences in gas exchange between the control, control sides, 

freshwater addition, and pulse treatment plots. Modeled gas fluxes were similar among plots 

during the pre-treatment period (Fig. 4) but did show strong gradients based on plot 

elevation (block), with higher gas exchange rates in lower elevation plots (p < 0.01).

Relationships among variables

Porewater SO4
2− and Cl− were highly correlated (ρ = 0.96, p < 0.001) and along with PO4

− 

were the only variables not significantly related to temperature (Table 3). Gas exchange rates 

(GEP, ER, CH4), ∑EEA and porewater DIN were all highly correlated with temperature (ρ > 

0.47, p < 0.01 for all). Porewater DIN and PO4
− were positively correlated with porewater 

SO4
2− and Cl− (ρ > 0.43, p < 0.01), while DOC was negatively, but not significantly, 

correlated with SO4
2− and Cl− concentrations. Dissolved organic C was most strongly 

correlated with ∑EEA and GEP (ρ = 0.69, p < 0.001 for both).

GEP was positively correlated with temperature and negatively correlated with porewater 

SO4
2−, Cl−, and DIN (Table 3). The best-fit model of GEP explained 83% of the variation 

using 3 variables: porewater Cl− (b = − 0.0506, p = 0.03), SO4
2− (b = − 0.0818, p = 0.004), 

and temperature (b = 0.847, p = 0.001; Table 4). Ecosystem respiration was significantly and 

positively correlated with GEP, ∑EEA and DOC (Table 3), with the best-fit model explaining 

93% of the variation in ER using only GEP (b = 0.834, p < 0.0001; Table 4). Methane 

emissions were positively correlated with GEP, ER, porewater DOC and ∑EEA and 

negatively correlated with porewater SO4
2− and DIN. The best-fit model using GEP (b = 

0.122, p = 0.006) and temperature (b = − 0.513, < 0.001; Table 4) explained 78% of the 

variation in CH4 emissions. Finally, while ∑EEA was correlated with several potential 

drivers such as GEP, porewater DOC, DIN and SO4
2−, and temperature (Table 3), the best-fit 

model explained 87% of the variation in ∑EEA using 2 variables, SO4
2− (b = − 0.950, p < 

0.001) and GEP (b = 23.97, p < 0.001; Table 4).

Discussion

Effectiveness of treatments

Aside from the plots that were discontinued after March 2015, we successfully elevated the 

salinities in the press and pulse plots into the range of an oligohaline marsh (0.5–5 psu). 

Salinity remained significantly higher in the press plots than in the other treatments in all 

porewater sampling months except October 2016, when Hurricane Matthew’s storm surge 

pushed waters of 20 psu into our study site (C. Craft, personal observation). The pulse plots 

also had significantly higher salinities than control and fresh plots during the pulse months 

(September–October) each year (Fig. 2a).

Changes in porewater chemistry

Concentrations of porewater SO4
2− and Cl− increased with salinity. While Cl− is a 

conservative element (i.e. not required in large amounts by organisms), SO4
2− is reduced to 

HS and H2S by sulfate-reducing bacteria and abiotically combines with ferrous iron (Fe2+) 

to form FeS and FeS2 (Rickard and Morse 2005; Tobias and Neubauer 2009). The 

complexation of H2S with Fe2+ causes the dissolution of Fe-PO4 minerals, resulting in 
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release of PO4
− (Paludan and Morris 1999; Lamers et al. 2001; van Diggelen et al. 2014). 

Sulfate-driven increases in mineralization have also been suggested to liberate P from 

organic matter (Williams et al. 2014).

Sodium and other seawater cations can displace NH4
+ from soil exchange sites (Gardner et 

al. 1991; Rysgaard et al. 1999; Weston et al. 2010; Jun et al. 2013) and shift microbial 

nitrate metabolism from denitrification (NO3
− reduced to N2) to dissimilatory NO3

− 

reduction to NH4
+ (DNRA; Burgin and Hamilton 2007; Giblin et al. 2010). Furthermore, 

increased SO4
2− reduction associated with salinization enhances organic matter 

mineralization rates because it is more energetically efficient for microbial metabolism than 

methanogenesis, which often dominates TFMs (Capone and Kiene 1988; Weston et al. 2006, 

2011). The combination of increased N mineralization, DNRA, and ionic displacement have 

been observed to increase N export due to both chronic and acute saltwater intrusion 

(Weston et al. 2010; Giblin et al. 2010; Ardón et al. 2013). Interestingly, both press and 

pulse plots did not show large increase in DIN until ~ 4 months after initial saltwater 

addition, even though salinity was no longer elevated in pulse plots. Ionic exchange occurs 

within hours of seawater intrusion (Gardner et al. 1991; Weston et al. 2010), yet initial 

increases in DIN were small. Dissolved inorganic N was negatively correlated with GEP and 

positively correlated with microbial activity (∑EEA), suggesting that mineralization and low 

plant uptake may play a role in regulating DIN release from salinizing TFM soils.

Porewater DOC decreased immediately in both press and pulse plots following seawater 

addition, then increased in the 3–4 months afterwards. The immediate decrease in DOC 

observed in both the press and pulse plots could be due to rapid increases in C 

mineralization via SO4
2− reduction, increased DOC flocculation (Asmala et al. 2014; Ardón 

et al. 2016) or stress-induced reductions in C inputs into the soil by plants. Chambers et al. 

(2013b) observed declines in DOC after a brackish (13 psu) pulse to an unvegetated 

freshwater soil core in the laboratory, and combined with our observations, this suggests that 

enhanced flocculation may be the most likely mechanism for reduced DOC in salinizing 

soils (Ardón et al. 2016). Increased DOC in the 3–4 months following initial seawater 

additions to the pulse plots corresponded to observed declines in GEP (Fig. 4a) and 

widespread mortality of the understory dominants L. repens, P. cordata and multiple 

Polygonum species. We suggest increased DOC was related to the mineralization of dead 

plant material. By March 2015, DOC was lowest in the press plots in which the majority of 

the vegetation was dying or dead, limiting the inputs of DOC to the plot and coinciding with 

reduced GEP and reduced enzyme activity. After March 2015, DOC did not show consistent 

trends in press or pulse plots, further confounding our interpretation of how salinization 

affects carbon in marsh soils.

Enzyme activity

While we saw increased SO4
2− reduction as evidenced by increased HS− in the press plots 

(18 mg/L versus 0.2–1.2 mg/L in the other treatments in Oct. 2014, Widney et al. in review), 

we did not detect increases in ER or C-acquiring enzymes due to seawater additions. 

Morrissey et al. (2014) showed that salinity was positively correlated with C-acquiring 

EEAs across estuarine salinity gradients and suggested salinity enhances enzyme-mediated 
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organic matter hydrolysis due to enhanced organic matter availability, enhanced energetic 

efficiency of metabolic pathways, and altered community structure driven by salinity and 

SO4
2−. However, Morrissey et al.’s observational study results conflict with field and 

laboratory manipulations of bare soils that show decreases or no change in C-acquiring 

EEAs in response to salinity (Jackson and Vallaire 2009; Neubauer et al. 2013; Chambers et 

al. 2013a).

In the first year of our experiment, ∑EEA was negatively correlated with Cl− and SO4
2− and 

∑EEA was associated with increased GEP and DOC. Enzyme activities did not decline in 

response to short-term salinization (early press or pulse), but instead declined in the press 

plots as GEP declined. However that decline was only significant for the last time point 

(March 2015). Enzyme activity has been linked to both C and O2 availability in wetland 

soils (Kang and Freeman 1999; Shackle et al. 2000; Kang et al. 2005; Kong et al. 2009), and 

declines in macrophyte biomass and productivity likely reduced C and O2 delivery to soils, 

decreasing labile substrate availability for microbial enzyme production. Our findings 

suggest that patterns in EEAs across estuarine landscapes observed by Morrissey et al. 

(2014) may not be consistent with disturbance-type responses observed in field experiments 

by Neubauer et al. (2013) and in our experiment, and that the response to salinity is 

mediated by changes in plant community rather than enhanced SO4
2− reduction. However, 

our measurements of enzyme activity are likely an underestimation of the surface activity 

due to the deep (25 cm) depth of sampling.

Carbon flux

Press seawater additions reduced GEP. This effect was most pronounced in the middle of the 

growing season (June and July) and was less apparent in October when plants reach 

maximum biomass in coastal Georgia but physiological processes slow as leaves begin to 

senesce (Birch and Cooley 1982). Decreased GEP was associated with reduced Z. miliacea 

plant height and cover as well as the near complete mortality of understory species discussed 

above (Fig. 5). After 3 months of dosing, Ludwigia repens was eradicated from the press 

plots while aboveground biomass of Polygonum hydropiperoides was reduced by 75% (Li et 

al. in review). By the end of the first season (2014), aboveground biomass of Zizaniopsis 

miliacea was significantly lower in the press plots compared to the controls (Li et al. in 

review).

The physiological tolerance of many freshwater species to salinity is low (Hart et al. 1990; 

Williams 1999; Nielsen et al. 2003; Munns and Tester 2008), and many studies report 

similar decreases in freshwater plant productivity, biomass, GEP, and leaf-level 

photosynthesis in response to increased salinity (Baldwin and Mendelssohn 1998; Spalding 

and Hester 2007; Munns and Tester 2008; Sutter et al. 2013; Hackney and Avery 2015). The 

herbaceous species in the plots appeared to be much more sensitive to salinity than Z. 

miliacea, which has been shown to tolerate low levels of salinity (Guo and Pennings 2012; 

Neubauer 2013) although it is less productive in the Altamaha estuary when freshwater 

flows are low (Ket et al. 2011). In a more gradual seawater intrusion event, brackish 

vegetation might have begun to establish as freshwater vegetation declined, mitigating the 

effect on GEP. The plot size and distance from brackish vegetation limited the extent to 
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which this was possible in our study, so our measurements may be an overestimate of the 

effect of seawater intrusion on GEP. Further, due to logistical considerations, our gas 

exchange measurements were limited to 3–5 times per year. For that reason, we have 

calculated annual fluxes for the most heavily sampled time period (2014–2015) only, when 

measurements were made during all four seasons.

The 72% reduction in CH4 from 132–41 g C m−2 year−1 in the first year of treatments was 

not large enough to shift the press plots from a source of greenhouse gases into a sink. Even 

so, based on global warming potentials of Neubauer and Megonigal (2015), chronic 

salinization reduced net radiative forcing of the site from 5491 g CO2 equivalent m−2 year
−1–1579 g CO2 equivalent m−2 year−1 within the first year of treatments. Despite some 

seasonal variability, observed reductions in GEP, ER, NEP, and CH4 in the press plots 

continued through 2015 and 2016, suggesting that chronic seawater intrusion will lead to 

reduced C fixation in tidal freshwater marshes.

Perhaps the greatest effect of saltwater intrusion is the decline and loss of emergent 

vegetation (Li et al. in review). Decreased productivity not only reduces the C storage 

potential of these systems, but may reduce their resilience to sea level rise by inducing soil 

subsidence (Neubauer 2013). TFMs rely on organic matter deposition to build soil volume 

against rising sea levels (Neubauer 2008) and aboveground biomass is important for trapping 

sediment to support vertical accretion (Morris et al. 2002).

Conclusions

After 2.5 years of simulated seawater intrusion in a TFM, we found that chronic increases in 

salinity caused an increase in porewater Cl−, SO4
2−, DIN, and DIP, but substrate SO4 

availability did not appear to enhance microbial mineralization or enzyme activity. Instead, 

we observed that decreased enzyme activity (50%) and ER (25%) were more closely linked 

to a decline in GEP (− 24%) in press plots. Despite high productivity in the control plots, 

high CH4 emissions made the site a net source of greenhouse gases. Press seawater additions 

decreased CH4 emissions by 72% within the first year of treatments, likely through a 

combination of direct suppression by SO4
2− reduction and indirect suppression mediated by 

declining plant productivity. Mimicking natural late-fall seawater intrusion in the pulse 

treatment revealed that, while salinity pulses had similar effects on porewater chemistry as 

press seawater additions, they had no discernable effect on gas exchange. Both press and 

pulse salinity released inorganic N and P into the porewater, where they can potentially be 

exported downstream.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 

a Plot layout map for the SALTEx site. Plot names (treatment abbreviation + replicate) are 

indicated within the boundaries of each plot. b Sampling locations within the individual 

plots. Porewater wells are indicated with black circles, gas flux measurements were made in 

Sect. 2, and soil samples were collected from Sect. 6. The gas flux collar is made of ~ one 

inch thick aluminum siding and was moved between plots (i.e., not permanently installed) 

during the study period
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Fig. 2. 

Mean porewater concentrations (± SE) of a Cl−, b SO4
2−, c DOC (mg L−1), d DIN and e 

PO4
− (μg L−1) of all treatments from seasonal porewater samples. The white portion of the 

graph represents pre-treatment salinity, the light grey shading the press seawater addition, 

and the dark grey shading the simultaneous pulse and press seawater addition. Control (open 

circle), control sides (solid circle) and fresh (open triangle) values are not significantly 

different from one another (p > 0.05). Press (solid square) values marked with a * and pulse 

(open square) values marked with a † are significantly different from other treatments (p < 

0.05; Ryan-Einot-Gabriel-Welsch Multiple Range Test)
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Fig. 3. 

Mean C-acquiring enzyme activity (± SE) in nmoles g dry soil−1 h−1 measured seasonally in 

all treatments (n = 6). The white portion of the graph represents pre-treatment salinity, the 

light grey shading the press seawater addition, and the dark grey shading the simultaneous 

pulse and press seawater addition. Control (open circle), control sides (solid circle) and fresh 

(open triangle) values are not significantly different from one another (p > 0.05). Press (solid 

square) values marked with a * and pulse (open square) values marked with a † are 

significantly different from other treatments (p < 0.05; Ryan-Einot-Gabriel-Welsch Multiple 

Range Test)
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Fig. 4. 

Mean modeled daily rates of a GEP, b ER, c NEP and d CH4 emissions (± SE) in g Cm−2 d
−1 calculated from field gas flux rates measured seasonally in all treatments. Solid triangles 

in (b) are mean daily air temperature (± SE). The white portion of the graph represents pre-

treatment salinity, the light grey shading the press seawater addition, and the dark grey 

shading the simultaneous pulse and press seawater addition. Control (open circle), control 

sides (solid circle), fresh (open triangle) and pulse (open square) values are never 

significantly different from one another (p > 0.05). Press (solid square) values marked with a 

* are significantly different from other treatments at α = 0.05 and those with a ‡ at α = 0.1 

(Ryan-Einot-Gabriel-Welsch Multiple Range Test)
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Fig. 5. 

Photographs of press (left) and control (right) treatment plots in July 2015 after > 1 year of 

experimental water additions Photo credit: Chris Craft
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