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1.55 m. The overstory was dominated by loblolly pine (Pinus taeda) 
across stand types. In high mortality stands, fine and coarse woody 
debris such as bark and needles from dead loblolly pines cover the soil 
surface. 

2.2. Soil and rainwater collection 

Soils from pre-hurricane loblolly forest and baldcypress forest were 
collected in Spring of 2022 within two weeks to minimize differences in 
abiotic conditions between sampling dates. Hurricane Ian made landfall 

Fig. 1. Schematic diagram of sampling and mesocosm design which includes (a) in situ, intact soil core collection from high and low salinity stands in a freshwater 
wetland dominated by baldcypress and an upland forest dominated by loblolly and (b) a novel mesocosm design for measuring greenhouse gas fluxes from replicates 
of intact cores with controlled flooding. 
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on September 30, 2022 near Georgetown, SC as a category 1 hurricane 
with a peak wind gust of 37 m s−1 measured near the site (Armstrong, 
2022). Initial landfall was slightly south of the research site such that 
onshore winds, coinciding with local high tide, generated a storm surge 
of approximately 1.8 m. Immediately after landfall, the storm turned 
north such that the eye passed over the research plots. On October 10th, 
2022, we resampled at the loblolly forest study site in response to the 
hurricane Ian storm surge, which pulsed seawater into high and low 
salinity stands. Samples collected before pulsed salinity from Hurricane 
Ian are hereafter referred to as “pre-hurricane loblolly” and samples 
collected after pulsed salinity from Hurricane Ian will hereafter be 
referred to as “post-hurricane loblolly”. Within baldcypress and loblolly 
forests, we sampled from six high and six low salinity stands (Fig. 1a). 
We used a 5.08 cm diameter corer to collect 7 intact soils cores from 0 to 
10 cm depth beneath the litter layer. Sample locations were chosen 
randomly to capture heterogeneity at the plot scale. Intact soil cores 
were capped on both ends. All cores were bagged, placed on ice in an 
upright position and transported back to lab where our water addition 
experiment took place. Prior to sampling, we drilled holes in the lower 
caps and lined them with fine mesh. These caps were used on the bottom 
of the intact cores to allow water movement through the core while 
preventing soil loss. 

Prior to each experiment, we used thoroughly rinsed metal troughs 
to collect freshly fallen rainwater in large glass containers, which was 
later added to soil cores in our lab mesocosm. We ensured that the 
rainwater did not contact anything other than the metal trough before 
entering the glass containers, thereby minimizing contamination. 

2.3. Greenhouse gas measurement 

Soil greenhouse gas fluxes were measured with multiplexed, auto
mated soil flux chambers attached to mesocosms and coupled with an 
online mass spectrometer for high frequency, real-time gas flux mea
surements. Systems with identical major components have been 
described in lab mesocosm experiments (Petrakis et al., 2017) and field 
deployments (Courtois et al., 2019; Petrakis et al., 2018). The unique 
configuration of our system is described in the supplemental methods 
(Section S1). 

Mesocosms (Fig. 1b) were constructed by sealing 20 cm diameter 
PVC pipe to a flat PVC base to create a watertight reservoir, with a drain 
valve at the bottom. An epoxy manifold was created to hold and create 
an airtight seal around seven 5.08 cm diameter soil cores in their plastic 
sampling sleeves, and the wall of the reservoir. The seven soil cores 
within a single mesocosm rest on a layer of plastic mesh that provides 
hydraulic connectivity between the cores, allowing them to be flooded 
and drained to the same level. Top caps were removed before placing the 
cores into the chambers and beginning gas measurements. Each mea
surement lasted 4 min and 45 s with a 60 s prepurge, 180 s observation 
and 45 s post-purge such that CH4 and CO2 concentrations were 
measured in each chamber approximately once an hour over the length 
of our six day experiment. The specifics of our flux calculations are 
described in the supplementary methods (Section S1). 

We applied two quality control procedures to all calculated fluxes 
before proceeding with analysis. First, samples with a CO2 or CH4 flux 
below the minimum detectable flux (MDF) of the Picarro analyzer were 
assigned a gas flux equal to the MDF. We followed the methods of 
Courtois et al. (2019) to calculate MDF using the following equation in 
which Aa is the analytical accuracy of the Picarro G2508 (10 ppb for CH4 
and 600 ppm for CO2), tc is the time the chamber lid was closed for 
measurement in seconds, n is the number of gas concentration mea
surements used to calculate the flux (assuming one measurement per 
second), V is the chamber volume (0.0040761 m3), P is atmospheric 
pressure (101325 Pa), S is the surface area of exposed soil within the 
chamber (0.01477 m2), R is the ideal gas constant (8.314 m3 Pa K−1 

mol−1) and T is the ambient temperature (298.15 K): 

MDF =

(
Aa

tc
̅̅̅
n

√

)(
VP

SRT

)

Eqn.2 

There were no samples with CO2 fluxes below the CO2 MDF of 3.20 
mmol m−2 s−1, but 752 of 10,443 total CH4 fluxes were below the CH4 
MDF and were therefore assigned a value of the CH4 MDF, 0.05 mmol 
m−2 s−1. For the second step in our quality control procedure, similar to 
Petrakis et al. (2018), we filtered out all fluxes that did not meet at least 
one of the following criteria: 1) R2 > 0.90 or 0.80 for CO2 and CH4, 
respectively, and/or 2) flux is close to zero. To define fluxes that were 
close to zero, we used the standard deviation of the absolute value of all 
CO2 and CH4 fluxes with R2 < 0.90 or 0.80, respectively; fluxes less than 
one standard deviation were considered close to zero and therefore 
remained in the dataset regardless of their R2 value, while fluxes greater 
than one standard deviation that did not meet the R2 requirements were 
removed from the dataset. At this quality control step, we removed 38 
CO2 fluxes and 76 CH4 fluxes. 

To understand the effects of freshwater inundation and the potential 
for antecedent salinity to mediate the effects of freshwater inundation 
on soil GHG emissions, we carried out three phases of water addition 
(Fig. 1b). In the first phase, which lasted 24 h, no rainwater was added to 
the collars, but water was able to slowly drain from the bottom of the 
cores, potentially increasing oxygen availability in soil cores that were 
saturated in the field, but not altering the redox state of cores that were 
unsaturated in the field. In the second phase, which lasted 48 h, we filled 
soil collars with rainwater to fully saturate all soil cores. Throughout this 
phase, we poured rainwater into the top of the soil cores twice a day to 
ensure that the soils remained fully saturated. Finally, in the third phase, 
which lasted 72 h, we fully drained each collar and then returned 1.25 L 
of this water back into the collar so that soil cores were approximately 
half saturated. 

2.4. Soil chemical analyses 

To understand the effects of chronic salinization and associated tree 
mortality on soil chemical properties we combined the seven intact cores 
from each replicate plot into one composite soil sample after the labo
ratory experiment ended. We analyzed all composite samples for soil 
moisture, pH and conductivity and for composite samples from bald
cypress and pre-hurricane loblolly forests, we analyzed soil organic 
matter (SOM) content and C and N concentrations (Table 1). We 
quantified soil electrical conductivity, a measurement of soil salinity in 
this study, and pH in a 2:1 (deionized water: soil; by dried mass) slurry. 
We oven-dried a root-free subsample of each composite soil sample at 
105 ◦C for 24 h to determine gravimetric soil moisture, and ashed a 
separate root-free subsample in a muffle furnace at 550 ◦C for 3 h to 
determine organic matter content. The remaining soil was air dried, 
ground and analyzed for total C and N using an elemental analyzer 
(Flash-2000, Thermo Scientific, Waltham, Massachusetts, USA). We 
calculated C and N concentrations by multiplying percent C or N by total 
sample dry mass and then dividing by total sample volume. 

2.5. Statistical analyses 

Statistical analyses were carried out in R 1.2.5033 (R Development 
Core Team, 2019). Statistical significance was determined based on P <
0.05. Prior to statistical analyses, continuous gas concentration mea
surements were processed into hourly intervals by averaging CO2 and 
CH4 fluxes across the six chambers from high salinity stands and six 
chambers from low salinity stands resulting in one flux measurement for 
each forest type each hour of our experiment. 

To test for the effect of chronic saltwater inundation on soil chemical 
properties and greenhouse gas fluxes, we conducted two-way ANOVAs 
with forest type (loblolly, baldcypress), stand type (high salinity, low 
salinity) and the interaction between forest type and stand type as fixed 
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effects. To test for the direct effects of pulsed salinity as well as the 
potential for chronic salinization to mediate the effects of pulsed salinity 
on soil chemical properties and greenhouse emissions, we conducted 
two-way ANOVAs with sample date (pre-hurricane, post-hurricane), 
stand type and the interaction between sample date and stand type as 
fixed effects. We performed pairwise comparisons between each level of 
forest type, stand type and sample date using the “emmeans” function in 
the emmeans package (Russell, 2021), with Tukey’s adjustment method 
for multiple comparisons. To test for the effect of inundation on 

greenhouse gas fluxes and soil chemical properties within each combi
nation of forest type and stand level mortality, we conducted one-way 
ANOVAs with water inundation phase as a fixed effect. We performed 
post-hoc pairwise comparisons between water inundation phases using 
Tukey honestly significant difference (HSD) tests. For all models, CH4 
fluxes, CO2 fluxes, pH, electrical conductivity, SOM content, C concen
tration, N concentration and C:N ratios served as dependent variables. 
However, soil C and N concentrations and C:N ratios were not measured 
in post-hurricane loblolly soils. To test for correlations between 

Table 1 
Soil chemical properties for high and low salinity stands within a freshwater swamp dominated by cypress and an upland forest dominated by loblolly before and after 
pulsed salinity from Hurricane Ian (mean ± SD, n = 6).  

Forest type Salinity Soil chemical property 

Soil moisture 
(g H2O g dry 
soil−1) 

pH Conductivity 
(ms cm−1) 

SOM 
content (g 
OM g dry 
soil−1) 

Bulk 
density (g 
dry soil 
cm−3) 

C concentration 
(g C cm−3) 

C concentration 
(mol C cm−3) 

N concentration 
(g N cm−3) 

C:N 
mass 
ratio 

Baldcypress High 8.88 × 10−1 

± 1.31 ×
10−2 

4.77 ±
2.36 ×
10−1 

10.78 ± 1.94 7.03 × 10−1 

± 6.41 ×
10−2 

2.84 ×
10−2 ±

1.82 ×
10−3 

1.09 × 10−2 ±

4.79 × 10−4 
9.05 × 10−1 ±

3.99 × 10−2 
5.61 × 10−4 ±

4.10 × 10−5 
19.49 ±
1.83 

Baldcypress Low 7. 56× 10−1 

± 3.90×

10−2 

4.97 ±
1.11 ×
10−1 

4.52 ± 2.49 3.73 × 10−1 

± 4.61 ×
10−2 

5.29 ×
10−2 ±

1.44 ×
10−2 

9.19 × 10−3 ±

2.13 × 10−3 
7.66 × 10−1 ±

1.77 × 10−1 
5.48 × 10−4 ±

1.36 × 10−4 
16.90 ±
8.13 ×
10−1 

Loblolly (pre- 
hurricane) 

High 6. 77× 10−1 

± 4.81×

10−2 

4.51 ±
1.42 ×
10−1 

1.03 ± 1.60 ×
10−1 

2.12 × 10−1 

± 4.10 ×
10−2 

1.12 ×
10−1 ±

1.61 ×
10−2 

1.15 × 10−2 ±

1.54 × 10−3 
9.57 × 10−1 ±

1.28 × 10−1 
4.12 × 10−4 ±

6.20 × 10−5 
27.97 ±
1.12 

Loblolly (pre- 
hurricane) 

Low 3.93 × 10−1 

± 6.06 ×
10−2 

3.70 ±
2.18 ×
10−1 

1.54 × 10−1 ±

3.60 × 10−2 
1.23 × 10−1 

± 3.43 ×
10−2 

1.48 ×
10−1 ±

2.75 ×
10−2 

8.26 × 10−3 ±

9.39 × 10−4 
6.88 × 10−1 ±

7.81 × 10−2 
2.80 × 10−4 ±

1.50 × 10−5 
29.47 ±
2.47 

Loblolly 
(post- 
hurricane) 

High 5.93 × 10−1 

± 2.47 ×
10−2 

4.25 ±
2.02 ×
10−1 

6.72 ± 1.21 1.85 × 10−1 

± 1.21 ×
10−2      

Loblolly 
(post- 
hurricane) 

Low 6.11 × 10−2 

± 1.97×

10−2 

3.63 ±
1.00 ×
10−1 

2.51 ± 6.31 ×
10−1 

2.15 × 10−1 

± 1.05 ×
10−2      

**Soil pH and electrical conductivity were measured in a 2:1 (deionized water: soil; by dried mass) slurry. 

Fig. 2. Boxplot illustrating the effects of chronic 
saltwater exposure and associated tree mortality and 
tree mortality on (a) soil carbon dioxide (CO2) fluxes 
and (b) soil methane (CH4) fluxes across a freshwater 
swamp dominated by baldcypress and an upland for
est dominated by loblolly. Data from high salinity 
stands and low salinity stands are represented by pink 
and orange, respectively. Carbon dioxide fluxes were 
significantly greater in low compared to high salinity 
stands in loblolly forest (p < 0.001), but there was no 
effect of stand mortality on CO2 fluxes in baldcypress 
forest (p = 0.93). In contrast, CH4 fluxes were 
significantly greater in high compared to low salinity 
stands in baldcypress forest (p = 0.01), but this effect 
was not significant in loblolly forest (p = 0.21). As
terisks denote significant differences between stand 
types.   
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greenhouse gas fluxes and soil chemical properties, we constructed 
linear models with CO2 and CH4 fluxes as the dependent variables and 
pH, conductivity, C concentration, N concentration, C:N ratios and SOM 
content as the independent variables. Finally, to assess variability in soil 
chemical properties (C concentration, N concentration, C:N ratios, SOM 
content, pH and conductivity) among samples in multivariate space, we 
performed a principal components analysis (PCA) with centered and 
scaled data using the “prcomp” function in the stats package (R Devel
opment Core Team, 2019). 

3. Results 

3.1. Effects of chronic and pulsed salinity on GHG fluxes 

The effect of chronic salinization and associated tree mortality on 
CO2 fluxes depended on forest type with significantly greater CO2 fluxes 
in high compared to low salinity stands in loblolly forest (p < 0.001), but 
no effect of stand level mortality on CO2 fluxes in baldcypress forest 
(Fig. 2a). Furthermore, we found no effect of a hurricane related storm 
surge on CO2 fluxes in a loblolly forest (F1,20 = 0.44, p = 0.51), with 
greater CO2 fluxes in high compared to low salinity stands before and 
after the pulsed salinity (p < 0.001 for pre- and post-hurricane forest). 
Across baldcypress and loblolly forest, greater CO2 fluxes correlated 
significantly with lower soil C (baldcypress, R2 = 0.59, p = 0.002; lob
lolly, R2 = 0.21, p = 0.07) and N (baldcypress, R2 = 0.51, p = 0.005; 
loblolly, R2 = 0.29, p = 0.04) concentrations. SOM content exhibited a 
significant negative relationship with CO2 fluxes in loblolly forest (R2 =

0.26, p = 0.05), but there was no significant correlation between these 
variables in baldcypress forest. 

Across soils sampled before and after a hurricane related storm surge, 
we found a significant positive correlation between conductivity and 
CH4 fluxes (R2 = 0.39, p = 0.001; Fig. 3b) driven by two distinct re
lationships. First, CH4 fluxes were greater from higher relative to lower 
salinity stands (F1,20 = 30.78, p < 0.001) across pre- (p < 0.001) and 
post- (p < 0.001) hurricane sample dates (Fig. 3a). Second, CH4 fluxes 
from higher conductivity post-hurricane loblolly forest were greater 
than CH4 fluxes from lower conductivity pre-hurricane loblolly forest 
(F1,20 = 9.08, p = 0.007) across high and low salinity stands (p = 0.04, 
0.05, respectively). In pre-hurricane loblolly forest, no soil chemical 
properties we measured other than conductivity correlated significantly 
with CH4 fluxes, but in post-hurricane loblolly forest, pH correlated 

positively (R2 = 0.72, p < 0.001) and SOM content correlated negatively 
(R2 = 0.40, p = 0.02) with CH4 fluxes. 

We found significantly greater CH4 fluxes from higher conductivity 
and mortality forest stands relative to lower conductivity and mortality 
stands in baldcypress forest (F1,20 = 7.78, p = 0.01; Fig. 2b). In bald
cypress forest, soil C:N ratios exhibited a significant positive relationship 
with CH4 fluxes (C:N, R2 = 0.70, p < 0.001; pH, R2 = 0.44, p = 0.01). No 
other soil chemical properties we measured correlated significantly with 
CH4 fluxes in baldcypress forest. 

3.2. Effects of forest type and chronic salinization on soil chemical 
properties 

Most measured soil chemical properties differed significantly be
tween loblolly and baldcypress forest types and between high and low 
salinity stands except for SOM content which was similar across all 
treatments and soil C:N ratios which did not differ between high and low 
salinity stands (Table 1). Soil pH, conductivity and N concentrations 
were significantly greater in baldcypress compared to loblolly forest 
across stand types (pH, F1, 20 = 103.64, p < 0.001; conductivity, F1,20 =

348.06, p < 0.001; N concentration, F1,20 = 42.34, p < 0.001) and in 
high compared to low salinity stands across forest types (pH, F1,20 =

16.44, p < 0.001; conductivity, F1,20 = 95.11, p < 0.001; N concentra
tion F1,20 = 8.82, p = 0.088). Similar to N concentrations, C concen
trations were significantly greater in high compared to low salinity 
stands across forest types (F1,20 = 18.01, p < 0.001), but opposite to N 
concentrations, C concentrations did not differ between baldcypress and 
loblolly forest types. Soil C:N ratios were significantly greater in loblolly 
compared to baldcypress forest across stand types (F1,20 = 233.75, p <
0.001), but the effect of stand type on C:N ratios were only significant in 
baldcypress forest where C:N ratios were greater in low compared to 
high salinity stands. 

In a PCA defined by soil all measured soil chemical properties, high 
and low salinity stands in baldcypress forest grouped separately from 
high salinity stands in loblolly forest which grouped separately from low 
salinity stands in loblolly forest (Fig. 4). The three groups separated 
most clearly along PC1 which explained 56.06% of total variability 
between samples. The largest contributions to variance explained by 
PC1 came from N concentration (26.76%), pH (23.78%), C:N ratios 
(23.31%) and conductivity (18.67%). Carbon concentration (49.1%) 
and SOM content (37.43%) contributed most to PC2 which explained 

Fig. 3. Effects of chronic and pulsed salinity on CH4 
fluxes in a loblolly forest illustrated using (a) a box
plot comparing CH4 fluxes in high versus low salinity 
stands before and after a hurricane related storm 
surge and (b) a regression between CH4 fluxes and soil 
salinity across pre- and post-hurricane sample dates. 
Data from high and low salinity stands are repre
sented by pink and orange, respectively while data 
from pre- and post-hurricane sample dates are repre
sented by open and closed circles, respectively. 
Methane fluxes were significantly greater in higher 
salinity high salinity stands relative to lower salinity 
low salinity stands (F1,20 = 30.78, p < 0.001) across 
pre- and post-hurricane sample dates (p = 0.001, p <
0.001, respectively). There is a significant positive 
relationship between salinity and CH4 fluxes from in 
situ, intact soil cores collected in loblolly forest before 
and after a hurricane related storm surge (R2 = 0.39, 
p = 0.001). Asterisks denote significant differences 
between stand types.   
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18.89% of the total variance. 

3.3. Effect of inundation on CO2 and CH4 fluxes 

We found a significant effect of water addition phase on soil CO2 
fluxes across high and low salinity stands (loblolly pre-hurricane, high, 
F2,15 = 10.56, p = 0.001; loblolly pre-hurricane, low, F2,15 = 34.51, p <
0.001; baldcypress, high, F2,15 = 45.8, p < 0.001, baldcypress, low, F2,15 
= 20.12, p < 0.001), but the effect of water addition phase on CH4 fluxes 
was only significant in low salinity stands (loblolly pre-hurricane, low, 
F2,15 = 27.59, p < 0.001; baldcypress, low, F2,15 = 9.77, p = 0.002; 
Fig. 5a–d). Soil CO2 fluxes from fully saturated soil cores were signifi
cantly lower than CO2 fluxes from field moist soil cores (loblolly pre- 
hurricane, high, p = 0.001; loblolly pre-hurricane, low, p < 0.001; 
baldcypress, high, p < 0.001; baldcypress, low, p < 0.001) or half 
saturated soil cores (loblolly pre-hurricane, high, p = 0.02; loblolly pre- 
hurricane, low, p = 0.002; baldcypress, high, p < 0.001; baldcypress, 
low, p < 0.001) (Fig. 5ab). However, we found similar CH4 fluxes from 
field moist and fully saturated soil cores across high and low salinity 
stands of baldcypress forest, and in high salinity stands of loblolly forest. 
In contrast, CH4 fluxes were greater in fully saturated relative to field 
moist soil cores in low salinity stands of loblolly forest (p < 0.01; 
Fig. 5cd). 

Differences in CO2 and CH4 fluxes between field moist and half 
saturated water addition phases varied among treatments. Specifically, 
CO2 fluxes were greater in half saturated relative to field moist soils in 
low salinity stands of loblolly forest (p = 0.003) but did not differ be
tween phases in low salinity stands of loblolly forest or in high or low 
salinity stands of baldcypress forest (Fig. 5ab). Furthermore, CH4 fluxes 
were greater in half saturated relative to field moist soils in low salinity 
stands of loblolly (p < 0.001) and baldcypress forest (p = 0.006), but this 
effect was not significant in high salinity stands (Fig. 5cd). 

4. Discussion 

Salinization and freshwater inundation of coastal forest soils caused 
by sea level rise and intensifying storms can have direct and indirect 
effects on soil carbon cycling (Chen et al., 2023; Norwood et al., 2021; 
Servais et al., 2019; Stagg et al., 2017), yet the potential for these novel 
conditions to feed back with climate change through altered greenhouse 
gas emissions is not well understood. In this study, we aimed to address 
this gap in knowledge through the following hypotheses: 1) chronic 

salinization and associated tree mortality will decrease soil CO2 pro
duction by altering the quantity and quality of soil organic matter, 2) 
underlying exposure to chronic salinization at the stand scale will 
mediate the effects of pulsed salinity from a storm surge on CH4 fluxes 
and 3) freshwater inundation will cause a shift from aerobic to anaerobic 
respiration particularly in lower salinity stands. Overall, we demon
strated the potential for differences in soil conditions and associated tree 
mortality across forest types to mediate the effects of sea level rise and 
storm surges on greenhouse gas fluxes from coastal systems. 

4.1. Effect of chronic salinization and associated tree mortality on CO2 
fluxes 

The effect of chronic salinization and associated tree mortality on 
CO2 fluxes across forest types may be mediated by environmental 
context, driving distinct patterns in a freshwater baldcypress swamp 
relative to an upland loblolly forest. Specifically, differences in soil 
chemical properties between stand types correlated with a significant 
effect of chronic salinization and tree mortality on CO2 fluxes in loblolly 
forest while similar soil chemical properties across stand types corre
lated with no effect of chronic salinization and associated tree mortality 
on CO2 fluxes in baldcypress forest. Although decreased productivity 
and tree death due to chronic salinization can decrease the supply of 
labile C to limit microbial respiration (King et al., 2002; Megonigal et al., 
1999), we found a negative relationship between soil C concentrations 
and CO2 fluxes and no significant relationship between soil C:N ratios or 
SOM content and CO2 fluxes in loblolly forest. Therefore, differences in 
CO2 production between stand types may not be controlled by SOM 
quantity or quality in our study. Instead, higher conductivity and 
concomitant acidity in high salinity stands of loblolly forest and across 
stands types in baldcypress forest could impose osmotic stress (ionic and 
acidic) on microbial communities, limiting microbial respiration 
regardless of C availability (Rath and Rousk, 2015). However, despite 
significantly greater conductivity and pH in baldcypress compared to 
loblolly forest, we found no difference in CO2 fluxes between forest 
types, suggesting that biotic or abiotic factors other than pH and con
ductivity play a role in driving CO2 fluxes across diverse coastal 
ecosystems. 

In situ soil inundation, which can vary within forest types due to 
microtopography at the stand scale, can decrease the efficiency of mi
crobial respiration to suppress CO2 fluxes regardless of C supply or 
salinity (Megonigal et al., 2004). In loblolly forest, low salinity stands, 
which exist in slight depressions in the landscape, were fully saturated 
while high salinity stands were not. However, in baldcypress forest, soils 
were fully saturated across stand types. Driven by redox conditions, 
more efficient aerobic respiration in low mortality loblolly stands may 
produce more CO2 relative to anaerobic respiration in saturated soils 
from high mortality loblolly stands and across stand types in baldcypress 
forest. Therefore, we show the potential for chemical or physical prop
erties of coastal systems, such as soil inundation, to mask the effects of 
salinization and associated tree mortality on CO2 fluxes. 

4.2. Effect of chronic and pulsed salinity on CH4 fluxes 

Despite the putative capacity for saltwater intrusion to increase 
sulfate concentrations and suppress methanogenesis (Poffenbarger 
et al., 2011), our results show the opposite outcome with soils exposed 
to chronic and pulsed salinity exhibiting a greater potential for CH4 
emissions. These results suggest that other factors such as organic matter 
availability, and soil redox conditions may mediate the effect of salinity 
on methanogenesis and methanotrophy at our study site (Al-Haj and 
Fulweiler, 2020; Ardón et al., 2018; Seyfferth et al., 2020; Zhuang et al., 
2018). Strikingly, CH4 fluxes increased in response to chronic and pulsed 
salinity in a loblolly forest. Furthermore, we observed no interaction 
between the two scales of salinization with pulsed salinity driving 
increased CH4 fluxes across both high and low salinity stands. Soil redox 

Fig. 4. Principal component analysis (PCA) plot defined by the following soil 
chemical properties: carbon concentration, nitrogen concentration, C:N ratios, 
soil organic matter content, pH and conductivity. Baldcypress and pre- 
hurricane loblolly forest types are denoted by open triangles and closed cir
cles, respectively, while high and low salinity stand types are denoted by pink 
and orange, respectively. The largest contributions to variance described by 
PC1 are N concentration (26.76%), pH (23.78%), C:N ratio (23.31%) and 
conductivity (18.67%) while the largest contributions to variance described by 
PC2 are C concentration (49.10%) and SOM content (37.43%). 
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conditions could partially explain CH4 flux patterns between stand types 
with saturated conditions promoting anaerobic methanogenesis in high 
salinity stands and aerated conditions promoting aerobic methano
trophy in low salinity stands. However, this mechanism does not explain 
increased CH4 production in response to the hurricane related storm 
surge in high salinity loblolly stands which exhibited higher salinity and 

CH4 fluxes, but similar soil moisture after, relative to before, Hurricane 
Ian. It is also possible that these results are influenced by sampling and 
transporting soil cores which may alter existing communities of 
methanogens and methane-oxidizing bacteria. However, we minimized 
this potential signal in our data by treating all samples identically, 
initiating gas flux measurements the same day as the samples were 

Fig. 5. Boxplots illustrating the effect of rainwater addition on carbon dioxide fluxes in soils from high and low salinity stands in (a) baldcypress forest and (b) pre- 
hurricane loblolly forest and on methane fluxes in soils from high and low salinity stands in (c) baldcypress forest and (d) pre-hurricane loblolly forest. Data from 
high and low salinity stands are represented by pink and orange, respectively with different shades of these colors representing the three water addition phases of our 
mesocosm experiment. Letters denote significant differences between the three water addition phases based on a Tukey post hoc analysis. 
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collected, and by maintaining in situ soil structure using intact cores. 
Therefore, we provide four potential alternative mechanisms that could 
stimulate CH4 emissions in response to salinization. 

First, it is possible that abundant organic matter or use of noncom
petitive substrate decreased competition between sulfate reducers and 
methanogens for substrate, allowing methanogenesis to proceed in the 
presence of more efficient sulfate reduction (King, 1984; Zhuang et al., 
2018). Although sulfate reducers can outcompete methanogens for ac
etate and hydrogen (King, 1984), methylotrophic methanogens that 
utilize methylated organic matter as a substrate can co-occur with sul
fate reducers when substrate for these processes is available (Yuan et al., 
2019; Zhuang et al., 2018). Therefore, methylotrophic methanogenesis 
can be the dominant pathway for CH4 production in sulfate-rich coastal 
soils (John Parkes et al., 2012; Zhuang et al., 2016), particularly where 
contributions of fresh organic matter are decomposed to contribute to 
methanol pools (Zhuang et al., 2014). As such, increased bioavailability 
of organic substrates in response to a storm surge (Wong et al., 2008) 
could increase substrate availability for methylotrophic methano
genesis, though this pathways does not always increase in response to 
saltwater addition (Dang et al., 2019). Second, salinization can increase 
soil ammonium concentrations through displacement of ammonium by 
salt cations on cation exchange sites and through decreased ammonium 
uptake by salt-stressed vegetation (Ardón et al., 2013; Jun et al., 2013; 
Weston et al., 2010; Widney et al., 2019). At our study site, soil and 
ground water ammonium concentrations have been shown to increase in 
response to a storm surge (Blood et al., 1991), potentially contributing to 
increased CH4 production (Bodelier, 2011; Liu and Greaver, 2009). 
Third, greater CH4 fluxes in higher salinity soils could be driven by 
decreased CH4 consumption rather than increased CH4 production 
because methanotrophs may be more sensitive to osmotic stress from 
heightened salinity compared to methanogens (Conrad et al., 1995; 
Segers, 1998). Finally, it is possible that chronic exposure to inundation 
and salinization in high salinity stands led to biotic adaptation and 
formation of a microbial community able to carry out methanogenesis in 
the presence of competition from sulfate reducers (Ardón et al., 2018; 
Hopple et al., 2022; Rocca et al., 2020). Overall, we provide important 
evidence that chronic saltwater intrusion due to sea level rise and pulsed 
salinity from storm surges have the potential to increase CH4 fluxes from 
coastal forest soils. This finding indicates a need for future work that 
integrates detailed soil chemical and microbial community analyses to 
better understand the mechanistic drivers of CH4 production in coastal 
forests subject to intensifying storm surges and sea level rise. 

In our study, the effects of soil salinization from a storm surge were 
confounded with the effects of season; pre-hurricane soils were collected 
in May of 2022 and post-hurricane soils were collected in October of 
2022. Production of labile C exudates, which can fuel CH4 production 
(Waldo et al., 2019), and root oxygen loss, which can fuel CH4 oxidation 
(King, 1994), may depend on root growth and therefore exhibit sea
sonality, potentially driving the observed increase in CH4 fluxes after 
Hurricane Ian. However, CO2 fluxes, which should also be affected by 
seasonal differences in labile C supply, were similar across sample dates. 
Furthermore, CH4 emissions were greater in post-hurricane soils across 
stand types with this effect being greater in high salinity stands where 
most trees have died and labile C production would not be expected to 
exhibit seasonal patterns. Therefore, although our experimental design 
does not allow us to quantify the contribution of seasonality to observed 
greenhouse gas fluxes, we provide evidence that pulsed salinity from a 
storm surge may have played a role in stimulating CH4 fluxes at our 
study site. 

4.3. Effect of freshwater inundation on greenhouse gas fluxes 

Intensifying rain events increase saturation of coastal forest soils, 
potentially mediating the effects of saltwater intrusion on greenhouse 
gas emissions particularly where microtopography can drive variation in 
soil saturation at a small spatial scale. Consistent with the theoretical 

expectation that soil saturation would cause a shift from aerobic to 
anaerobic microbial metabolism, we observed decreased CO2 fluxes in 
fully saturated soils relative to field moist soils across stand types with 
different in situ soil salinity. However, CO2 fluxes in half saturated soils 
were generally similar to CO2 fluxes from field moist soils, such that 
suppressed CO2 fluxes during full saturation may have been driven by 
slow diffusion of CO2 through water (Troeh et al., 1982) rather than a 
switch to anaerobic respiration. Furthermore, we observed greater CH4 
production in half saturated relative to field moist soils in low salinity 
stands, but not high salinity stands across loblolly and baldcypress for
ests, suggesting that chronic salinization may mediate the transition to 
anaerobic respiration and methanogenesis when soils become saturated 
with rainwater. In loblolly forest, it is possible that differences in ante
cedent moisture conditions between high and low salinity stands explain 
this effect with rewetting of dry soils from low salinity stands causing a 
sudden increase in dissolved organic carbon available for microbial 
respiration, thus stimulating methanogenesis (Chow et al., 2006; Patel 
et al., 2021). However, there was no difference in in situ soil saturation 
between stand types in baldcypress forest suggesting that the greater 
effect of freshwater addition in soils from low salinity stands may be 
driven lower salinity rather than variation in in situ soil moisture. It is 
important to note that our lab incubations took place over one week 
with each phase lasting 24–72 hours and were therefore not long enough 
to document shifts in gas fluxes due to adaptation of microbial com
munities to altered soil moisture. However, our incubations were meant 
to simulate pulses of freshwater from intense tropical storms and 
therefore simulate processes that may change over this shorter time 
scale. Overall, our results suggest that salinization may suppress the 
effects of short-term rainwater inundation on CH4 fluxes, highlighting 
the importance of studying the interactive effects of salinization and 
freshwater inundation in coastal systems that are increasingly exposed 
to both conditions. 

4.4. Conclusions 

Our study was uniquely designed to explore how localized abiotic 
conditions that cause tree mortality in coastal forests can affect green
house gas emissions, allowing us to investigate interactive effects of 
salinization, inundation and tree mortality and to assess the potential for 
stressed coastal systems to generate feedbacks with climate change. 
First, we found that patterns in CO2 fluxes may have been primarily 
driven by in situ soil inundation, and secondarily by soil conductivity 
and pH, rather than by changes in SOM quantity or quality potentially 
caused by tree mortality, as we had originally hypothesized. Second, we 
showed that CH4 fluxes can increase in response to pulsed salinity in a 
loblolly forest even though sulfate reducers are often thought to 
outcompete methanogens for substrate in higher salinity soils. We 
speculate that an influx of organic matter from the storm surge could 
have stimulated microbial respiration, with abundant substrate poten
tially decreasing competition between sulfate reducers and metha
nogens to drive greater CH4 fluxes in higher salinity post-hurricane soils 
relative to lower salinity pre-hurricane soils. Finally, we showed that 
chronic salinization can decrease the effects of short-term rainwater 
inundation on CH4 emissions, suggesting that soil salinity has the po
tential to affect the shift from aerobic to anaerobic respiration under 
partially inundated conditions. Future investigation of organic matter 
molecular composition and microbial community structure in dying 
coastal forests are needed to mechanistically understand the patterns in 
greenhouse gas emissions that we observed. However, we demonstrated 
that patterns in greenhouse gas emissions from stressed coastal systems 
can be context dependent and vary based on environmental covariates 
such as soil inundation, organic matter availability and pH. Further
more, we highlight the importance of investigating interactive effects of 
salinization, inundation and tree mortality which often co-occur in 
stressed coastal systems and have the potential create feedbacks with 
climate change by altering soil greenhouse gas emissions. 
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